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Abstract.
The endothelium plays a major role in the regulation of vascular homeostasis in pregnancy.
Endothelial dysfunction has been implicated in the pathophysiology of many diseases,
including hypertension and pre-eclampsia. The aim of this work was to assess endothelial
function in pregnancy.

The ultrasound technique used was flow-mediated dilatation, a marker of stimulated
endothelial function. The technique involves inducing reactive hyperaemia with a blood
pressure cuff. Brachial artery diameter is measured pre and post cuff release and flowmediated dilatation is the percentage increase in artery diameter.

First, a longitudinal study to develop a normal range of endothelial function in pregnancy
and postpartum was performed and compared with non-pregnant women. The study
demonstrated endothelial function did not vary throughout pregnancy until 36+ weeks
gestation after which it decreased significantly. This decrease is in accordance with the
normal physiology of pregnancy. No significant difference in endothelial function was
demonstrated between non-pregnant women and pregnant/post-partum women.

Second, a study assessing the effect of smoking on the endothelium in pregnancy was
completed. Smoking in pregnancy was found to induce endothelial dysfunction. When
women smoked and had growth restricted babies their endothelial function was
significantly decreased compared to women with normally grown fetuses.

The final study tested endothelial function in women who developed pre-eclampsia and
gestational hypertension. Women with gestational hypertension had endothelial
dysfunction. Endothelial function in the pre-eclamptic women was similar to the normal
ii

range result. The women in this study were in the obese range and most had late preeclampsia. These results reinforce the message that pre-eclampsia may not be a
homogeneous disorder.

In conclusion, endothelial function can be assessed non-invasively in pregnancy. Women
with gestational hypertension and pre-eclampsia demonstrate differences in endothelial
function. Smoking in pregnancy results in endothelial dysfunction. This work provides a
basis for future research on endothelial function in pregnancy, especially the hypertensive
disorders of pregnancy.
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Chapter 1
1.0 Introduction.
The endothelium is a responsive paracrine organ that has wide ranging functions in
humans. It plays a major role in the regulation of the inflammatory response, the exchange
of nutrients and angiogenesis (1). This regulation is achieved by the endothelium
functioning as a mechanical barrier to movement in and out of the vascular compartment,
by synthesising substances that induce repair, producing vasodilatation and constriction of
arteries and recruitment of inflammatory cells (2). Regulation, maintenance and control of
vascular tone, haemodynamic responses and adaptations are mediated by the endothelium
constitutively producing nitric oxide (NO) along with other vasoconstrictors and dilators
(1, 3). An intact endothelium enables physiological stimulators such as different
chemicals, hyperaemia and pulsatile flow to induce vasodilatation and/or constriction (1,
4).

The vasodilatation of arteries can result after the local flow regulatory mechanism, reactive
hyperaemia, occurs. Reactive hyperaemia results after the blood supply to tissue in the
body is blocked for either a few seconds or up to several hours and is then unblocked. The
blood flow to the deprived tissue will then increase four to seven times that of normal, for
either a few seconds or for many hours. This rapid increase in blood flow causes shear
stress on the endothelial cells and contorts the endothelium in the direction of flow. Nitric
oxide is then released causing the local artery wall to relax and dilate, resulting in
dilatation of the larger upstream arterial vessels (5).

Normal pregnancy results in profound changes to the maternal cardiovascular system with
the purpose of accommodating the developing fetus. It is a state of increased
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vasodilatation with the endothelium playing a key role in the control of vascular tone.
Multiple vasoconstrictors and vasodilators such as NO, prostaglandins, endotheliumderived relaxing factor, thromboxane-A and endothelin-1 are involved (6-8).

While the majority of pregnancies result in a good outcome for both mother and baby,
complications can sometimes occur. One of the more serious and common groups of
problems are the hypertensive disorders of pregnancy, in particular pre-eclampsia and
gestational hypertension. Both disorders can result in severe morbidity to the mother and
fetus. The onset of gestational hypertension in pregnancy means an increase in monitoring
of both mother and fetus as severe gestational hypertension is not a benign disease (9).
The endothelium has been implicated in the vascular dysfunction that occurs in
hypertensive non-pregnant people (10) and in pre-eclampsia (11).

Pre-eclampsia usually presents as hypertension and proteinuria but will eventually progress
to a multi-system disorder affecting the wellbeing of both mother and fetus (11). Although
the aetiology of pre-eclampsia is unknown, placental ischaemia is thought to be the
predisposing event with numerous other risk factors potentially contributing to the disease.
The endpoint of the clinical syndrome affects the maternal endothelium with widespread
endothelial dysfunction (11). The result of endothelial dysfunction is systemic vasospasm,
decreased organ flow, platelet aggregation and the clinical picture of pre-eclampsia (12).
The endothelium is the target for a variety of circulating factors such as angiogenic factors,
cytokines, reactive oxygen species and hypoxia inducible factors (13, 14). It can also be
affected by other extraneous influences such as differences in subject demographics and
environmental factors such as caffeine, diet and cigarettes (15). Endothelial dysfunction
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may present as modifications in the availability of various vasodilators and or
vasoconstrictors (14) and as reduced vasodilatation in vessels (16).

Endothelial function and dysfunction can be studied non-invasively using high-resolution
ultrasound of the brachial artery. This technique is called flow-mediated dilatation (FMD)
and is a measure of stimulated endothelial function. Normal endothelial function results in
dilatation of the artery whereas endothelial dysfunction is reported to present as reduced
vasodilatation. The FMD technique involves inducing reactive hyperaemia by inflating a
blood pressure cuff on the forearm for a specified number of minutes and releasing it.
Flow-mediated dilatation is the percentage difference in the brachial artery diameter as
measured before and after cuff release (16). It is a technique that is mainly NO mediated
(17).

As the work in this thesis uses the NO mediated technique of FMD, the literature review
will commence with an overview of NO and the endothelium. This will be followed by a
discussion of the FMD technique, the pathophysiology of pre-eclampsia and gestational
hypertension. The relationship between the endothelium and pregnancy concentrating on
NO mediated vasodilatory function and the FMD literature in pregnancy will then be
evaluated. Finally, as other environmental factors are known to interact with the
endothelium, the relevant literature on pregnancy, smoking, pre-eclampsia and endothelial
function will be reviewed.
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1.1 Nitric oxide.
In 1980 Robert Furchgott and John Zawadzki discovered that inadvertent rubbing of the
intimal surface of strips of rabbit aorta removed the endothelial cells. This resulted in a
loss of relaxation of the vessels by acetylcholine (a potent vasodilator). They demonstrated
that smooth muscle in vessel walls was relaxed by the vascular endothelium, and the
endothelial cells released a substance they called endothelium-derived relaxing factor
(EDRF) (18). In 1987 EDRF was shown to be NO by two independent research groups
(19, 20). Further evidence that EDRF is NO was provided by directly measuring NO in
human volunteers (21). In 1992 the American Association for the Advancement of
Science called NO the “molecule of the year” and in 1998, Furchgott, R., Ignarro, L. and
Murad F. were awarded the Nobel Prize for Physiology and Medicine for their role in the
discovery and mechanisms of NO (22). Nitric oxide is thought to be one of the most
important regulators of inter- and intracellular signalling systems and is a major player in
the control of vascular homeostasis by the endothelium.

1.1.1 The synthesis of nitric oxide.
Endothelial derived NO is obtained from the terminal guanidino nitrogens of the essential
amino acid L-arginine (23). This process involves enzymatic oxidation of L-arginine from
an enzyme known as nitric oxide synthase (NOS) (24). Nitric oxide synthesis from
arginine is a reaction involving a five step oxidation process to produce L-citrulline and
NO. The reaction requires the presence of oxygen and the cofactors nicotinamide adenine
dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN) and tetrahydrobiopterin (BH4) (22) as well as the presence of
calmodulin (25). Calmodulin is a Ca2+ binding protein. The process involves the
incorporation of molecular oxygen (O2) and NADPH which is an electron source for the
synthesis of NO from L-arginine, plus the presence of BH4. This results in an intermediate
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species, NW-hydroxyarginine being formed which is then oxidized to form citrulline and
NO (25).

1.1.2 The action of nitric oxide on smooth muscle.
Nitric oxide produced in endothelial cell diffuses through the adjacent vascular smooth
muscle membrane, binding to the haeme portion of the enzyme soluble guanylate cyclase.
The activated guanylate cyclase then increases the intracellular concentration of cyclic
guanosine monophosphate (cGMP). This increase in cGMP decreases the intracellular
calcium level in the vascular smooth muscle, causing dephosphorylation of the myosin
light chains and vasodilatation (26-28).

1.1.3 The enzymes known as nitric oxide synthases.
Nitric oxide synthases are part of a family of enzymes known as cytochrome P450 haem
proteins. A cytochrome protein is an intracellular haemoprotein respiratory pigment
enzyme that functions in electron transport as a carrier of electrons. The NOS molecule
transfers electrons from one atom or molecule to another by the chemical reaction known
as oxidation-reduction or redox (22). The NOSs are divided into two types according to
their actions:
Type 1. This is a calcium independent NOS, also known as type II NOS or
inducible NOS (iNOS).
Type 2. These are the constitutive (always present) calcium and calmodulin
dependent NOSs of which there are two types:
a) type I, also known as nNOS or the neuronal isoform
b) type III, also known as eNOS or the endothelial isoform (22, 25).
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1.1.4 Inducible nitric oxide synthase.
Inducible NOS is stimulated by cytokines to produce NO in macrophages. Bacterial
lipopolysaccharides (LPS) stimulate macrophages and a superoxide anion with hydrogen
peroxide (H2O2) molecules forming. This results in messenger ribonucleic acid (mRNA)
synthesis of NOS with an increase in NO synthesis (22).

1.1.5 Neuronal nitric oxide synthase.
Neuronal NOS is found in the human brain, human skeletal muscle, peripheral neural
systems and spinal cord. The synthesis of NO in a neuron occurs with nNOS in response
to glutamate. Non-adrenergic, non-cholinergic nerves are thought to produce NO in the
peripheral and central nervous system (25).

1.1.6 Endothelial nitric oxide synthase.
Endothelial NOS has been found in the vascular endothelium in all types of blood vessels
in conduit arteries, micro-vessels or veins, in human lungs, liver and skin blood vessels
(25). The synthesis of eNOS in the vascular endothelial cell is stimulated by acetylcholine
(ACh). Acetylcholine stimulates a muscarinic receptor on an endothelial cell which then
releases NO (28). Acetylcholine only causes vasodilation when it occurs in low doses and
when there is an intact endothelium. Constriction of vessels results when ACh occurs in
higher concentrations due to a direct effect on the surrounding smooth muscle (29). When
NO synthesis is inhibited by the L-arginine analogue NW-monomethyl–L-arginine (LNMMA), “the dilator response to acetylcholine is lost and the constrictor response is
enhanced” (30). The infusion of L-NMMA merely attenuates the dilator response to ACh,
without completely blocking it. Muscarinic agonists, acted upon by ACh appear to induce
NO independent dilatation (31).
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1.1.7 Stimulators of nitric oxide synthesis on the endothelium.
Induction of NO synthesis occurs through a number of physiological stimulators. These
include increased and/or pulsatile flow causing shear stress on the endothelial cells (32,
33), or a change in blood flow with a shift in tension stress and blood oxygen partial
pressure (PO2) (28). To elicit vasodilatation in response to increased flow it is essential to
have a functionally intact endothelium (32). In an experiment on isolated canine arterial
segments to study the effect of pulsatile flow on the release of prostaglandins and NO, Pohl
and colleagues demonstrated that the release of these endothelial products is enhanced by
pulsatile flow (4). When the endothelium was removed, absence of flow-induced
dilatation in arterial segments occurred (33). Induced shear stress from the inflation and
release of a blood pressure cuff placed over the brachial and/or radial artery in human
volunteers also results in NO dependent vasodilatation from reactive hyperaemia (34).
Numerous vasoactive compounds cause NO synthesis including ACh, adenosine
triphosphate, adenosine diphosphate, bradykinin, calcitonin gene-related peptide, calcium
ionophore, cholecystokinin, histamine, noradrenaline, serotonin, substance P, thrombin and
vasoactive intestinal peptide (28).

1.1.8 Haemodynamic forces induce signalling cascades to control
vascular function.
Endothelial cells are constantly exposed to haemodynamic forces such as fluid shear stress
which play an important role in the maintenance of vascular homeostasis. The mechanical
stimulus of shear stress activates a chemical signal which induces gene expression in the
endothelial cell. The function of the endothelial cell is then modulated by the regulation of
genes that encode for proteins which have different functions. Some of the functions of
these proteins are vasodilatory and include proteins such as NOS, endothelin-1 and
prostacyclin. Other proteins produced are adhesion molecules, coagulation molecules,
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growth factors, anti-oxidants and proto-oncogenes. The activation of transcription factors
(transcription is the deoxyribonucleic acid (DNA) directed synthesis of mRNA) occurs at
the endothelial cell surface membrane and in signalling pathways inside the cytoplasm.
Among the signalling molecules modulated in endothelial cells are membrane K+ channels,
intracellular Ca+, cGMP and cyclic adenosine monophosphate (cAMP) (35).

1.1.9 Inhibitors of nitric oxide synthesis.
Inhibitors of NOS are used to study NO synthesis in mammals. These inhibitors can affect
different parts of the NOS reaction. The most commonly used inhibitor is L-NMMA
which is competitive with L-arginine. Another common inhibitor is NWNW-dimethyl-Larginine (L-ADMA) and L-nitro-arginine-methyl ester (L-NAME). Both L-NMMA and
L-ADMA are analogues of L-arginine and are naturally occurring compounds. They occur
normally in plasma in extremely low concentrations, although the levels can increase in
renal failure and inhibit NO synthesis (22, 25). Other types of NOS inhibitors can compete
with NADPH, calmodulin or BH4 in the NOS reaction. In fact as all three types of NOS
use NADPH, FAD, FMN and BH4 as cofactors, any agent that is a derivative of arginine,
or binds with the haem part of the enzyme and inhibits the binding and biosynthesis of
BH4, or substitutes for any part of the NO cycle can inhibit NO synthesis (22).

1.1.10 The toxic effects of nitric oxide.
As well as being a regulatory agent, NO can have cytotoxic effects. In the chemical
biology of NO there are two distinct categories that cause direct or indirect effects. A
direct effect is when NO reacts with a biological target in a chemical reaction. Direct
effects encompass low concentrations of NO (<1μmol/L) in a rapid reaction involving
haem proteins such as guanylate cyclase, cytochrome P450 and haemoglobin (36).
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Indirect effects are divided into two types, effects that cause nitrosative stress or oxidative
stress. Nitrosative stress or nitrosation involves modifying thiols and some amines in
proteins. Oxidative stress results in lipid peroxidation, DNA strand breakage and protein
oxidation and is derived via one of two chemical pathways, either the reactive oxygen
species (ROS) or the reactive nitrogen oxide species (RNOS) pathway. Reactive nitrogen
oxide species which are derived from NO metabolism mediate the indirect effects. For
indirect effects to occur NO is first activated by superoxide (O2-) or oxygen to form a
RNOS. Further reactions result with a biological target such as proteins, lipids and DNA
causing a NO-mediated apoptosis. These reactions occur when local concentrations of NO
are high (>1μmol/L) for a prolonged period of time and in the vicinity of cells such as
macrophages that are stimulated by pathogenic products such as cytokines. A ROS is
formed from O2- and H2O2. Metals such as irons react with H2O2/O2- to form hydroxyl
radicals, resulting in powerful oxidants that can cause cell death (22, 36).

The cytotoxic effects of NO are regulated by the cyclic conversion of NO and its byproducts (nitrite, nitrate, nitrogen dioxide (NO2) radicals, peroxynitrite (ONOO-) and NO2),
the mechanism of which is called the nitric oxide cycle (37).

1.1.11 The biological actions of nitric oxide.
There are many varied actions of NO in biological systems. Nitric oxide is an immune
regulator which is generated from iNOS in high levels and for sustained periods of time
(over days to weeks) (38). By comparison NO is produced in short bursts at low
concentrations by the constitutive eNOS for controlling vascular homeostasis (26). Nitric
oxide has no surface cell receptors and enters cells indiscriminately. The selection of
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targets depends on the concentration of NO and its reactivity with other molecules, how
close the target cell is and the way the target cell is programmed to respond (38).

1.1.12 Endothelial nitric oxide regulates vascular homeostasis.
Nitric oxide derived from the endothelium has been shown to have important biological
actions on the vascular system. Stable complexes are formed between nitric oxide and
haemoglobin with NO binding to oxyhaemoglobin as part of the respiratory system.
Oxygen delivery is then facilitated with the release of NO in resistance vessels which
dilates the blood vessel (39, 40) and relaxes smooth muscle (18). Complexes are also
formed between NO and serum albumin which circulates in plasma and regulates vascular
tone (41). Endothelial NO is a regulator of leukocyte adhesion and prevents the adherence
of neutrophils to the endothelium (42, 43).

The basal release of low levels of NO from the endothelium maintains vascular tone,
causes relaxation of the smooth muscle cells and dilatation of the artery (18, 26). By
injecting healthy volunteers with the NOS inhibitor L-NMMA, it was demonstrated that
the regulation of systemic vascular resistance and therefore blood pressure is determined
by the basal release of NO. An elevation in blood pressure occurs when NO synthesis is
inhibited. Nitric oxide was also shown to regulate basal pulmonary vascular resistance
(44). The targeted disruption of a gene that encodes for eNOS in mice caused
hypertension, demonstrating eNOS controls basal vasodilatation (45).

Nitric oxide exerts an anti-platelet action. Nitric oxide produced by platelets and the
endothelium can inhibit the aggregation of platelets and their adhesion to endothelial cells
thereby playing a role in the regulation of platelet-vessel wall homeostasis (46, 47). In an
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experiment designed to study the role of NO in haemostatic responses and platelet
function, eNOS-mutant mice were used to examine the role of NO derived from platelets.
Production of NO from platelets decreased bleeding time. This suggests a lack of plateletderived NO enhances platelet activation and alters the regulation of haemostasis by
increasing platelet recruitment (48).

1.2 The vascular endothelium.
The endothelium is a continuous layer of cells lining the entire cardiovascular system and
is normally the only part of a vessel that is in contact with blood (49). It is a dynamic
paracrine organ that in the adult human is composed of approximately 1-6 x 1013 cells,
weighs about one kilogram and has a surface area of between 1-7 square metres (50).

1.2.1 The role of the endothelium.
The endothelium regulates the flow of nutrients, different biologically active molecules
and blood cells throughout the body. The membrane-bound receptors found on endothelial
cells act as a gate-keeper for a range of molecules including proteins (coagulant and
anticoagulant proteins and growth factors), lipid transporting particles (for example lowdensity lipoprotein) and metabolites such as NO and hormones (for example endothelin-1).
Blood flow is regulated by the endothelial cells through the generation of an active antithrombin surface which moves plasma and other blood cells through the vessels. The
secretion and uptake of vasoactive substances also regulates blood flow by constricting and
dilating the endothelium (1).
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1.2.2 The role of the endothelium as a nutrient regulator.
In its role as a nutrient regulator the endothelium has a number of different transport
functions. One is to act as a barrier to the indiscriminate passage of molecules and cells
from the blood to underlying tissue. Another function is to act as a selective barrier
allowing passage of molecules through endothelial cell junctions. Particular metabolic
needs are met by mechanisms that transport molecules (for example glucose and amino
acids) across the endothelial cell to underlying tissues. The permeability of the vascular
tree depends on tight junctions and caveolae. Caveolae, which are invaginations in the
endothelial cell membrane are used in trancytosis (transcellular transport) of substances,
for example albumin. Tight junctions are intercellular junctions that act as either a total
barrier to the transport of molecules (for example the blood brain barrier) or a gate
regulating the selective passage of molecules through these paracellular spaces (50).

1.2.3 The regulation of vascular tone by the endothelium.
Another important function of the vascular endothelium is the modulation of vascular tone
(the control of blood pressure and blood flow) via the production of vasoactive substances
which cause constriction and dilatation. These substances are the vasodilators NO,
prostacyclin (PGI2) and endothelial-derived hyperpolarizing factor (EDHF). The
vasoconstrictors are endothelin-1 (ET-1), thromboxane A2 (TXA2) and platelet-activating
factor (PAF). As was reviewed in the previous section, NO is constitutively secreted by
endothelial cells with the production modulated by exogenous chemicals and physical
stimuli. Nitric oxide maintains basal vessel tone by relaxing the vascular smooth muscle
cells (1, 50). The following section will briefly discuss the other vasoregulators.
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1.2.4 The vasodilator prostacyclin (PGI2).
Prostacyclin is a short lived, powerful vasodilatory intercellular signalling molecule that is
rapidly released from endothelial cells. Forces such as pulsatile pressure or chemical
stimulants, for example bradykinin and thrombin released from plasma; or chemicals from
stimulated platelets such as serotonin, platelet-derived growth factor, interleukin-1 and
adenine nucleotides; result in PGI2 production. Prostacyclin acts as a local hormone,
preventing platelets from aggregating and depositing on the vessel wall. It also causes
relaxation of the vascular smooth muscle surrounding the vessel lumen as vascular smooth
muscles have a receptor for PGI2, the IP receptor. However, PGI2 does not regulate basal
vessel tone because it is not constitutively produced (1, 51).

Compared with non-pregnant women, PGI2 production is increased in normal pregnancy
(52, 53). In pre-eclamptic pregnancy PGI2 production is either unchanged (52) or
decreased (53, 54) compared with normal pregnancy.

1.2.5 The vasodilator endothelial-derived hyperpolarizing factor
(EDHF).
Endothelial-derived hyperpolarizing factor is involved in a vasodilatory process that
requires the endothelium for vascular smooth muscle relaxation. Studies have shown that
it is distinct from NO or cyclooxygenase (COX) metabolites such as PGI2. Endothelialderived hyperpolarizing factor causes dilatation by hyperpolarizing the vascular smooth
muscle by potassium activation. Shear stress, pulsatile stretch and endothelial agonists all
elicit a vasodilatory response by EDHF. There is limited knowledge regarding EDHF with
controversy about how EDHF causes vasodilatation. Currently four major and other minor
mechanisms are proposed among them the arachidonic acid metabolite pathway, the
monovalent cation K+ channel mechanism, the use of gap junctions as a signal relay, or the
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use of generated hydrogen peroxide to activate potassium channels. It has become
apparent that EDHF is more prevalent in smaller arteries and arterioles with it contributing
to the regulation of blood flow (55).

Endothelial-derived hyperpolarizing factor is up-regulated during pathological conditions
such as ischaemia-reperfusion injuries, heart failure, coronary artery disease and traumatic
injury. This up-regulation occurs more when NO production is attenuated by pathological
conditions (55).

In normal pregnancy, EDHF along with NO has been shown to be implicated in
endothelial dependent vasodilatation (56). In pre-eclampsia this EDHF mediated
relaxation is reduced (57).

1.2.6 Platelet activating factor, a vasoconstrictor and vasodilator
(PAF).
The vasoconstrictor PAF is a short lived intercellular signalling molecule that is
synthesized from endothelial cells after mechanical or humoral stimulation. The
stimulation is by receptor-mediated agonists such as thrombin, histamine, bradykinin or
leukotriene C4/D4 or endothelial cell injury. Platelet activating factor promotes
inflammation and thrombosis by acting in concert with another adhesion molecule
expressed on the surface of endothelial cells called P-selectin. P-selectin tethers
leukocytes to the endothelial surface, rolling them along until they are activated by PAF.
Activation of the leukocyte by PAF stimulates the production of leukocyte thrombotic
substances which then bind and modify platelets at the site of endothelial damage (58).
Platelet activating factor causes either vasoconstriction or vasodilatation depending on the
concentration and conditions at the time it is administered (59-62).
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In newborn pig pial arterioles, PAF was found to be a potent vasoconstrictor (61). Venules
and arterioles were also found to constrict in a dose dependent manner in hamsters (60).
Others have found that PAF in rabbits causes vasodilatation at low concentrations and is a
constrictor at high concentrations (62). In canine coronary arteries PAF causes
constriction after ischaemia but dilatation under conditions of normal flow (59).

In the serum of normal pregnant women compared to non-pregnant women, there was no
difference in PAF levels. In pre-eclampsia PAF levels are increased (63). In placental
trophoblast, no difference was found in PAF levels between normal and pre-eclamptic
pregnancies. Levels of PAF-acetylhydrolase (which degrades PAF) were increased in preeclampsia compared with normal pregnant women. This was thought to be a
compensatory mechanism to regulate PAF levels in pre-eclampsia (64).

1.2.7 Endothelin-1 (ET-1), a vasoconstrictor and vasodilator.
Originally endothelin-1, produced by the vascular endothelium, was thought to function
only as a potent vasoconstrictor. However it has been found that ET-1, an amino acid
isopeptide, acts as a vasoconstrictor and a vasodilator through receptors named ETA (found
on smooth muscle cells) and ETB (found on endothelial cells and smooth muscle cells).
The ETA receptors act as a promoter of smooth muscle growth and mediates smooth
muscle contraction (65). Smooth muscle ETB receptors induce contractions and
endothelial cell ETB receptors induce relaxation by producing NO and PGI2. Nitric oxide
and PGI2 then act as a „braking mechanism‟ against the overproduction of ET-1 induced
contractions (66).
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Serum from normal pregnancy produced more ET-1 compared with non-pregnant women.
The serum from pre-eclamptic women decreased the production of ET-1 compared to
normal pregnancy (52). Significant increases in plasma ET-1 has been shown in preeclampsia compared with non-pregnant and normal pregnant women (67, 68). Infusion of
ET-1 into non-pregnant and normal pregnant women significantly decreased forearm blood
flow as measured by plethysmography. No change in flow was found in pre-eclampsia.
The study demonstrated in normal pregnancy ET-1 does not play a major role in the
maintenance of vascular tone, and the endothelium does not respond to ET-1 in preeclampsia (69).

1.2.8 The vasoconstrictor thromboxane A2 (TXA2).
Thromboxane A2 is a potent vasoconstrictor and also stimulates platelet aggregation. No
differences in plasma levels of TXA2 in women with normal pregnancy or mild preeclampsia were demonstrated, however in severe pre-eclampsia TXA2 was significantly
increased (70). The changes in TXA2 were shown not to occur before the clinical onset of
pre-eclampsia in a longitudinal study (71).

Thromboxane B2 is a metabolite of TXA2, and can be used to measure thromboxane
levels. In severe pre-eclampsia and eclampsia thromboxane B2 levels are increased
antepartum, decreasing significantly after delivery (72).

The regulation of vascular tone by the endothelium is a complex interactive mechanism
which involves a balancing act between dilators and constrictors. Increases or decreases in
any of these factors in pregnancy may result in the endothelial dysfunction that occurs in
pre-eclampsia (11).
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1.3 Measures of endothelial function.
1.3.1 Tests assessing vascular tone.
As the endothelium has multiple functions, so there are multiple techniques in use to try
and assess endothelial function and dysfunction. The work from this thesis has used the
ultrasound technique of FMD (16) to assess endothelium dependent vasoreactivity. This
technique will be described in detail in section 1.4 and section 2.2. A number of review
articles have been published on the different methods employed to assess endothelial
function (73-77). The following section will provide an overview of the other methods
currently used to assess endothelial function.

1.3.2 Endothelial-independent vasodilatation of smooth muscle cells.
Vascular tone is dependent on the ability of the endothelium to produce vasoactive
substances and the ability of the smooth muscle to respond to the stimulus. Smooth muscle
function is assessed using endothelium-independent agents such as nitro-glycerine and
sodium nitroprusside. These agents bypass the endothelium, acting directly on the smooth
muscle cell, causing vasodilatation that is independent of the endothelium. This allows an
investigator to differentiate between endothelium-dependent and –independent
vasodilatation (73).

1.3.3 Plethysmography.
A method used to assess endothelial function is the forearm perfusion technique of
plethysmography. With this technique a mercury strain gauge is placed around the forearm
and a pharmacological agent such as ACh is infused into the brachial artery. As the
venous outflow is obstructed with a blood pressure cuff placed on the wrist, a quantitative
estimate of blood volume and flow to the forearm can be made and endothelial function
investigated (7, 73, 74, 77).
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1.3.4 Pulse wave analysis.
Pulse wave analysis or applanation tonometry involves placing a small pencil probe over
an artery, usually the radial artery. Changes in endothelial function are reflected in the
arterial waveform (73, 77, 78). A number of methods are used to analyse the pulse wave.
With systolic waveform analysis the first waveform that is produced reflects left
ventricular systole, the second peak quantifies the changes in arterial wall compliance. As
the artery stiffens, the size of the second waveform increases (77). Diastolic waveform
analysis uses radial pulse wave analysis to investigate pressure decay and arterial elasticity
detected by pressure oscillations in diastole (77). Another method, pulse contour analysis,
tests endothelial function by measuring changes in digital pulse volume using a
photoplethysmograph (78).

1.3.5 Doppler laser flowmetry.
Doppler laser flowmetry of the skin uses reactive hyperaemia induced by either ACh,
occluding blood flow to the finger, or by heat applied to the hand to measure endothelial
function of the skin microvascular system. The technique has been shown to correlate well
with FMD (79).

1.3.6 Radionuclide imaging.
A radionuclide technique has been validated for use in testing forearm blood flow as a
measure of endothelial function. The amount of isotope tracer in the hyperaemic arm is
compared to the normally perfused arm to obtain a ratio of hyperaemic response. This
response ratio can distinguish between people with and without risk factors for coronary
artery disease (76).
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1.3.7 Brachial artery pulsatility index change.
Pulsatility index (PI) is a measure of downstream vascular resistance used in pulsed
Doppler ultrasound (PI = peak systolic velocity-peak diastolic velocity/mean velocity)
(80). The pulsatility index change (PI-C) is the difference in the Doppler PI measured at
baseline and 60 seconds after 5 minute arm compression to induce reactive hyperaemia.
This has been suggested as a measure of endothelial function because of the fall in
downstream vascular resistance that occurs after hyperaemia due to arterial resistance
vessel dilatation induced by the FMD technique (81).

A correlation between PI-C and FMD was demonstrated (r = -0.66 (P<0.01)) (81). A later
paper demonstrated that the PI-C had better reproducibility than the FMD technique in
pregnant women (82).

1.3.8 Low flow-mediated constriction as an adjunct measure.
Low flow-mediated constriction (L-FMC) is measured when an inflated blood pressure
cuff is placed around the radial artery, constricting blood supply and resulting in a decrease
in radial artery size. It has been suggested as a measure of vascular endothelial function to
be used in conjunction with FMD. To determine if L-FMC also occurs in the brachial
artery a study was performed on healthy pregnant and non-pregnant women (83). Only in
the radial (not brachial) artery did L-FMC occur. There was no correlation with shear rate
reductions. A significant positive correlation was demonstrated between radial artery
FMD and L-FMC. Further studies are required to determine if reduced L-FMC represents
endothelial dysfunction.
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1.3.9 Biochemical markers.
Substances produced by, or that act upon, or are metabolites of the vascular endothelium
can be measured to reflect endothelial function. These include inflammatory markers,
thrombosis markers, genetic markers, NO metabolites and endothelial progenitor cells. A
widely used definition of endothelial dysfunction is an imbalance between a
vasoconstrictor or vasodilator substance that affects endothelial cells. It is these substances
that different groups have attempted to define and measure in their search for predictors or
identifiers of endothelial dysfunction (74).

1.3.10 Inflammatory markers.
A theory regarding the aetiology of endothelial dysfunction involves the immune system
with an inflammatory response. The first step in the process is thought to involve upregulation of adhesion molecules in the vascular endothelium. This allows leucocytes and
monocytes to adhere to the endothelial cell surface. The adhesion of cells allows
penetration of monocytes and leucocytes into the sub-endothelial area because of
endothelial adhesin up-regulation or activation, causing the production of cytokines (an
adhesin is a surface antigen that enables cells to adhere to a host surface such as
endothelial cells). This process contributes to vascular inflammation and a proinflammatory endothelial state. The markers of vascular inflammation and endothelial
dysfunction can be measured in vitro and include adhesion molecules such as intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin,
P-selectin and soluble CD40 ligand. These are mainly sourced from endothelial cells and
cytokines such interleukin-6 (IL-6), interleukin-18 (IL-18), TNFα and C-reactive protein
(CRP) (74).

20

1.3.11 Thrombosis markers.
The endothelium is normally in an anti-thrombotic state. Regulation is achieved two ways.
One is with inhibitors of coagulation or anti-coagulant factors that are produced by the
endothelial cells such as thrombomodulin, protein S, heparin sulphate and tissue factor
pathway inhibitor. The other method is by the production of pro-thrombotic mediators
such as PGI2, NO and surface-bound CD39. If endothelial function is disturbed, the
endothelium changes from its anti-thrombogenic state to a pro-coagulation state. Plasma
and/or serum levels of pro-coagulant mediators can be measured. These include von
Willebrand factor which enhances thrombosis and the coagulation markers tissue
plasminogen activator (t-PA) and plasminogen activator inhibitor-1 (PAI-1) (73).

1.3.12 Genetic markers.
Single or multiple genes can be studied to try and ascertain which genes are involved in the
regulation of vascular biology. A genetic predisposition to hypertension is well
documented as is the relationship between endothelial dysfunction and hypertension (84).
For this reason candidate genes have been studied to try and identify any that may be
related to endothelial dysfunction. The genes that may be involved are many and their
number is growing as more sophisticated techniques are devised (74). Candidate genes
include “angiotensin I converting enzyme, prepro endothelin, endothelin I converting
enzyme, endothelin B receptor, eNOS, NF-kB, ICAM-1, VCAM-1, E-selectin, von
Willebrand factor, adrenomedullin, C type natriuretic peptide, NADPH ox (p22phox),
superoxide dimutase (SOD), leptin receptor, methylenetetrahydrofolate-reductase
(MTHFR), ά-adducin, caveolin, t-PA and PAI-1” (74).

Most of this work targets single nucleotide polymorphisms or SNPs which are variations
that can occur in a DNA sequence when a single nucleotide (adenosine (A), thymine (T),
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guanine (G) or cytosine (C)) is changed. If a sequenced DNA fragment from different
individuals contains a difference in a single nucleotide it is said to have two alleles (an
allele is one member of a pair of genes). To be called a SNP, a variation needs to occur in
at least 1% of the population. The SNPs can be found in protein coding genes or noncoding regions of the genome. Not all SNPs affect cell function, however differences in
SNPs may account for why some people are predisposed to certain diseases, or why they
respond differently to drugs. Maps of SNPs are being used to try and identify markers in
the human genome that are responsible for many things, among them vascular disease (85).

Rather than a single gene influencing endothelial function and dysfunction it is more likely
multiple genes will be responsible. The technique of polymerase chain reaction (PCR) can
be used to study the expression of multiple genes involved in a specific area of interest, for
example vascular biology. Polymerase chain reaction involves denaturing (separating into
single strands) DNA. The single strand of DNA is then multiplied by enzymatic
replication so that approximately a million copies of a gene‟s DNA sequence are available
for study. The PCR array is used to study a group of genes from a biological pathway or
genes associated with a specified disease state. For example, PCR can be used to analyse
which genes are involved in the regulation of NO signalling or assess which genes regulate
the endothelial cell to control vascular tone and vessel diameter (86). Future studies will
probably concentrate on multiple genes and their combined effect (73). By studying
multiple variables, there is an increased risk of a type 1 error with associations between
genes and endothelial function more likely to occur by chance (74).

A study was published (87) assessing the relationship between FMD and the eNOS
genotype in healthy pregnant women at 12 weeks gestation when systemic vascular
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resistance is reduced and differences in NO dependent genotypes may be more evident.
The polymorphism eNOS Glu298Asp was significantly correlated with the degree of FMD
response suggesting a possible role for genetic factors in the vasodilatation that occurs in
normal pregnancy.

1.3.13 Estimating nitric oxide production from the measurement of
nitric oxide metabolites.
As discussed previously, the NO molecule is produced from the interaction of L-arginine
and NOS. The oxidation of NO to nitrate by oxy-haemoglobin in erythrocytes then results
in the production of the by-product nitrite. Both nitrate and nitrite are stable metabolites,
excreted in urine after circulating in blood and can be measured in plasma, serum and
urine. Nitrate (which is biologically inactive compared to nitrite) is the major oxidative
metabolite of NO (88).

1.3.14 Endothelial progenitor cells.
Endothelial progenitor or precursor cells (EPC) are found in the circulating blood of adult
humans. These cells are capable of differentiating into mature endothelial cells. The
endothelium itself has a low capacity for regeneration and repair, so it is thought EPC
circulate in the blood and are able to repair and/or patch injured areas of endothelium.
With increased risk factors for cardiovascular disease, low levels of EPC have been found.
Increased levels of EPC may reduce the risk of endothelial dysfunction (73, 77).

In normal pregnancy EPC increase with increasing gestation which was positively
correlated with oestradiol levels (89). In pre-eclamptic pregnancy, no difference in EPC
was found when compared with normal pregnancy (90).
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As discussed there are many ways to assess endothelial function. The following section
will discuss flow-mediated dilatation, a non-invasive ultrasound technique used to measure
stimulated endothelial function.

1.4 Flow-Mediated Dilatation - a non-invasive method for the
assessment of vascular endothelial function.
1.4.0 Introduction
In 1992 Professor David Celermajer from the University of Sydney first introduced the
idea of assessing endothelial function in humans through the non-invasive ultrasound
technique of FMD (16). A number of assumptions were made to validate this technique as
a measure of endothelial function some of which have already been mentioned in the
section on NO.

Briefly, it was known that when large arteries experience increased flow and subsequent
shear stress, they dilate (91, 92). Animal studies on dogs had demonstrated an intact
endothelium was necessary for this flow dependent dilatation to occur (32, 93). When this
flow induced shear stress occurred in animals NO was produced (33). It was also known
that basal blood flow was regulated in the human forearm by the continuous release of NO
(94) and endothelial cells had ion channels that responded to shear stress (95). After the
addition of a NO antagonist infusion (for example L-NMMA) (25), the degree of dilatation
that occurred after the shear stress stimulus was decreased. Studies had also shown that
NO was produced as a basal substance and was stimulated by the addition of various drugs
(94). This knowledge applied along with high resolution ultrasound led to the seminal
work on FMD for use in the detection of endothelial dysfunction (16).

24

As with all new techniques, knowledge has evolved regarding the methodology and what is
considered best practice with complete agreement still to be reached. The following
section will describe the ultrasound technique of FMD in detail. Baseline and postocclusion volumetric flow and reactive hyperaemia and the errors encountered measuring
these variables will then be addressed. Following this will be a discussion on shear stress
and shear rate and how they relate to the technique of FMD.

1.4.1 The technique of FMD.
The technique of FMD originally published by Celermajer and colleagues involved
inflating a blood pressure cuff placed on either the distal arm or leg at a pressure of
300mmHg for 4.5 minutes. Either the brachial artery superior to the elbow or the
superficial femoral artery just inferior to the bifurcation of the common femoral artery was
imaged with high resolution ultrasound (16).

After the subject had rested for at least 10 minutes, artery diameter was measured before
cuff inflation, 45-60 seconds after cuff release and again after 15 minutes of rest when
sublingual glyceryl trinitrate (GTN) spray was administered. The GTN spray was used to
demonstrate the degree of endothelial-independent dilatation that occurred and to
demonstrate the FMD technique was endothelial-dependent. The artery was imaged in a
longitudinal section and the diameter was measured at end-diastole (determined from an
electrocardiograph (ECG) waveform collected contemporaneously). Flow-mediated
dilatation was calculated as the percentage difference in resting and post occlusion
diameter (16).

25

Arterial Doppler waveforms were also collected at rest and directly after release of the cuff
(for 15 seconds during reactive hyperaemia). Artery diameter and the Doppler information
were used to calculate resting and post-occlusion volumetric blood flow. The degree of
reactive hyperaemia was calculated as the difference in resting and maximum postocclusion blood flow. The volunteers (n=100), a mixture of children, adults, smokers, nonsmokers and people with and without a history of and/or established cardiovascular disease
were grouped for analysis according to these categories. No mention was made about
subject preparation (16).

In 2002 guidelines for the ultrasound assessment of endothelial dependent FMD were
published (96). This included recommendations on subject preparation, the type of
equipment necessary, image acquisition, analysis and a section on training and improving
the quality of the test. By this stage it was appreciated that many factors could influence
FMD and high end ultrasound equipment was necessary as were skilled people to perform
the test. It was recommended that the artery should be greater than 2.5mm and less than
5.0mm in diameter. Images should also be collected when the artery was visualized in a
longitudinal section. However, at this stage no consensus had been reached on whether it
was better to place the blood pressure cuff on the upper or lower arm or whether 5 or 10
minute occlusion was preferable. The guidelines also stated that either the brachial, radial,
axillary or superficial femoral arteries could be used (96).

In 2005 a review was published detailing updated guidelines (17). It was suggested that
FMD was highly dependent on arterial diameter and the shear stress stimulus derived from
reactive hyperaemia and questioned whether all FMD was NO dependent. To assess NO
dependent vasodilatation, certain stimulus referred to as “the concept of stimulus response

26

specificity” (17) needed to be used. The stimulus technique that provided the most reliable
NO dependent FMD involves placing the blood pressure cuff distal (on the lower arm) to
the site of FMD measurement and inflating the cuff for five minutes only. Data should be
collected from brachial or radial arteries only and ischaemic handgrip exercise should not
be used (17).

Interestingly, a “Point: Counterpoint” article (and many letters to the editor) indicates that
a consensus regarding whether FMD reflects NO mediated endothelial function is yet to be
reached (97, 98). A tutorial article on FMD published in 2010 was still of the same
opinion (99). Another guideline published recently (100) reiterated subject preparation and
methodological guidelines although a consensus on all aspects of the technique is still to be
reached. What is known is that FMD reflects NO dependent dilatation under very specific
circumstances. The following section will discuss the technique of FMD and those
circumstances.

1.4.2 The calculation of FMD.
The measurement and calculation of FMD, baseline and post-occlusion volumetric flow
and reactive hyperaemia are intimately related. This next section will discuss the formula
used in the calculation of FMD.

Flow-mediated dilatation is usually reported as the percentage change in arterial diameter
after baseline and post occlusion arterial diameters have been measured. It is calculated
from the formula: FMD% = [(post occlusion arterial diameter - baseline arterial
diameter)/baseline arterial diameter] x 100 (16). This is the most common formula used.
Another way to express the change in diameter is by the formula: Change = Maximum
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diameter - baseline diameter (101). The recent guidelines suggest presenting the FMD
results as both percentage increase and absolute change in millimetres (100). The
technique of FMD will now be evaluated in more detail.

1.4.3 Ultrasound considerations for performing FMD, transducer
frequency and resolution.
The resolution of ultrasound is highly dependent on the wavelength of the ultrasound pulse
and consequently the frequency of the transducer. The axial resolution of an ultrasound
system is approximately 0.3-0.5mm (102). For this reason it is necessary when scanning
small structures such as the brachial artery to use a high frequency transducer (103). The
minimum frequency for FMD should be 7MHz, and preferably a broad band linear array
transducer with a frequency range between 7-12MHz (96, 100).

1.4.4 The ultrasound machine settings of dynamic range and gain.
Dynamic range (compresses low level echoes and affects the contrast of the image) and
gain (amplifies the echoes and can increase or decrease image brightness) should not be
changed throughout the FMD examination. The same settings should be replicated
between subjects (104). An experiment investigating the effects of changes in dynamic
range and overall gain on phantom arterial lumen measurements demonstrated that for
every 5dB increase in dynamic range and gain, a significant decrease in lumen diameter
occurred. Increasing the distance between probe and artery had the same effect. Gain and
dynamic range increases had the effect of making the arterial wall leading edge appear
thicker (104).
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1.4.5 Measurement of baseline arterial diameter.
There have historically been three time points to measure baseline arterial diameter. The
first is before cuff inflation (16), another is whilst the cuff is inflated during the first 10
seconds of inflation (101), the third is sometime during the last minute before deflation
(105). A recent study (106) demonstrated a difference in baseline brachial artery diameters
between the diameter obtained before cuff inflation and during cuff inflation in children
and young adults. Artery diameter was significantly greater during cuff inflation, resulting
in a decreased FMD. No difference was found in older people. The authors suggested
using the pre-cuff inflation diameter as this measurement was not age dependent.

The most recent guidelines recommend using the pre-cuff inflation diameter for the basal
measurement (100). When analysing FMD, adjustment for baseline artery diameter is also
suggested when comparing groups as the percent change in FMD is a result of dividing the
increase in vessel size by the baseline diameter (101).

The brachial and radial arteries are now the recommended arteries for assessing FMD (17).
This is because the arm provides easy access for cuff placement and the arteries are readily
found and scanned with ultrasound technology. Better occlusion and therefore increased
stimulus occurs when the blood pressure cuff is placed on the arm (17). The brachial and
radial arteries are also more likely to provide a measurement between the recommended
2.5-5.0mm (96). Celermajer‟s group demonstrated an inverse relationship between FMD
and baseline artery diameter (r = - 0.81, P<0.001) and noted when an artery measures
greater than 6.0mm, even in healthy volunteers, the degree of dilatation is small (16).
When artery size is less than 2.5mm, the vessel walls are more difficult to resolve due to
the increase in attenuation from the use of a high frequency transducer (80).
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A study of 20 men, assessing FMD in a number of conduit arteries (radial, brachial,
popliteal, superficial femoral and common femoral) using a within subjects method
(measuring different arteries in the same person) also demonstrated an inverse correlation
between FMD and baseline artery size (107). This relationship held when between artery
correlations for FMD and baseline arterial diameter were calculated across all vessels (r = 0.57, P<0.001). This means that smaller arteries produce a greater FMD response whilst
larger arteries dilate less. The same study also demonstrated that smaller arteries reach
peak dilatation faster than larger arteries. These findings suggest that baseline arterial
diameter may reflect differences in the structure of arteries (107).

In a magnetic resonance imaging study (108) designed to assess why FMD is dependent on
arterial size, it was found that smaller arteries have a greater shear stress and therefore
greater stimulus placed upon them which is proportional to the radius squared. It was felt
that increased FMD in smaller arteries did not necessarily reflect better endothelial
function.

1.4.6 Where to measure arterial diameter.
Flow-mediated dilatation involves measuring the lumen diameter of the brachial artery,
initially at rest and then post cuff release when maximum arterial dilatation has occurred.
In 1991 an elegant paper was published detailing the seven echo zones that can be
visualized in the common carotid artery with ultrasound (103). These zones represent first
the layers of the near vessel wall, the adventitia (zone 1), then the media (zone 2) and
intima (zone 3). Next visualized is the lumen (zone 4-the anechoic space between the
vessel walls). Finally the vessel wall furthest from the transducer is represented by the
intima (zone 5), media (zone 6) and adventitia (zone 7). According to the anatomical
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correlation performed in this study, to measure the lumen diameter of a vessel, it is
necessary to measure from the leading edge of echo zone 3 to the leading edge of echo
zone 5, that is from the media–intima interface to the intima–media complex (Appendix 1Figure 1) (103).

Near wall interfaces are harder to resolve, especially in smaller arteries (109). For this
reason it is important to measure from a leading edge interface (103) and to set the
ultrasound focal zone at the vessel wall nearest to the transducer (16). The work by
Wendelhag was based upon the larger common carotid artery (103). The carotid artery has
a vein nearby to help delineate the layers of the vessel wall (110) which would improve the
resolution of the arterial walls. Brachial artery diameter measurements are often made at
the media-adventitia interface (“m-line”), in the near and far wall (16, 101, 111). In the
“Guidelines for Measuring FMD” (96), although they state the artery measurement is done
between the lumen-intima interface in the near and far wall, it is difficult to tell from their
images where the actual measurement has been done and which interface was used.

Due to the difficulty in resolving the “m-line” with a 7.5MHz transducer, one group
investigated the use of a 30MHz mechanical linear transducer and found improved
resolution of the anterior and posterior wall “m-line” in 96% of cases (112). Because of
the high frequency transducer and increased attenuation of the ultrasound beam, it was
necessary to scan the radial artery instead of the brachial artery. When measuring lumen
diameter choosing an interface from where to measure is important as is consistency in
those measurements.
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A longitudinal slice of the brachial artery is the imaging plane of choice. The transverse or
cross-sectional slice is not recommended as the definition of the near and far walls of the
vessel are inadequate (96). The cross-sectional plane provides very few specular echoes
for determining the diameter (109). The length of the brachial artery is scanned and a
section of artery that is at its widest point with well-defined walls and “strong specular
echoes” (109) is identified. It is important to find a recognisable, reproducible anatomical
point such as another vessel or fascia to use as a landmark (16, 111). This is so the same
piece of artery is scanned throughout the examination as the brachial artery narrows as it
travels distally and therefore varies in diameter. The use of a foam device to hold the arm
in a fixed position and a stereotactic clamp to hold the transducer in position (74, 113) may
help reduce error from inadvertently measuring a different section of artery pre and post
occlusion.

Any section of the brachial artery is suitable for measuring. In a meta-regression analysis
of 219 papers, the location of a brachial artery measurement, whether it was the antecubital fossa or upper arm was not related significantly to the variance in FMD (114).
Another factor that may influence the measurement of an artery is its distensibility or
compliance due to the pulsatility of the artery. The diameter of an artery changes
throughout the cardiac cycle (115). For this reason during the FMD study, an ECG of the
subject is taken so that the ECG is visible on the recorded brachial artery image. The
brachial artery is then measured at the same time point, at end-diastole, which corresponds
to the QRS complex of the cardiac cycle (16). A recent study found taking average
measurements over the whole cardiac cycle (entire R-R interval) gave similar results to
measurements taken at end-diastole (116). This approach was ratified by the recent
guidelines (100).
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1.4.7 Blood pressure cuff safety, pressure, placement and duration
time of cuff occlusion and its effect on FMD.
The purpose of inflating a blood pressure (BP) cuff on the lower arm as part of the FMD
technique is to occlude arterial blood flow to the limb distally. After cuff release, the
resultant increase in blood flow induces NO mediated reactive hyperaemia. The cuff used
most often is a pneumatic automatic tourniquet. Guidelines have been produced on the
recommended practices for the use of pneumatic tourniquets (117). Among the
recommended guidelines for safe practice are the following relevant statements. The rapid
inflation of tourniquets results in simultaneous occlusion of arteries and veins. Whilst the
ideal pressure for cuff inflation has not been determined pressure should be kept to a
minimum. For upper extremities this is about 50-75mmHg above the person‟s systolic BP
with one hour occlusion being the maximum time limit (117).

Experimental data have shown that injury from inflated tourniquets is related to the
duration the cuff is inflated and the pressure used with injury more common after three
hours inflation (118). A minimum time and pressure to occlude flow would therefore be
preferable. Minimum pressure has been reported as systolic BP plus a safety margin. A
systolic BP + 35mmHg has been reported as acceptable to occlude flow (119). Using a
Doppler stethoscope, tourniquet pressures of 189.9 ± 24.1mmHg (120) and 202.3 ±
34.2mmHg (121) were found to be effective in achieving a bloodless operating field in the
upper extremities. One article suggested a systolic BP + 10mmHg divided by a tissue
padding coefficient (calculated from arm circumference and with a value of ≤0.91) was
enough to achieve arterial occlusion pressure (122). More recent research assessing the
methodology of FMD have chosen cuff pressures of 40-50mmHg above systolic BP
(correcting for blood pressure inflation level) (123), 250mmHg (113), >200mmHg and
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300mmHg (124). It has been reported that different pressures do not alter the FMD
response (114, 123).

In a statement on assessment of endothelial function, recommended cuff inflations of
300mmHg for adults, 200mmHg for children or 50mmHg above the volunteer‟s systolic
BP were given (74). However no evidence was provided for choosing these values. An
inflation time of five minutes and pressure of 200mmHg has been shown to be well
tolerated with low levels of discomfort when performing FMD (125).

The controversy regarding forearm or upper arm placement of the BP cuff on the arm (96)
has now been resolved with distal occlusion the recommended technique (17, 100). A
number of studies reported that upper arm occlusion results in a significantly greater FMD
response when compared to forearm occlusion (123, 126-130). The dilatation response
was completely attenuated after lower arm occlusion and infusion of L-NMMA (a NOS
inhibitor) (130). When the upper arm occlusion technique was used and L-NMMA was
given, complete attenuation of the vasodilator response failed to occur. This indicates that
FMD from forearm occlusion is NO mediated, but some of the upper arm occlusion FMD
is due to ischaemia.

The most recent guidelines state that an inflation (occlusion) time of five minutes is
recommended as any longer results in a non-NO mediated response (17, 100). An early
paper from Corretti‟s group (with the cuff placed on the upper arm) demonstrated that 1-3
minutes of occlusion was insufficient to produce significant dilatation (129). When
randomly comparing occlusion times of 30 seconds, 1.5, 2.5, 3.5, 4.5 and 8 minutes, a
dependency between cuff occlusion time and FMD was shown (131). The optimal
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inflation time was 4.5 minutes. At this point all subjects had reached 96 ± 6% of
maximum dilatation. A later paper (132) demonstrated when lower arm occlusion time
was 5 minutes, L-NMMA infusion reduced the FMD response significantly indicating a
NO mediated response. When 15 minutes of occlusion was used, this resulted in a
prolonged hyperaemic response. Consequently, there was no reduction in FMD with LNMMA infusion indicating this effect was NO independent.

1.4.8 When to measure post occlusion arterial dilatation.
Historically the time chosen for the measurement of arterial diameter after blood pressure
cuff release has been 45-60 seconds (16). There is evidence that peak diameter does not
fall within this period. After peak hyperaemic flow occurs (as assessed by Doppler
ultrasound), there is a delay in the time it takes for peak FMD to occur (133). In a study
assessing the magnitude of FMD over time, it was found that peak FMD occurred at 49 ±
3.1 seconds in 75% of volunteers. This means that 25% of cases had not reached peak
vasodilatation within the suggested 45-60 second period (127). No recommendation was
made on the optimal time for measuring peak dilatation. A recommendation was made for
continuous diameter measurements for a minimum of 90 seconds after cuff release (17).
Of note, none of these recommendations were referenced so the evidence was mainly
anecdotal. A more recent study (123) demonstrated that with continuous automated
measurement of the brachial artery for 180 seconds, it is possible to measure peak
dilatation. The mean “time-to-peak” maximum dilatation was 67.8 ± 8.9 seconds, although
30% of volunteers had not reached maximum dilatation by this point. Maximum for all
participants was reached by 180 seconds. Interestingly they commented that the failure to
reach maximum peak dilatation in 45-60s may contribute to the variability often reported
between different studies.
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Another study (134) designed to establish the optimal time to measure post occlusion
arterial diameter compared young physically fit (mean age 26 ± 3.3 years ), “old fit” (58.9
± 5.1 years) and “old unfit” (57.3 ± 3.9 years) subjects. Arterial diameter was
continuously measured for 1 minute at baseline and then from 30 seconds before cuff
inflation to 3 minutes after cuff deflation. From the data collected at baseline, arterial
diameter, blood flow and shear rate were calculated. Custom designed software
automatically detected time to peak diameter and peak diameter with FMD calculated as
the percentage increase in diameter. The time to peak period was significantly less in the
young group compared to both older groups. Forty two percent to 100% of all subjects fell
outside the usually reported time bracket (50-90 seconds) for measuring peak arterial
diameter. In young fit subjects, the time to peak dilatation was significantly less (50 ± 11
seconds) compared to the old fit and old unfit people (80 ± 21 and 83 ± 36 seconds
respectively), however, maximum dilatation was detected in 100% of younger people
within 90 seconds. No significant difference in FMD was noted between the groups when
the 60 second measurement time point was used (134). This work indicates that the time
to peak dilatation is quite variable and in older subjects can take greater than 120 seconds.

Continuous tracking of post occlusion arterial diameter would be necessary to calculate
true FMD and edge-detection software has been developed for this purpose (135-137).
The time period to calculate FMD would not need to be as long in young subjects as older
ones. Whether this relationship holds in pregnant women is not addressed by any of these
studies. In conclusion, the brachial artery needs to be monitored for up to 180 seconds to
detect maximum dilatation (100).
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1.4.9 Factors that may influence the measurement of FMD:
Cardiovascular risk factors.
Traditional cardiovascular risk factors as well as environmental factors and subjects‟
demographic variability have been shown to influence FMD (15). It is important to try and
control for some of this variability, or at least document factors that can alter FMD as part
of the methodology. Reduced FMD has been demonstrated in coronary artery disease,
when risk factors for cardiovascular disease are present (16), insulin dependent diabetes
(138) and in children who had a low birth weight (139). The large Framingham heart
study (140) demonstrated that FMD reduced with increasing age (subjects aged between 33
and 88 years), a rise in systolic BP of 20mmHg, increasing body mass index (BMI), lipid
lowering therapy and smoking within the previous six hours. In contrast, predictors for an
increased FMD were being female until 70 years of age was reached, an increased heart
rate of 10 beats per minute (bpm) and exercise prior to the FMD test.

1.4.10 Gestational diabetes mellitus.
Reduced FMD has been demonstrated in pregnant women at 20 weeks gestation with type
1 diabetes (141). A graded reduction in FMD was found in women in the third trimester
when comparing normal pregnancy with pregnancies complicated by impaired glucose
tolerance and gestational diabetes mellitus (GDM) (142). Non-pregnant women with
previous GDM also had reduced FMD compared with women who had never had GDM
(143).

1.4.11 Hypertension and previous gestational hypertension.
Hypertension was reported to result in reduced vascular relaxation by forearm
plethysmography (10). Since then numerous studies have demonstrated reduced FMD in
mixed male/female, middle age people with hypertensive disease when compared to
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normotensive individuals (144-146). In young healthy normotensive women, FMD was
reduced when there was a history of gestational hypertension (147). Gestational
hypertension was defined as a diastolic BP >90mmHg and proteinuria <300mg/24 hours.
The control group was evenly matched with the gestational hypertension group in terms of
BMI, age and baby demographics from the incident pregnancy. All women abstained from
alcohol, food and caffeine for eight hours and were non-smokers, had no other medical
disorders and were not on vasoactive medication or the oral contraceptive pill. The study
was performed on average twenty months after delivery. The FMD in the previous
gestational hypertension group was 8.9 ± 1.1 versus 19.8 ± 1.3 (P<0.0001) in the control
group. Four and half minutes of forearm cuff occlusion at 250mmHg was used for the
FMD technique and post occlusion brachial artery diameter was measured between 50-60
seconds (147).

1.4.12 Mental stress.
As mental stress has been associated with an increased risk of adverse cardiovascular
incidents (148) and endothelial dysfunction is a risk factor for cardiovascular disease
(149), studies have been performed to assess the effect of mental stress on FMD. A study
on young healthy medical students (mean age 23.5 years) who volunteered to have a
baseline FMD test performed, then underwent a stressful mental arithmetic test during the
FMD retest, found enhanced vasodilatation of the brachial artery (150). In contrast, in
middle aged men (mean age 50.4 years) FMD was reduced for up to four hours after
mental stress was induced (151). Similar results were reported in a younger cohort (age
range 20-31 years) where mental stress was found to induce prolonged (up to 45 minutes)
reduced FMD (152).
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Mental stress is thought to induce a transient endothelial dysfunction (151) and cortisol is a
key component of the stress response (153). Thirty-six healthy non-smoking volunteers
(aged 18-55 years) were randomised to a placebo group or the drug metyrapone
(metyrapone inhibits cortisol synthesis and thereby decreases stress as measured by
cortisol levels) to assess the effect of mental stress on FMD. There were no differences in
baseline FMD between the two groups. Metyrapone was found to block cortisol
production with no difference in FMD found after stress. Cortisol levels were higher in the
placebo group and FMD was significantly lower than the baseline level in this group (154).

Stress can result in acute sympathetic nerve activation. Because results have differed when
assessing stress, a study using four different methods to increase sympathetic nerve
activation was designed (155). This work found that impaired FMD is not a generalised
response to sympathetic nerve activation. As there are conflicting results regarding mental
stress and its effect on FMD, it would be important to ensure volunteers are as stress free
and comfortable as possible when performing the test.

1.4.13 Age.
The evidence suggests that FMD is inversely proportional to age. As subjects grow older,
FMD decreases (105, 140, 156). In both men and women FMD did not decrease until
around 40 years in men and until around the time of menopause in women (early 50s)
(156). The relationship between FMD and age is also confounded by other variables, for
example how physically fit people are (157) and artery size (16). In one study noting the
inverse FMD and age relationship, people with other co-morbidities which are known to
affect FMD were recruited. When comparing 35 year old women to 55 year old women,
less dilatation was noted in the older group. More of the older women had pre-existing
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cardiovascular disease, hypertension or were on oestrogen replacement therapy (158). For
this reason a study was designed comparing FMD in young healthy women (mean age 22 ±
1 years, day 1-7 of the menstrual cycle) with older healthy women (mean age 70 ± 2
years) who had no chronic diseases (105). Neither group took any medication including
the oral contraceptive pill or hormone replacement therapy. Age was still related to a 40%
reduction in FMD. Endothelium independent dilatation (assessed after administration of
sublingual nitro-glycerine) was also reduced in older women suggesting that the reduction
in FMD may be due to a problem with the smooth muscle responding to the dilators
produced after shear stress stimulus.

Interestingly another study demonstrated the age decline in FMD in women only occurred
if the older women were sedentary (157). A large study (4040 individuals) examined the
relationship between age, gender and baseline artery diameter (101). It was found that the
best predictor of percentage change in diameter (FMD) was age. However, when
adjustments were made for age and baseline diameter in both men and women, women had
five percent less change in FMD than men.

In general FMD is thought to decrease more in men because they have a larger baseline
brachial artery diameter compared to women. Aging also results in progressive dilatation
of the brachial artery at rest (156).

1.4.14 Variations in the menstrual cycle.
Gender may affect FMD not only because of the difference in baseline arterial diameter
between men and women (159) but also because of the effect of oestrogen on endothelial
function (160). For this reason it is important to standardise the time in the menstrual

40

cycle when FMD is assessed (161, 162). In young women FMD (11.22 ± 0.58%) (mean ±
SEM) was comparable to young men (10.6 ± 0.75%) only when assessed during
menstruation. Increases in FMD were noted during the follicular (18.2 ± 0.81%) and luteal
phases (17.53 ± 0.74%) although no corrections were made for the significant difference in
baseline arterial diameter (161). In comparison, another study demonstrated variations
throughout the menstrual cycle with the lowest FMD value obtained during the early luteal
(post ovulatory) phase of the menstrual cycle. Flow-mediated dilatation increased during
the follicular phase, fell after ovulation and rose again during the late luteal phase (162).

The decrease in FMD during menstruation corresponded to low levels of serum oestradiol
(163) and was found to be related to a decrease in arterial distensibility as measured by a
distensibility/blood pressure curve (164). It has been suggested that FMD should be
assessed between days 1-7 in premenopausal women (100).

1.4.15 Diet.
Diet also has an effect on FMD. In a study assessing the effect of either a single meal high
in saturated fats (McDonald‟s Corporation breakfast McMuffins, hash browns and noncaffeinated drink), or a low fat meal of cereal, skim milk and orange juice it was found that
a single high fat meal reduced FMD 2-4 hours after eating. In comparison, the low fat
meal resulted in no change in FMD up to six hours after eating (165). One problem with
this study is upper arm cuff occlusion was used which has been shown to not wholly
represent NO mediated dilatation (130).
When comparing the consumption of meals either high or low in saturated fats, ultrasound
of the brachial artery using lower arm cuff placement FMD and plethysmography were
used to determine if there was a difference in FMD and forearm blood flow (FBF)
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respectively. This study found that FBF and baseline artery diameter increased
significantly after a fatty meal, but FMD was unchanged. The rise in FBF was thought to
be mediated by changes in levels of insulin and triglycerides. It was suggested that no
change in FMD meant fatty meals did not affect NO mediated endothelial function (166).

Only a diet high in saturated fats was shown to decrease FMD in a more recent study. No
change in FMD was found when diets were modified to a high monounsaturated fat, high
polyunsaturated or low fat high carbohydrate diet for three weeks (167). A recent review
article concluded that when FMD was used, high fat food intake results in reduced
endothelium dependent vasodilatation (168). Both oral and intravenous high fat loading on
healthy normotensive obese (BMI≥30) subjects also resulted in reduced FMD (169). It has
recently been recommended that FMD subjects abstain from food, alcohol, caffeine, drugs
and medication for at least six hours before assessment (100).

1.4.16 Caffeine.
Abstinence from caffeine is also recommended when performing FMD (15, 74, 96)
although no studies demonstrating the effect of caffeine on FMD were referenced when
these guidelines were written. Ingestion of caffeine was shown to have no effect on FMD
after two hours (170). A study in 2005 demonstrated caffeine in coffee produced an acute
decrease in FMD which occurred in the first 30 minutes after ingestion and reached its
lowest point at 60 minutes. By 90 minutes FMD had improved. De-caffeinated coffee had
no effect (171). These two studies suggest that caffeine produces an acute reduction in
FMD which resolves between 90-120 minutes. In contrast green and black tea (172), dark
chocolate (173, 174), all rich in flavonoids and de-alcoholised red wine rich in polyphenols
(175) have been shown to improve FMD. This is probably due to their high flavonoid
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(176) and polyphenol content (175). Most studies are therefore performed after volunteers
have fasted or have consumed a low fat, caffeine free meal.

1.4.17 Smoking.
Tobacco smoking was shown to result in reduced FMD in Celermajer and colleagues
original study (16). Since then other studies have demonstrated impaired FMD in smokers.
Flow-mediated dilatation decreases as the number and period of time cigarettes have been
smoked increases, with the mean ± SD FMD in the smoking group reported as 4.0 ± 3.9
compared with an FMD of 10.0 ± 3.3 in non-smoking controls (177). Reduced FMD has
also been reported in both active and passive smokers (178, 179) and users of smokeless
tobacco (180). Smoking both light and heavy nicotine content cigarettes reduced FMD in
non-smokers which was of shorter duration (FMD returned to baseline in 30 minutes)
when a light cigarette was smoked. The FMD did not return to baseline values after
smoking the heavy nicotine cigarette until 60 minutes (181).

The same group also compared the effect of smoking the same strength cigarette in
smokers and non-smokers. Unlike other studies, this research showed no difference in
baseline FMD between smokers and non-smokers. Smoking caused similar decreased
FMD values in both groups at 30 minutes that was prolonged for up to 60 minutes in the
smokers (182).

Two studies have assessed the acute and chronic effects of cigarette smoking on FMD
using a test-retest method (183, 184). Lekakis‟ group demonstrated no difference in
baseline (day 1) FMD between smokers (n=10) and non-smokers (n=17) (both genders, 9
men, 18 women, age not reported) after an eight hour break from smoking. On day two a

43

reduced FMD was reported after both smokers and non-smokers smoked a cigarette. This
research used a mixed study group and had small numbers (n=27) which were divided into
four groups for analysis which would further reduce the power of the study (183). The
second study (184) enrolled young (mean age 24.9 ± 1.9 years) apparently healthy smokers
to investigate the effects of smoking a cigarette or using nicotine nasal spray on men (n=8)
and women (n=8). This work also demonstrated no effect from the chronic use of
cigarettes on baseline FMD, with the FMD from smokers almost twice that of other studies
(FMD = 10.2 ± 4.4 (nasal spray group) and 9.4 ± 3.8 (cigarette group)). A significant
reduction in FMD occurred after both treatments (184). In this study the BP cuff was
placed on the upper arm reflecting ischaemia, rather than endothelial function (130). It
was suggested that it was the nicotine in cigarettes that caused the reduction in FMD (184).
Interestingly, no studies had been done looking at the effect of smoking in pregnancy on
endothelial function using the technique of FMD so it was decided to perform such a study
as part of this thesis.

Recent work has analysed the effect of smoking in young women of reproductive age
throughout their menstrual cycle, comparing women who smoked (n=13) to those who did
not smoke (n=12). Similar FMD in both groups at menstruation and in the mid-follicular
phase was found. During the mid-luteal phase FMD and oestradiol levels were
significantly reduced in the smoking group. It was suggested that nicotine use over a long
period of time would decrease oestrogen levels and FMD (185). This study highlights the
importance of standardising studies in terms of age, sex, time of menstrual cycle and
smoking status.
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1.4.18 Vasoactive medication in pregnant and non-pregnant people.
The FMD guidelines state that vasoactive medication “be withheld for at least four halflives, if possible”. If the study is observational, data should be collected on the type of
medication the volunteer is taking (96). A literature search was performed on “Pregnancy
and medication and FMD” and variations thereof. This search did not reveal any studies
examining the effect of vasoactive medication on FMD in pregnancy. There is some work
using techniques other than FMD that have assessed the effect of vasoactive medication on
the endothelium in pregnancy. Results are conflicting. One study demonstrated
medication had no effect on the levels of the NO metabolites nitrate and nitrite in preeclampsia (186). More recently the effect of methyldopa on soluble fms-like tyrosine
kinase (sFlt-1), soluble endoglin (sEng), vascular endothelial growth factor (VEGF) and
placental growth factor (PlGF) in pre-eclamptic and gestational hypertensive pregnancies
was assessed (187). Both sFlt-1 and sEng serum concentrations were reduced after
methyldopa treatment. There was no significant difference in sFlt-1 and sEng in the
gestational hypertension women. The authors felt they could not exclude an effect from
methyldopa on the endothelium.

The only literature specifically addressing FMD appears to be on non-pregnant people
where the effect of vasoactive medication depends on the population studied and the type
of medication given. A study performed in 1999 demonstrated an improvement in FMD
after long term (6-12 months) antihypertensive treatment (188). In 2002 a single study was
performed on two groups (189), in which the first group (n=73) were healthy, young
volunteers, two thirds of whom were males. After a baseline FMD, they were randomised
in a double blind fashion to take a placebo, felodipine, metoprolol or enalipril and FMD
was performed three hours later. The second group were mostly men (78%), older,
heavier, all had coronary artery disease, 47% were smokers, most had other co-morbidities
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and were taking various vasoactive drugs. After withholding their vasoactive drugs for 24
hours, a baseline FMD was performed, their usual medication was given and FMD was
performed three hours later. In both groups FMD was not affected by the ingestion of
vasoactive drugs. The authors‟ conclusion was that it is probably not necessary to
withhold vasoactive drugs unless an interventional trial was being held. One problem with
this study (apart from the multiple confounders in the older group) was the upper arm
placement of the BP cuff to induce reactive hyperaemia. (189).

Another study (190) used FMD to assess patients with coronary artery disease (n=35) on
vasoactive therapy comparing the peripheral vasodilator and beta-blocker nebivolol with
the beta-blocker atenolol. The subjects were randomised to either drug. Before drug
therapy commenced FMD was performed and repeated four weeks later. Analysis was
performed using Student t-tests which would have increased the risk of a type 1 error, as a
mixed between-within analysis of variance would have been more appropriate. The results
showed FMD was unchanged after atenolol therapy. Nebivolol therapy resulted in an
increase in FMD compared with baseline values and atenolol therapy.

Another study (146) assessed the effect of six months therapy with four different drugs on
168 hypertensive people. This work randomized subjects to either an angiotensin
converting enzyme (ACE) inhibitor (perindopril), calcium antagonists (nifedipine or
amlodipine), beta blockers (atenolol or nebivolol) or an AT1-receptor antagonist
(telmisartan). Only the ACE inhibitor perindopril significantly increased FMD.

In a review article (191) on hypertension and medication, ACE inhibitors were described
as improving endothelial function as tested by FMD, whilst calcium antagonists improved
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endothelial function as tested by markers of oxidative stress and FMD. Drugs like
nifedipene were not as good as ACE inhibitors at improving endothelial function. In
general beta-blockers have no effect on endothelial function except for drugs such as
nebivolol because it is a NO donor. The addition of medication into the FMD picture
appears to add another layer of confounding information that would need to be addressed
in any studies undertaken.

1.4.19 Obesity.
Obesity is known to result in a reduction in FMD (192, 193). In healthy women of
reproductive age who were classified as lean, overweight or obese based on their BMI,
FMD was found to be similar in the lean and overweight groups but significantly reduced
in the obese group. A negative correlation was found between FMD and BMI (r = -0.37,
P=0.005) (193) . A mixed male and female group of morbidly obese people also
demonstrated that as size increased FMD decreased with weight being a strong negative
predictor of FMD (192). It would therefore be important when assessing FMD to collect
weight and height data to ensure different groups are matched.

1.4.20 Diurnal variation.
Variation in FMD can occur throughout the whole day. Some studies show decreased
FMD in the morning. In young healthy Japanese males, FMD was significantly lower
when measured at 08:00 and 12:00 compared to measurements performed at 17:00 and
21:00 (194). A similar finding was reported in 17 healthy young men with the lowest
FMD reported at 08:00, increasing to similar values in the afternoon (between 12:00 and
14:00) (195).
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In a slightly older mixed male and female cohort (mean age 41.6 ± 2.1 years), FMD was
still significantly lower in the early morning (06:00, 4.4 ± 0.7; m ± SE) compared with
11:00 (7.7 ± 1.0) and 21:00 (7.5 ± 1.0) (196). Significant diurnal variations in FMD were
found in 16 healthy premenopausal women aged between 19-31 years with the lowest
FMD recorded in the afternoon.

When FMD was assessed over a 24 hour period (at 08:00, 14:00, 20:00 and 02:00), the
lowest value was recorded at 14:00 (m ± SE), 3.1 ± 0.4; and then increased gradually until
02:00 (20:00, 4.4 ± 0.4; 02:00, 5.1 ± 0.9), dropping slightly at 08:00 (3.9 ± 0.8) (P<0.05)
(197). Even though this variation was significant, in the clinical situation, it is unlikely
that such small differences in mean FMD would be detected.

When assessing FMD at two time points, 09:00 and 14:00, where results were reported as
absolute difference and mean difference ± SD using Bland-Altman plots, no significant
difference was found in FMD (198). The authors concluded that there was more inherent
variability in FMD measurements due to the technique, than there is biological variability
due to the time of day. Therefore, as long as other experimental cofounders are controlled
for, it is not obligatory to standardise the time of day when FMD is performed.

1.4.21 Exercise.
The FMD guidelines recommend that no exercise is performed 4-6 hours before testing
(15, 96) and ischaemic handgrip exercise should not be used (17). Ischaemic hand grip
exercise with the addition of cuff occlusion to induce reactive hyperaemia results in an
increase in blood flow velocity and FMD compared to just occlusion alone in older men
(199, 200). This increase in FMD was only partially blocked by L-NMMA infusion which
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suggests that adding hand grip exercise may not be wholly representative of a NO
mediated dilatation (199). A later study established ischaemic hand grip exercise alone did
not detect changes in FMD after a single event (high fat meal) designed to cause
endothelial dysfunction and reduced FMD, whereas cuff occlusion FMD did demonstrate a
difference (201). A review article (202) concluded that one of the most important changes
exercise may induce is an increase in baseline artery diameter due to the increase in blood
flow with a resulting decrease in FMD, although this may be age and sex dependent.
Acute exercise also results in changes in sympathetic nerve activity. This means that
exercise may induce changes in FMD that are not wholly NO mediated, instead reflecting a
combination of “NO bioavailability and sympathetic modulation” (202).

A study (203) assessing the effect of acute exercise on healthy pre- and post-menopausal
women found no significant change in baseline artery diameter (mean ± SEM) (3.2 ± 0.16
versus 3.1 ± 0.11, P=0.674) or FMD (12.1 ± 1.5 versus 14.4 ± 1.2, P=0.236) in the premenopausal group. Exercise in post-menopausal women also resulted in no change in
baseline arterial diameter (3.21 ± 0.16 versus 3.25 ± 0.17, P=0.007), but FMD was doubled
(5.3 ± 1.3 versus 9.9 ± 1.4, P=0.007). As exercise appears to add another layer of
complexity to the FMD test, it would be better if strenuous exercise was avoided, although
this may not be as important in premenopausal women.

1.4.22 Racial differences.
Studies have assessed whether there are racial differences in FMD, although these have
been reported in the context of black people having a higher burden of cardiovascular
disease. When comparing African Americans with Caucasian Americans of both sexes
aged in their mid-forties, half hypertensive and half normotensive, race was not found to
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influence FMD (204). However, when young healthy black African subjects, recently
migrated to Italy, were compared to Caucasian subjects, it was found that the African
people had lower FMD. This was found to be related to their “total infectious burden” and
inflammatory state from common viruses such as cytomegalovirus and herpes amongst
others (205). In elderly African American women (mean age 78.4 ± 4.4 years for both
groups), FMD was reduced when compared to elderly Caucasian American women even
after adjustment for cardiovascular risk factors (206). These papers provide conflicting
reports on whether race affects FMD, probably because the groups are varied in age and
disease burden.

Many factors can affect FMD as the previous section demonstrated. Variations in subject
demographics, risk factors and technical aspects need to be taken into account when
performing this test. Physiological variables such as the volume of flow through the artery
and the degree of reactive hyperaemia also need to be taken into account and these will be
addressed in the next section.

1.4.23 Measuring baseline and post-occlusion volume flow and
reactive hyperaemia.
Historically, baseline and post-occlusion volumetric flow (used interchangeably with the
term volume flow) and reactive hyperaemia have been used and reported to assess the
degree of flow stimulus (shear stress) that occurs in a FMD study (16). It was later
appreciated that when comparing different groups, as long as baseline vessel diameters are
similar, then volume flow can be considered an indicator of shear stress (17). Baseline
volumetric flow is calculated from the formula: Baseline flow (mL/min) = VTI x baseline
heart rate x (0.5 x baseline vessel diameter)2 x π x (1/cos 60) (16, 207, 208) where VTI is
velocity time integral in metres, [(0.5 x baseline vessel diameter)2 x π] is the area of the
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artery and 1/cos 60 is the Doppler angle correction, assuming that the angle between the
ultrasound beam and direction of flow is 60 degrees. The VTI is the time averaged peak
velocity (or area under the Doppler velocity time curve) multiplied by the time period of
flow (usually one heart cycle) (132, 209). The basal VTI is averaged from a number of
heart cycles when the subject has rested for at least 10 minutes (16).

Post occlusion volumetric flow uses the maximum VTI taken from one cardiac cycle and
recorded by Doppler ultrasound during the reactive hyperaemia that occurs after cuff
release (207, 208). Post occlusion (PO) volumetric flow is calculated from the formula:
PO flow (mL/min) = PO maximum VTI x PO heart rate x (0.5 x PO vessel diameter)2 x π x
(1/cos 60). Reactive hyperaemia or peak flow increase is calculated from the formula:
Reactive hyperaemia % = [(maximum PO flow – baseline flow)/baseline flow] x 100 (207,
208).

The baseline and post occlusion volumetric flow and reactive hyperaemia formulae (that is
the shear stress stimulus for FMD) use the baseline and post occlusion arterial diameters in
their calculation and are therefore not independent of FMD. A suggestion for dealing with
this problem is to measure the baseline artery diameter at different times, first during the
initial baseline collection of artery diameter (74). The second time point would be within
the 10 second period after cuff deflation, before the artery dilates (101). Although as
previously stated this may be a problem when dealing with different age groups as the
artery dilates during cuff occlusion in younger people (106).

The term “volumetric flow” has been used as the technique results in an estimate of true
volume flow (210) because a number of sources of error are encountered when calculating
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volume blood flow by Doppler and two dimensional (2D) ultrasound. These errors mainly
relate to the size and placement of the Doppler sample gate and the measurement of the
artery diameter. Calculation of true volume flow involves encompassing the entire width
of the vessel with the Doppler sample gate (115, 210-212). However, if a large sample
gate is used there is the risk of inadvertently measuring another vessel at the same time
(115).

In the method described originally by Celermajer (16) a small sample gate is placed in the
middle of the vessel to calculate the VTI. This results in an overestimation of velocity,
since maximum Doppler shift occurs at the centre of a vessel that demonstrates parabolic
(laminar) flow (212). In the larger conduit arteries (for example the brachial artery) flow
tends to be forward in direction and laminar with maximum flow at the centre and the
slowest velocities recorded at the vessel wall (17, 212). Error can also occur in the
estimation of blood flow if an incorrect Doppler angle is used as this results in incorrect
velocity calculations (210). An angle of 60 degrees is the maximum recommended (80)
and be used for assessing the brachial artery. This is because the angle the vessel courses
in the arm makes it difficult to use a smaller angle.

The vessel diameter is an important part of volume flow calculations. The diameter is
squared to calculate the area of the vessel. Any error in the vessel diameter would also be
squared (115). The pulsatility of the vessel wall also means the diameter changes during
the cardiac cycle; however this is compensated for by standardising the diameter
measurements at end-diastole (16). An end-diastolic measurement means that the vessel
diameter is at its smallest which could theoretically reduce the calculated volume flow.
The area formula also assumes the vessel is circular in cross-section which cannot be

52

guaranteed (210). The maximum diameter of the vessel should be imaged. This can be
difficult and is done by ensuring the imaging plane is perpendicular to the vessel wall
(212) and the intima-media complex of the vessel walls are clearly identified (103). Even
though only an estimate of volume flow is obtained, as long as a reproducible technique is
used, comparisons between groups should still be possible.

1.4.24 Some evidence that FMD may not be wholly nitric oxide
mediated.
As previously mentioned there are a variety of other vasoregulators apart from NO,
produced by the endothelium. These vasodilators (NO, PGI2 and EDHF) or
vasoconstrictors (ET-1 and PAF) may be released in response to varying disease states as
well as increased flow stimulus due to changes in occlusion time, cuff position, the
addition of ischaemic limb exercise and the use of different limbs (17). The technique that
produces the shear stress that results in a NO mediated FMD is very specific (17) although
some evidence is available that even the technique as it stands may not result in a
completely NO dependent vasodilatation. In a complicated study (124) trialling various
lengths of reactive hyperaemia stimulus profiles and assessing the degree of NO dependent
dilatation with the use of L-NMMA, it was reported that there was no effect of L-NMMA
on FMD in any of the trials. This led the authors to conclude (at least in the radial arteries
of healthy young men) that NO may not be solely responsible for radial artery FMD.
Other vasodilators and/or dilatory mechanisms may play a part in the response.

The mechanisms that may contribute in the complex biology of FMD include flow rate,
blood viscosity (213) and arterial diameter (107). As shear stress is the stimulus for FMD,
attempts are being made to measure and quantify the shear stress stimulus and use these
measurements to normalise the FMD response. This is felt to be necessary because of the
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inherent variability the FMD technique displays, possibly due to the variability in shear
stress between people (214). Indeed, reduced hyperaemic stimulus may be the cause of
reduced FMD, rather than impaired NO release (215).

1.4.25 Variability in the FMD technique.
Three reasons for the variability in FMD measurements have been suggested. The first is
due to measurement error when performing the technique, the second is due to the
differences in the physiological response of the endothelium and the third is due to shear
stress variability (34). The following section will concentrate on shear stress and its
substitute measure shear rate, viscosity and its relationship with haematocrit and the effect
of arterial diameter as a stimulus for FMD. Different methods of normalising to the shear
stimulus will also be discussed.

1.4.26 Shear stress and shear rate as a stimulus for FMD and their
relationship with viscosity, velocity, haematocrit and vessel size.
Shear stress is a product of the viscosity and velocity of blood divided by the vessel
diameter and represents the drag or friction on the endothelial cells that results from blood
flowing through the vessel (216). As such, it is a stimulus for FMD. The importance of
viscosity and flow rate were demonstrated in 1989 (213), when in-vivo cat femoral arteries
were used to demonstrate that changes in both blood viscosity and flow rate resulted in
endothelium dependent arterial dilatation or constriction. Decreases in viscosity resulted in
vasoconstriction, and an increase in viscosity caused marked vasodilatation. By comparing
viscosity and flow rate by varying the haemodilution/concentration and flow dynamics the
researchers ensured the variations in shear stress were matched. An increase in shear stress
caused by the equal increase in viscosity and/or flow rate resulted in the same increase in

54

arterial diameter. The study also established that the stimulus for changes in arterial
diameter is the shear stress placed upon the endothelium (213).

Viscosity is the “resistance of a liquid to flow” due to its “internal molecular friction”. The
term shear rate when related to viscosity identifies the imaginary layers of fluid molecules
that move over each other (shear), producing internal friction. Eventually these layers
form a laminar flow profile with the difference in velocities between the layers the shear
rate. Homogenous fluids that maintain a constant viscosity regardless of their flow rate are
referred to as Newtonian fluids. Examples are plasma or water. Blood however is a nonNewtonian fluid because as the shear rate or velocity of blood changes the behaviour of the
red cells change. The red cells either clump at low velocity or at higher velocities
disaggregate, elongating and orientating in the direction of flow. This means the accurate
and reproducible measurement of whole blood viscosity is very difficult (217).

In blood, increases in shear rate see a decrease in viscosity and decreases in shear rate
result in increased viscosity at a set haematocrit (218). This inverse relationship is highly
dependent on haematocrit. A higher haematocrit results in greater increases in viscosity
even at higher shear rates (218, 219). Indeed, haematocrit is the most significant
“determinant of whole blood shear-dependent viscosity” because of the ability of red blood
cells to aggregate and disaggregate at different velocities (219). For this reason and due to
the difficulty in measuring viscosity, haematocrit has been used as a surrogate viscosity
measure in some studies (105) whilst others assume a standard viscosity for the purposes
of their study (215, 220).
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The ability of red blood cells to react to the surrounding conditions also means that vessel
diameter is an important determinant of viscosity. This is particularly important for vessels
less than 1mm. However, in medium to large size arteries viscosity can be regarded as
constant (219).

1.4.27 Shear stress, shear rate and Poiseuille’s formula.
The precise measuring of shear stress non-invasively is difficult not only because of the
problems with measuring viscosity, but also because of the pulsatile nature of blood flow
velocity. Due to the variations in velocity across the artery, measurements should be made
near the vessel wall and the distance from the arterial wall to where the velocity
measurement is taken should be recorded (216). Even if this measurement were possible,
the concentration of red blood cells dilute near the vessel wall, so viscosity and shear stress
will always be underestimated (216). Therefore a surrogate measure of shear stress,
termed in the FMD literature, shear rate, is often used instead (17). Numerous formulae,
all variations of Poiseuille‟s equation have been proposed to calculate shear rate. To
understand how Poiseuille‟s equation is related to shear stress, a discussion on basic
physics is required.

For fluid to flow through a tube, a pressure difference (ΔP) is necessary. Volumetric flow
rate (Q) can be calculated by the difference in pressure (ΔP) and resistance to flow (R).
This equates to the formula: Q (mL/s) = ΔP (dyne/cm2)/R (poise). As resistance to flow
also depends on viscosity (η), tube length (L) and radius (r) this can be expressed as: R = 8
x L(cm) x η(poise)/π x r4(cm4). If flow resistance is inserted into flow rate and diameter D
is used, this gives Poiseuille‟s equation: Q = (ΔP x π x D4)/(128 x L x η) (80). This can
also be expressed for laminar flow in a straight vessel as: Shear stress (τ) = 32 x η x Q/(π x

56

D3) (216). Another way to express this formula, usually when viscosity can be measured
(in animal or in vitro experiments) and referred to in some articles as the Hagen-Poiseuille
formula is: Shear stress (τ) = 4ηQ/ πr3 (221) or: Shear stress (τ) = 4η/ πr3 (219, 222).
Shear stress has also been estimated by the formula: Shear stress = viscosity x
velocity/diameter (17). The use of Poiseuille‟s formula assumes that blood behaves like a
Newtonian fluid (which it does for shear rates above 100s-1), that there is laminar flow with
no turbulence and that the flow is not pulsatile. The cross section of the vessel should be
circular with a constant diameter and the vessel wall remains rigid (219). In reality most of
these assumptions are not met in vessels in the human body.

Due to the difficulties in measuring viscosity and therefore shear stress, the literature
contains many variations of Poiseuille‟s formula adjusted to calculate shear rate, with no
consensus reached on a formula for shear rate or what form of normalisation for the
variation in shear rate to FMD should be used (222). The 2005 consensus statement on
FMD suggested: Shear rate (γ) = velocity/diameter (17) which has the advantage of not
using viscosity. According to Poiseuille‟s law: Shear rate (γ) = 8 x Vm/D where Vm is the
mean blood flow velocity and D is lumen arterial diameter at end-diastole (221). An
alternative is, in the case of parabolic flow, and using only the central peak flow velocity
(Vmax): Shear rate (γ) = 4 x Vmax/D (221).

To provide a few examples of the uses of shear stress and shear rate, early work calculated
shear rate from the basal artery diameter and volume flow, measuring maximum flow 10
seconds after cuff release. No information was provided on the shear rate formula used
(197). After assuming viscosity, another variation of the formula for shear stress was
calculated using mean flow velocity as: Shear stress = 8 η Vx/DBL where Vx is mean flow
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velocity at baseline or during reactive hyperaemia and DBL is baseline artery diameter
(215). The formula used in this study appears to be an amalgamation of the shear
stress/shear rate formulae. Many of the scholarly articles published recently assessing the
physiology of the FMD technique use one of the following: shear rate = Vpeak/D (124),
shear rate = Vmean/D (34, 223-225), shear rate = 4Vpeak/D (105) or shear rate = 4Vmean/D
(107, 134) where Vmean and Vpeak are mean and peak blood velocity respectively. It would
appear that researchers have chosen any combination or variation of these formulae,
choosing indiscriminately whether to use peak or mean blood velocity which makes
comparing results across different studies difficult (222).

The arterial diameter used in the shear rate formula has also been measured at different
times. If basal shear rate is calculated then a resting diameter is used (105). As the artery
does not dilate in the 10-12 seconds post cuff release (101, 105), theoretically, if
simultaneous Doppler and 2D ultrasound imaging were available then the artery diameter
immediately post cuff release could be used, although the limitations of changes in arterial
diameter with different age groups would need to be considered (106). For post occlusion
shear rate the maximum arterial diameter is not used. This is because it would not give an
indication of the shear stimulus during reactive hyperaemia as the arterial dilatory response
to the shear stimulus generally begins around 45 seconds post cuff release. By this time
the shear stimulus is decaying (223). Instead, baseline arterial diameter has been used for
the post occlusion shear rate (215) as has arterial diameter measured just before cuff
release (105). More recent studies have utilised continuous artery diameter monitoring up
to the point of maximum dilatation, with hundreds of automatically calculated diameters
recorded, calculating shear rate as the area under the curve (AUC) (134).

58

1.4.28 The normalisation of shear rate to FMD.
Recent literature recommends normalising or correcting FMD to shear rate (17). Early
work only reported volume flow and reactive hyperaemia (16) with, as previously
discussed, volumetric flow (referred to now in current literature as volume flow) calculated
from the vessel area multiplied by the velocity of the blood flow over a period of time.
Volume flow does not give an indication of the frictional force that is occurring on the
endothelial cells. However if volume flow and vessel size are similar, then shear rate will
be similar. In contrast, if the vessel sizes differ even when volume flow is the same, then
velocity changes and shear rates differ dramatically. A small vessel will experience a
greater shear rate and shear stimulus than a larger vessel (17, 34).

As previously reviewed, the updated consensus article (17) stated that Shear rate = V/D
and FMD should be “normalized by dividing the peak percentage change” in artery
diameter (that is FMD) by the size of the reactive hyperaemia stimulus (that is
FMD/stimulus). Both the peak stimulus and duration of the stimulus should be reported.
For the chosen duration of the stimulus that is measured (the time frame was not specified),
the AUC should be measured and either peak or AUC used for normalisation of FMD (17).
The peak shear response that occurred after occlusion was one of the first methods chosen
for normalisation of FMD with shear stress (105), probably because this information was
available from the data collected when performing FMD according to Celermajer and
colleagues (16) original technique. Parker and co-authors (105) used the formula shear
rate = 4Vpeak/D, calculating peak velocity from the maximum VTI in the first 30 seconds
post cuff release and using the arterial diameter collected immediately before cuff release.
A baseline shear rate was also calculated and the normalisation of FMD involved using the
difference in shear rate from baseline to peak (105).
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The next form of normalisation to the shear stimulus came in the form of calculating a
shear rate correction using the recorded Doppler velocity information to calculate the
AUC. This was done from data that were collected from between nine seconds post cuff
release (223) to within the first minute (34). This was followed by the suggestion that the
AUC should be calculated until peak arterial dilatation was reached. Continuous
monitoring with Doppler and 2D ultrasound is necessary to achieve this (134).

A study using repeated measures within subjects design and graded increases in shear
stimulus demonstrated that the least contribution came from the peak shear rate (223).
After demonstrating a strong association between FMD and shear rate AUC (measured for
nine seconds) they suggested this technique as the appropriate method to normalise FMD.
Another study (226) that adopted a between subjects design (by examining groups of
different ages) to assess the relationship between FMD and shear rate had different
findings. Shear rate was assessed as peak shear rate AUC from 0-9 seconds, AUC 0-30
seconds, AUC 0-60 seconds and shear rate AUC time to maximum dilatation for each
individual data set. Only in young adults did FMD correlate with all the above parameters
except peak shear rate AUC 0-9 seconds. No correlation was found from the four stimuli
in children and older adults. This work demonstrated that AUC normalisation explained
only 10-15% of the FMD response which is highly dependent on the groups studied and
dividing FMD/stimulus multiplied any error present. They suggested more research is
necessary before normalising FMD to shear rate AUC is adopted and that FMD and the
shear stimulus response should be reported separately (226).

Currently it appears that normalising FMD to shear rate AUC is only appropriate when a
repeated measures design is used with the same degree of shear stimulus producing the
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same quantity of arterial dilatation. There should also be a “strong linear relationship
between FMD and shear rate AUC” (214). It has also been suggested that normalising the
shear stimulus to FMD can be done with an analysis of variance, inserting shear rate as a
covariate into the analysis (227). It would appear however, from the literature that a
consensus on normalising FMD to shear rate is yet to be reached. This position was
recently reinforced by the latest FMD guidelines which stated it was currently “not
possible to recommend a method for correcting for differences in shear” (100) stimulus.

1.4.29 Measuring the time to peak response from cuff release to
maximum arterial diameter.
In healthy subjects of varying ages, time to maximum dilatation after shear stimulus has
been shown to vary, with older subjects reaching maximum dilatation after a longer period
of time (134). Another study (107) demonstrated this delay was related to baseline artery
size, because as artery diameter increases, time to maximum dilatation increases. It was
suggested that artery diameter was more important than shear rate AUC in explaining
arterial response to shear stimulus. This dependence on arterial diameter may be due to
differences in vessel wall structure with smaller vessel lamina possessing greater smooth
muscle compared to larger vessels (107).

Measuring the time delay until maximum dilatation may offer further information about
the underlying mechanisms controlling FMD. When assessing FMD on healthy males, the
time course after step increases in shear stress demonstrated the brachial artery dilated
initially. A second, slower dilatation occurred over time. The authors felt that two distinct
mechanisms were responsible for this effect (224). Previous work has shown that a shorter
stimulus (5 minutes) produces a NO dependent FMD, whereas prolonged stimulus does not
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completely attenuate with L-NMMA. This suggests factors other than NO are involved
with prolonged stimulus (132).

As an increased FMD response is felt to reflect NO availability, measuring the time course
to peak dilatation may represent how well the endothelial and smooth muscle cells respond
to NO. When comparing individuals at low and moderate risk for cardiovascular disease
no difference in FMD was found. Time to peak (TTP) dilatation (in seconds) was
increased in the moderate risk group. It was suggested a FMD/TTP ratio may provide
more clinically relevant information as it assesses how well the vessel responds to stimulus
(228).

An increased time to maximum dilatation has been reported as people age, more so in
males than females. Complications in pathological states such as diabetes and
hypertension have demonstrated a higher correlation with maximum arterial dilatation
compared with dilatation measured to only 60 seconds (229). A study (230) measuring
FMD and the different time response to maximum dilatation in normal controls and type 2
diabetics demonstrated different subgroups in the diabetics. Peak FMD was reached in a
mean time of 50 seconds in the control group. In the diabetics, the mean time to peak
dilatation was 120 seconds with three different types of response over time identified. One
diabetic group had no dilatation at all. The group that responded early (50 seconds) had
significantly reduced FMD compared with controls and the late responders (120 seconds to
dilatation). The late responders had comparable FMD to the controls. It was suggested
that both the early and late responders have endothelial dysfunction with reduced NO
availability. The late responders may have later acting vasodilators other than NO that act
as a “compensatory mechanism” when NO availability is reduced (230). It would appear
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that whilst time to maximum dilatation can vary in healthy people with more than one
dilatory response to shear stress over time, pathological conditions that affect the
endothelium may be able to be measured not only as a percentage increase in dilatation
(FMD) but also as a time course response.

In contrast, a recent paper demonstrated that TTP dilatation was not wholly NO mediated
with L-NMMA infusion failing to totally blunt the response. The TTP measurement also
varied widely between repeated tests (231). Therefore further work is necessary to
determine how useful this measurement will be as a marker of endothelial function (100).

The FMD technique whilst difficult, time consuming and still evolving is feasible and
when performed according to certain criteria represents stimulated endothelial function that
is mainly NO mediated. Pre-eclampsia is hypothesised to be an endothelial disorder (11)
and could be assessed by the FMD technique to ascertain if pre-eclampsia results in
endothelial dysfunction in the form of reduced vasodilatation. The following section will
discuss pre-eclampsia in detail.

1.5 Pre-eclampsia.
Pre-eclampsia is an enigmatic disorder of theories. Originally hypothesised to be a disease
of the kidneys (232), then a hypertensive disorder (233), it is now thought of as a two-stage
disorder (234). The first stage is thought to arise from reduced placental perfusion which
then results in a susceptible subset of pregnant women developing the second stage of the
disease. This second stage results in patho-physiological changes to the mother in the form
of a multi-systemic syndrome affecting the perfusion of many organs. Consequently,
changes occurring in the vascular system affect the maternal brain, heart, liver and kidneys.
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This has led to the hypothesis that factors secreted by the placenta interact with the
maternal endothelium resulting in endothelial activation and/or dysfunction and the clinical
picture of pre-eclampsia (2, 235, 236). The following section will discuss the history and
definitions of pre-eclampsia, discussing why it is a significant health issue for pregnant
women. This will then be followed by a discussion on the risk factors for pre-eclampsia,
its proposed aetiology and pathophysiology. Pre-eclampsia and its relationship to
endothelial function/dysfunction and FMD and attempts to develop a screening test will
then be discussed.

1.5.1 History.
There are very few references to pre-eclampsia in early medical literature, possibly
because pregnancy and childbirth was the domain of midwives. In the first century A.D.,
Celsus mentioned often fatal convulsions of pregnancy (233). Nevertheless it was not until
male physicians in France began practicing obstetrics in the late seventeenth to early
eighteenth century that the written literature on eclampsia began. Eclampsia is derived
from the Greek word for brightness or lightning, as in a flashing glance and was still being
used as a generic term for epilepsy in the twentieth century. It was not until 1961 that all
other definitions except the obstetric one were excluded (233).

In the 1800s the similarity between women with eclampsia and Bright‟s disease (nephritis)
was noted which led to the discovery by Rayer, P (1839-1841) and Lever, JCW (1843) of
proteinuria associated with eclampsia, cited in (237). As protein in the urine was found to
predate the eclamptic convulsions, the term pre-eclampsia was coined. For many years it
was thought that eclampsia was a result of renal disease (232).
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The development of blood pressure techniques in the late nineteenth century led to the
observation by Schedoff and Porockjakoff (1884) of the presence of hypertension in preeclampsia and eclampsia, cited in (237). In 1903 Cook, HW and Briggs, JC used a
sphygmomanometer to measure blood pressure during pregnancy, cited in (238). This
association of hypertension with pre-eclampsia meant that for many years pre-eclampsia
was thought to be a hypertensive disorder and much of the research around pre-eclampsia
was founded on this premise (233).

A clinical observation regarding the relationship between hydatid moles, pre-eclampsia
and “relative ischemia of the gravid uterus” was published in 1939. The hypothesis was
formulated that reduced placental perfusion (ischaemia) was a precursor to the clinical
syndrome of pre-eclampsia/eclampsia. It was theorised that some “placental pressor
substance” was produced in response to the hypo-perfusion of the larger than usual
placenta. The title of the paper “The relation between hydatid moles, relative ischemia of
the gravid uterus, and the placental origins of eclampsia” stated the belief that eclampsia
had placental origins (239).

In 1989, Roberts and colleagues proposed that pre-eclampsia was an endothelial cell
disorder with the ischaemic placenta the source of a factor or factors that caused
endothelial cell injury. This led to the suggestion that pre-eclampsia was “more than
pregnancy induced hypertension” (11). The term “injury” has since been replaced by the
term “endothelial dysfunction”. This focus on the endothelium has led to the discovery of
other risk factors for pre-eclampsia that are related to endothelial dysfunction and the
recognition that some maternal factors interact with the ischaemic placenta to result in the
clinical picture of pre-eclampsia (2). This hypothesis of reduced placental perfusion
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causing the release of substances into the maternal circulation that affect the maternal
endothelium has directed much of the research in recent years and will be dealt with in
more detail in a later section.

1.5.2 Definitions.
There has been a lack of agreement when defining hypertensive disorders in pregnancy in
the past, although it appears that different groups are moving towards a consensus. As
early as 1961, Ian MacGillivray suggested that the “level of blood pressure attained” was
an important indicator of pre-eclampsia and suggested the “critical level is about 90mmHg
diastolic or 140mmHg systolic” (240). The Canadian Hypertension Society guidelines for
the diagnosis of pre-eclampsia suggested that hypertension in pregnancy be diagnosed
when diastolic BP was ≥90mmHg (241). A systolic pressure of ≥140mmHg was not
considered definitive of hypertension in pregnancy. The diagnostic level of proteinuria
was the same as later consensus statements.

It was proposed an increase in BP in normotensive women would identify pre-eclamptic
hypertension with an incremental rise in diastolic BP of 25mmHg (242). A clinical
classification of hypertension and proteinuria was suggested in 1988 containing multiple
classifications and definitions of hypertensive disorders in pregnancy (243). To diagnose
pre-eclampsia an absolute measurement of diastolic BP of 110mmHg on one occasion or
a diastolic BP of 90mmHg four hours apart with proteinuria was proposed. However, it
was found using a definition of a rise in diastolic BP 15mmHg with proteinuria in
normotensive women was not clinically useful (244). A rise in BP of 30/15mmHg in
women whose BP was 140/90mmHg was not associated with an adverse outcome and
should not be included in definitions of pre-eclampsia (245).
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For some time there was a lack of consistency when defining pre-eclampsia in research
papers (246, 247). High sensitivity is essential when defining pre-eclampsia for patient
management, thus ensuring all women with the disease are detected. For research
purposes high specificity for the disease is necessary. Although some pre-eclamptics will
be missed, high specificity ensures that those who truly have the disease will be recruited
(245, 248). The Australasian Society for the Study of Hypertension in Pregnancy
(ASSHP) has defined pre-eclampsia based on clinical indicators as well as clearly defined
criteria for research purposes (249). This has been ratified by the publication of recent
guidelines by the Society of Obstetric Medicine of Australia and New Zealand (SOMANZ)
(250, 251) and endorsed as a policy directive by New South Wales Government Health
(252).

1.5.3 Research criteria.
The criteria for including pre-eclamptic women in research are the development of
proteinuria and hypertension after 20 weeks gestation in previously normotensive women
(249, 250). The SOMANZ guidelines (250) have also sanctioned additional research
criteria from the International Society for the Study of Hypertension in Pregnancy (ISSHP)
definition (248). These additional criteria are newly occurring hypertension after 20 weeks
gestation that returns to normal after delivery, pulmonary oedema, placental abruption and
appropriately documented evidence of proteinuria (the definition of proteinuria will
follow) (248). The National High Blood Pressure Education Program Working Group
criteria for pre-eclampsia (253) was reviewed and endorsed by a “Research in
Hypertension in Pregnancy” working party in 2003 (254) so both ASSHP and their
classification agree for research purposes.
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1.5.4 The diagnostic criteria for hypertension and proteinuria in
pregnancy.
For both clinical and research purposes, hypertension is defined when the systolic BP is
140mmHg at Korotkoff phase 1 (K1) and/or the diastolic BP at Korotkoff V (K5) is
90mmHg. Korotkoff phase 1 is when the first sound is heard and K5 is when the
diastolic sound disappears when recording BP with a mercury sphygmomanometer.
Proteinuria is present when a 24 hour urinary protein collection demonstrates values of
300 mg/24h or a spot urine protein/creatinine ratio of 30 (248-250, 253-255). The
American Society of Hypertension (ASH) has recently published a position article on
hypertension in pregnancy. As well as the above criteria for hypertension and proteinuria
they also include dipstick proteinuria of ≥1+ (256).

1.5.5 The criteria for the clinical diagnosis of pre-eclampsia.
The ASSHP criteria also give a clinical diagnosis of pre-eclampsia probably because of the
seriousness of the disorder and because it is a syndrome that is better over diagnosed (249).
Serious morbidity can occur in women without proteinuria but with involvement of other
organ systems (257). A clinical diagnosis of pre-eclampsia is made when there is
hypertension arising after 20 weeks gestation with the onset of one or more of the
following problems;
1. Proteinuria as defined above; or renal disease with oliguria or serum/plasma
creatinine 0.09mmol/L.
2. raised serum transaminase and/or severe right upper quadrant/epigastric pain
indicating liver disease.
3. neurological sequelae presenting as eclampsia (convulsions), hyperreflexia with
clonus or severe headaches, or visual disturbances that are persistent.
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4. disturbances in haematological results such as thrombocytopenia, disseminated
intravascular coagulation or haemolysis.
5. intrauterine restriction in fetal growth (249).

1.5.6 Other hypertensive disorders of pregnancy.
The ASSHP and SOMANZ guidelines also address the classification of gestational
hypertension, essential and secondary chronic hypertension in pregnancy and preeclampsia superimposed on chronic hypertension (249, 250). Gestational hypertension is
defined as BP ≥140/90mmHg that develops after 20 weeks gestation and resolves three
months after delivery with no proteinuria or other multi-system signs of pre-eclampsia
(249, 250). For this reason the diagnosis of gestational hypertension is often not made
until after delivery (253). Chronic essential hypertension relates to women who present
with BP ≥140/90mmHg before pregnancy or during the first 20 weeks of gestation with no
cause found. Secondary hypertension has the same BP criteria with a definitive aetiology
(for example renal, vascular or endocrine cause or coarctation of the aorta) for the BP
increase. Pre-eclampsia superimposed on chronic hypertension is diagnosed with the
additional development of proteinuria as defined above (249, 250).

1.5.7 Gestational hypertension.
Gestational hypertension and pre-eclampsia are considered by some as separate disorders
(249, 251). This is because the increased BP in gestational hypertension may be the only
manifestation whereas pre-eclampsia results in a multisystem disorder. The alternative
viewpoint is that pre-eclampsia is a progression of gestational hypertension, both sharing a
common pathophysiology (236). Both pre-eclampsia and gestational hypertension share
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common risk factors such as obesity, kidney or heart disease, diabetes, late maternal age
and previous pre-eclampsia (258).

The most common hypertensive disorder in pregnancy is gestational hypertension.
Gestational hypertension can be divided into mild and severe disease although this division
is controversial. The definition of gestational hypertension is detailed in section 1.5.6.
Severe gestational hypertension occurs when BP measures ≥160/110mmHg for at least six
hours (9). Severe disease is not considered a benign condition as it can lead to serious
maternal, fetal and newborn morbidity (259, 260). Gestational hypertension is more likely
to progress to pre-eclampsia if it occurs prior to 30 weeks gestation (261).

Gestational hypertension and pre-eclampsia both result in long term morbidity and
mortality from an increased risk of cardiovascular disease (CVD) and hypertension (262).
Pre-eclampsia is hypothesised to be an endothelial cell disorder (11) resulting in reduced
flow induced dilatation (263). Non-pregnant hypertensive people also have reduced
vasodilatory endothelial function (10). At the time this thesis was commenced there were
no studies using FMD to compare endothelial function in women with gestational
hypertension compared to pre-eclampsia. A study to assess if these two groups have the
same or different degree of vasodilatation may be instructive. This information may be
able to help distinguish whether the pathophysiology in these disorders is similar or
different.

1.5.8 Sub-classification of pre-eclampsia.
Although a consensus appears to have been reached on a basic definition for preeclampsia, there is still some controversy over whether pre-eclampsia should be sub-
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classified to try and define severity of disease within the pre-eclamptic population. One
discussion focuses on whether pre-eclampsia should be further divided into groups of
differing gestational ages, for example severe disease occurring at <34 + 0 weeks and less
severe disease at ≥34 weeks (264, 265). The rationale behind this sub-classification is not
only that a more advanced gestational age provides a better outcome for the baby, there is
less maternal morbidity and mortality when pre-eclampsia occurs later (265).

This does not mean that late pre-eclampsia is a harmless disease, especially in developing
countries. A study that assessed pregnancy outcomes in women who delivered after 34
weeks gestation in a socially deprived area found around 20% of women developed
eclampsia or HELLP (haemolysis, elevated liver enzymes, low platelet count) syndrome,
6.1% were admitted to intensive care units and other maternal complications such as
placental abruption, severe renal disease, thrombocytopenia and pulmonary oedema still
occurred. The perinatal mortality rate was 18 per 1000 births. The authors suggested late
onset pre-eclampsia was more a maternal disease as greater than 90% had normal
umbilical artery Doppler flow studies (266).

There is a growing consensus that early onset pre-eclampsia and late onset pre-eclampsia
are differing disorders with separate pathophysiology, the late disorder arises from
maternal factors, the early disorder is placental (267). The ASH position paper rates “more
severe” pre-eclampsia as presenting at <35 weeks gestation (256). The recent Society of
Obstetricians and Gynaecologists of Canada (SOGC) guidelines use a gestational age
severity cut off of <34 weeks (255). The earlier and current Australasian consensus
statements and the Royal College of Obstetricians and Gynaecologists (RCOG) guidelines
do not have a definition of severity based on gestational age (248-250, 268).
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A recent paper (269) suggests early (<37 weeks) and late onset (≥37 weeks) pre-eclampsia
have distinct maternal and fetal features that differentiate them. The women who
developed pre-term pre-eclampsia were significantly younger, had a lower pre-pregnancy
BMI and were more often smokers. Newborn birth weight was significantly decreased in
babies born from pre-term pre-eclamptic women with more pre-term babies <10th
percentile. Results did not change if a 34 week gestation cut off was used. These results
support the hypothesis that there are different phenotypes of pre-eclampsia presenting as a
late maternal and early placental disorder (269).

The RCOG (268) have published guidelines on the management of severe preeclampsia/eclampsia. Both the RCOG and SOMANZ recognise a category of severe preeclampsia as proteinuria plus a systolic blood pressure ≥170mmHg and/or diastolic BP
≥110mmHg (250, 268). This cut off is still controversial with a systolic BP of 160mmHg
also suggested for severe disease (250). Both ASH and SOGC use a BP of
≥160/110mmHg to define severe pre-eclampsia (255, 256).

Defining degrees of severity of pre-eclampsia does not predict which mother and fetus are
at increased risk of adverse outcome and should not be used in deciding on the delivery of
a pre-term fetus (270). Although agreement has been reached on definitions of preeclampsia and other hypertensive disorders of pregnancy, it would appear until the
pathophysiology and aetiology of pre-eclampsia is unravelled, an absolute definition for
pre-eclampsia will remain as suggestions and guidelines.
For the research being presented in this thesis, the ASSHP research definition of preeclampsia (hypertension and proteinuria after 20 weeks gestation in previously
normotensive women) was chosen. The definition of gestational hypertension was onset of
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hypertension after 20 weeks gestation without the proteinuria or any other multi-system
signs of pre-eclampsia (249).

1.5.9 Pre-eclampsia, morbidity and mortality.
According to Australia‟s Mothers and Babies 2007 report on perinatal statistics (271) in
women who gave birth, pregnancy induced hypertension is the second most common
maternal medical condition at 45.2 per 1000. Only gestational diabetes ranked higher at
49.5 per 1000. The World Health Organization reports pre-eclampsia/eclampsia is in the
top four of major complications in childbirth worldwide with an incidence of 3.2% of live
births. The incidence is highest in developing countries. However the case fatality rate is
the highest of all the pregnancy related complications at 1.7%. In 2000 there were 63000
maternal deaths, that is 12% of all maternal deaths were due to pre-eclampsia/eclampsia
(272).

The latest report on maternal death in Australia reported a maternal death ratio of 8.4 per
100000. Hypertensive disorders of pregnancy were the third most common cause of
maternal death after amniotic fluid embolism and thromboembolism (273). Preeclampsia/eclampsia can result in morbidity to the woman other than death including
cardiac arrest, cerebro-vascular insult, respiratory distress, pulmonary oedema, renal or
hepatic failure, pulmonary embolus, HELLP syndrome, disseminated intravascular
coagulation and coma (274-276).

The rate of hospital admissions for pregnancy related hypertension in the United States is
increasing, possibly due to the increase in age and obesity amongst pregnant women.
Hospitalised women, especially those with eclampsia/pre-eclampsia are more likely to
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suffer from severe obstetric complications than those hospitalised without a hypertensive
disorder (276).

In Australia, the hypertensive disorders of pregnancy (especially pre-eclampsia
superimposed on pre-existing hypertension) result in increased perinatal morbidity and
worse outcomes compared to normotensive women. Hypertensive women were more
likely to have a preterm birth, small for gestational age (SGA) (<10th percentile) infants
and either be induced or deliver by caesarean section. Perinatal mortality had decreased
significantly in hypertensive pregnant women when the study period of this report (19982001) was compared to an earlier time period (1991-1997) (277). Interestingly, for reasons
unknown, babies born to mothers with pre-eclampsia at a gestation greater than 37 weeks
are also more likely to be admitted to the neonatal intensive care unit compared with late
preterm (34-37 weeks gestation) babies (278).

The morbidity of pre-eclampsia extends beyond the affected pregnancy. Women who have
had pre-eclampsia in their first pregnancy at a gestational age of less than 34 weeks
(compared to pregnant women who had pre-eclampsia greater than 34 weeks in their first
pregnancy) are more likely to deliver a premature SGA baby in their next pregnancy (279).
If severe pre-eclampsia occurs before 24 weeks, the risk of pre-eclampsia in a subsequent
pregnancy is 50% with a greater future risk of chronic hypertension (280).

A study (281) assessing 49 women with gestational hypertension, 45 with pre-eclampsia
and 45 normotensive women, found the rate of chronic hypertension was significantly
increased seven years after a pregnancy complicated by either gestational hypertension or
pre-eclampsia. Blood pressure was higher in the gestational hypertension group.
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Compared to a control group, hypertension in a subsequent pregnancy was also
significantly more likely after pre-eclampsia. Pre-eclampsia in any pregnancy was an
independent risk factor for coronary artery disease with an adjusted odds ratio (AOR) of
4.8 [95% confidence interval (CI) 1.2 to 19.0]. Other risk factors that are related to
endothelial dysfunction such as diabetes, smoking, obesity, hypertension and
hypercholesterolemia were also more common in the coronary artery disease group
compared with the control group (282).

A retrospective cohort study (283) from a 19 year period (1951-1970) of over 3000 women
with pre-eclampsia/eclampsia in their first pregnancy was compared to women with
gestational hypertension and normotensive pregnant women. This study found that any of
the above hypertensive diseases in pregnancy increased a woman‟s risk of hypertension
and stroke over the long term but not the risk of coronary artery disease.

Another retrospective cohort (284) study of over one million women assessed the future
risk of cardiovascular disease when they combined risk factors for cardiovascular disease
and maternal placental syndrome. Maternal placental syndrome was defined as preeclampsia, gestational hypertension, placental abruption or infarction. The presence or
absence of fetal growth restriction or fetal death in-utero (FDIU) was also ascertained. The
presence of maternal placental syndrome increased the risk of cardiovascular disease. If
growth restriction and/or FDIU had occurred or other traditional risk factors for
cardiovascular disease were present then the risk increased even more. Tragically the
mean age for the first cardiovascular event in this cohort was just 38 years.
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A systematic review and meta-analysis that included 25 articles (262) and assessed the risk
of future disease after pre-eclampsia found that pre-eclampsia increased a woman‟s risk of
hypertension, ischaemic heart disease, stroke, venous thromboembolism and death. Preeclampsia did not change the risk of cancer. Early pre-eclampsia (<37 weeks gestation)
conferred a greater risk of mortality (relative risk 2.71 (95% CI 1.99 to 3.68)) compared
with normotensive women. The relative risk of hypertension was 3.23 (95% CI 2.32 to
4.52) after a single pregnancy complicated by pre-eclampsia. This risk increased to 5.96
(95% CI 3.42 to 10.38) if pre-eclampsia was present in any pregnancy rather than just the
first one. Pregnancy induced hypertension also increased the relative risk of future CVD
1.66 (95% CI 0.62 to 4.41) and hypertension 3.39 (95% CI 0.82 to13.92) but to a lesser
extent than pre-eclampsia.

An intergenerational (285) study of women with and without a history of pre-eclampsia
and their parents, found a history of pre-eclampsia was related to a three times increased
rate of metabolic syndrome. This included a greater BMI and waist measurement,
increased fasting glucose levels and higher blood pressure. All these studies reinforce the
necessity of an accurate diagnosis of pre-eclampsia as lifelong risk for CVD is changed
and this could alter follow-up and long term management of these women.

1.6 The pathophysiology of pre-eclampsia.
The aetiology of pre-eclampsia is unknown, however it is thought to be a two-stage
disorder (234). Stage 1 is proposed to begin with a normal pregnancy-specific maternal
inflammatory response. This response interacts with many risk factors for pre-eclampsia
which will be detailed in a following section. The maternal constitution then either
modifies or interacts with the placenta or causes abnormal placentation and/or reduced
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fetal/placental perfusion. Abnormal placentation may be the result of either an immune
course where the mother rejects the fetus or a vascular process which involves an
ischaemia-reperfusion response (234, 286).

Stage 2 occurs when factors are released into the maternal system because of the hypoxic
placental problems. These are proposed to be either syncytiotrophoblast basement
membrane (STBM) shedding into the maternal vascular system or the release of soluble
endothelial growth receptors which bind to vascular endothelial growth factors released
from the hypoxic placenta. These factors interact with the maternal/fetal endothelium
resulting in endothelial activation/dysfunction and the clinical picture of pre-eclampsia. It
is also suggested that the maternal constitutional status is the risk factor that affects the
long term outcome in the form of recurrent pre-eclampsia or future cardiovascular disease
(234). The following sections will discuss the pathophysiology of pre-eclampsia in more
detail.

1.7 Stage 1: Maternal inflammation in pregnancy, risk factors for
pre-eclampsia and the placenta.
1.7.1 The normal pregnancy-specific and pre-eclamptic maternal
inflammatory response.
As previously stated, the up regulation of the inflammatory system may be a contributor to
endothelial dysfunction (74). The inflammatory system and the endothelium are intimately
related. Disease in the vascular system can promote an inflammatory response and the
inflammatory system can provoke the endothelium to respond. The response to
inflammation can be local or generalised and stimulated by injury or immune activation
and involves immune cells such as monocytes, leukocytes and natural killer cells as well as
the clotting, complement and endothelial systems (287, 288).
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Communication within the inflammatory network is by cytokines. Cytokines are proteins
created to act upon immune and haematogenic cells, the main source being macrophages
and monocytes. Cytokines include chemokines (for example interleukin-8 (IL-8)),
adipokines (secreted by adipocytes- for example, IL-6, leptin, resisten, adiponectin, PAI-1,
and angiotensinogen) and angiogenic factors such as VEGF (288). Systemic inflammation
produces an acute phase systemic response (which can become chronic). This leads to
changes in plasma protein concentrations (the most well-known one is CRP). This process
is stimulated by cytokines. The pattern of cytokine production differs according to the
inflammatory condition. Fever and leucocytosis can result (288). Other metabolic
responses occurring in relation to systemic inflammation include insulin resistance and
hyperlipidaemia. Both these conditions are more common in obesity (a risk factor for preeclampsia) with the production of adipokines enhancing the inflammatory response (289).

Normal third trimester pregnancy was found to be a state of maternal systemic
inflammatory response. An experiment (290) was designed to assess whether circulating
leukocyte activation occurred in pre-eclampsia using whole blood flow cytometry. Four
groups were studied, 21 normal pregnant women, 21 pre-eclamptic women, 21 nonpregnant women and 6 patients with systemic sepsis who acted as positive controls.
Normal pregnancy had changes in peripheral blood leukocytes comparable to sepsis
patients in intensive care. Pre-eclampsia was associated with a general inflammatory
response which, while not large was additional to normal pregnancy.

In a review on inflammatory response in pregnancy, granulocytes and monocytes, TNFα
and its soluble receptors (for example IL-6) were shown to increase in pre-eclampsia (287).
The clotting (291) and complement system are also activated in pre-eclampsia (292). As
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the endothelium is an integral part of the inflammatory system, the endothelial dysfunction
of pre-eclampsia would be part of a more extensive intravascular inflammatory response
with pre-eclampsia an exaggeration of normal pregnancy. Redman and colleagues (287)
noted that common characteristics between the state of normal pregnancy and preeclampsia are often found and hypothesised this may preclude the search for a definitive
screening test for pre-eclampsia. Interestingly they postulated that a single cause or gene
for pre-eclampsia would not be found, that the fetal genotype would be an important
contributor and women with risk factors that make them more susceptible to inflammatory
stimulus (such as infection and metabolic disease) would be at increased risk of preeclampsia (287). A number of these predictions have been tested and are addressed in the
following section.

1.8 Risk factors for pre-eclampsia.
1.8.1 Parity and the immune maladaptation hypothesis.
The increased risk of pre-eclampsia/eclampsia in nulliparous women was recognised in the
very early medical literature. According to Chesley, LC in 1694 Mariceau a seventeenth
century obstetrician, described that convulsions in pregnancy occurred more commonly in
nulliparous women compared to multiparous women (232). During a ten year period, all
the cases of eclampsia in Denmark were assessed. It was discovered that pre-eclampsia
occurred at the extremes of reproductive age, demonstrating a U-shaped distribution. At
around 15 years and 47 years the rate of eclampsia was about 8 per 1000 (293).

The incidence of pre-eclampsia was found not to be influenced by age but was rather a
disorder of first pregnancy (294) with the incidence decreasing in subsequent pregnancies
(240). A systematic review of risk factors for pre-eclampsia (295) found that nulliparity
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results in almost three times the risk of pre-eclampsia. Women with pre-eclampsia were
more than twice as likely to be nulliparous compared to women without pre-eclampsia.

One suggested reason for the increased risk of pre-eclampsia in nulliparous women is a
difference in angiogenic factors (angiogenic factors and their relation to pre-eclampsia will
be addressed more fully in a later section). The level of sFlt-1 was significantly increased
in first pregnancy compared with second pregnancy and higher in Hispanic women
compared to white women in their first pregnancy. There was no difference in PlGF (296).

Pre-eclampsia is proposed to be disease of primigravidae (264, 294). The risk of preeclampsia is decreased in a second or subsequent pregnancy (240), especially if the woman
was normotensive in her first pregnancy (297). However, previous pre-eclampsia
increases the risk of pre-eclampsia in subsequent pregnancies (298). In contrast, if a first
pregnancy ended in a miscarriage or termination of pregnancy, then the risk of preeclampsia is reduced in the next pregnancy but if a term pregnancy is achieved the risk of
pre-eclampsia is even less (294, 299).

A history of abortion in nulliparous women also reduces the risk of pre-eclampsia by half.
This holds true only if the woman conceives with the same partner. If the woman
conceives with a new partner after abortion, her risk is the same as being pregnant for the
first time (300). Work from the Norwegian Mother and Child Cohort Study found that two
or more terminations of pregnancy significantly reduced the risk of pre-eclampsia which
was the same as having had a previous full-term delivery. This relationship held regardless
of whether the pregnancy resulted from the same or a new partner (301).
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MacGillivray suggested in 1958 that an “immunity” to pre-eclampsia “is rapidly and
effectively acquired” such that the risk of pre-eclampsia in pregnancies after the first is
reduced (294). This may be due to regular exposure to the father‟s sperm resulting in what
was termed “immunogestosis” or an immune tolerance to the partner‟s antigens (302).
This theory has been tested by assessing the risk of pre-eclampsia after a change in
paternity in multiparous women. Three groups have found more multiparous women with
new partners developed pre-eclampsia compared with multiparous women without a
change in partner (303-305) although the risk was still less than a nulliparous woman
(304). When there was a change in partner, an inverse relationship between pre-eclampsia,
eclampsia and gestational hypertension patients and length of co-habitation was found in
both primigravidae and multigravidae (306, 307).

The exposure of the vaginal mucosa during intercourse to seminal fluid has been shown to
induce mucosal allo-immunisation (that is confer immunity against the partner‟s antigens)
in women (308). This has led to the theory called the “Immune Maladaptation
Hypothesis” where the fetus is rejected by the mother because of a “maternal-fetal
(paternal) immune maladaptation” (309). This atypical response of the mother to the fetus
is being postulated as a cause of pre-eclampsia (310).

The increased risk of pre-eclampsia may not be due to a change in partner but to a longer
inter-pregnancy interval (311, 312) although this has been a controversial finding (313).
The difference in the primiparity theory and birth interval theory may be due to the
different populations studied. Young primiparous women are more commonly seen in
developing countries whereas the populations studied in the birth interval studies are older,
more obese and from developed countries. This form of pre-eclampsia may reflect a
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different disease and pathophysiology (for example women with metabolic syndrome)
(314).

1.8.2 The large placenta.
Another risk factor for pre-eclampsia is a large placenta. Large placentas can occur in
women with naturally conceived multiple pregnancies (294, 315-317) or multiple
pregnancy due to assisted reproduction technology (318).

Twin pregnancies were found to have 2.2 times greater levels of the angiogenic factors
sFlt-1 and sFlt-1/PlGF ratio compared to singleton pregnancies. The level of sFlt1 and
sFlt1/PlGF ratio was found to be highly correlated with placental weight (R2 = 0.75) which
in twins was 1.74 times heavier than in singletons. There was no difference in sFlt-1 or
PlGF mRNA expression. These results suggest that twin placentas (in women without preeclampsia) are not hypoxic or programmed to produce more sFlt-1. Instead, more sFlt-1 is
produced affecting the maternal endothelium because there is more placenta (319). An
increased level of sFlt-1 and sFlt-1/PlGF ratio was also demonstrated in normotensive
multiple pregnancies compared with singletons between 22-36 weeks gestation (320).

Hydatidiform mole results in a large placenta. Pre-eclampsia can occur in 12-27% of
women with hydatidiform mole and can be the cause of early onset (<20 weeks gestation)
pre-eclampsia (321, 322). Elevated levels of sFlt-1 are present in women with
hydatidiform mole providing more evidence of the role of sFlt-1 in the pathogenesis of preeclampsia (323).
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1.8.3 Aneuploidy.
An association between trisomy 13 and pre-eclampsia but not the other more common
aneuploidies (trisomy 21 and 18) has been reported (324, 325). A difference in angiogenic
factors may explain this increased risk with a significant decrease in PlGF in trisomy 13
found. The gene for sFlt-1 is found on chromosome 13. When the ratio of sFlt-1/PlGF
was assessed this was significantly increased in trisomy 13 compared with normal controls.
There was no difference between trisomy 13 and trisomy 18 or 21 (326).

1.8.4 Medical conditions and maternal characteristics.
Various medical conditions and maternal characteristics such as chronic hypertension
and/or a raised blood pressure early in the pregnancy, maternal obesity, renal disease and
diabetes mellitus (both pre-existing and gestational) have been shown to increase the risk
of pre-eclampsia (295, 327-329). A large multicentre study of 39615 pregnancies from the
World Health Organization (WHO) Antenatal Care Trial (258) reported a rate of preeclampsia of 2.2%. Risk factors for pre-eclampsia were diabetes, renal or cardiac disease,
pre-eclampsia in a previous pregnancy, urinary tract infections, chronic respiratory
conditions, maternal age >40 years, twin pregnancy and obesity. Primiparity even after
adjusting for maternal age <16 years was a risk factor.

1.8.5 Maternal disease.
Two review articles on chronic renal disease and pregnancy have both quoted the risk of
pre-eclampsia in women with moderate to severe chronic renal disease as 40% (330, 331).
With mild renal insufficiency, the risk of pre-eclampsia is 22% (330). Other maternal
diseases that increase the risk of pre-eclampsia are rheumatologic diseases such as
systemic lupus erythematosis, rheumatoid arthritis and rheumatologic disorders. This
suggests an autoimmune link (332).
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An association between thrombophilias and severe pre-eclampsia has been reported (333,
334). A recent Australian study prospectively assessed the risk of inherited thrombophilia
polymorphisms in asymptomatic women with the adverse outcome variables of preeclampsia/intra-uterine growth restriction (IUGR)/placental abruption/stillbirth or neonatal
death. They found that only women heterozygous for the prothrombin gene mutation were
at increased risk of an adverse event (335).

1.8.6 Diabetes and insulin resistance.
Type 1 diabetes is also a risk factor for mild and severe pre-eclampsia (336) as is insulin
resistance (337). Insulin resistance peaks in the third trimester of pregnancy which
coincides with the peak of pre-eclampsia (338). There are a number of conditions that
have insulin resistance as a feature, for example gestational diabetes mellitus (GDM),
polycystic ovarian syndrome and obesity (339, 340). Glucose intolerance has been shown
to be more common in pre-eclamptic women. Increasing insulin resistance has been touted
as a possible link between pre-eclampsia and the future risk of CVD and type 2 diabetes
(338).

1.8.7 Obesity.
Overweight has been classified by the WHO as a BMI (kg/m2) ≥25.00 and obese a BMI
≥30.00. Obesity has been further sub-classified into Obese class I (BMI 30.00-34.99),
Obese class II (BMI 35.00-39.99) and Obese class III (BMI ≥ 40.00) (341). Body mass
index is an imperfect measure of body fat. It may well be fat distribution (central/visceral
obesity versus peripheral obesity) and percentage of fat present (342) that is the important
determinant of pre-eclampsia risk because not all women who are obese develop preeclampsia (343, 344).

84

Weight gain in pregnancy includes products of conception and maternal tissue increases in
the uterus, breasts, blood volume, fat and extracellular fluid. Normal weight women who
gain the recommended weight in pregnancy may have a BMI up to 29.9. There is no
evidence that a pre-pregnancy BMI of 19.8-26 is normal apart from the fact it encompasses
the 25th to 75th percentiles (345). A systematic review demonstrated BMI was a weak
predictor for pre-eclampsia with pooled estimates for a BMI ≥ 25 demonstrating a
sensitivity of 47% (95% CI, (33 to 61) and specificity of 73% (95% CI 64 to 83). The
pooled estimate for a BMI ≥ 35 was sensitivity 21% (95% CI 12 to 31) and specificity 92%
(95% CI 89 to 95) (346).

Obesity occurs when the number and size of adipocytes increase. Fat functions as a
storage organ as well as an endocrine organ. Increases in adipocytes result in an increase
in the production of pro-inflammatory adipokines (TNFα, leptin, IL-6), a decrease in antiinflammatory cytokines (adiponectin, interleukin-10 (IL-10)) and increases in adipose
tissue macrophages which results in alterations in the immune and inflammatory response
(343, 347). The inflammatory type macrophages also emit TNFα, interleukin-2 (IL-2), IL6 and produce ROS through the activation of iNOS and are related to insulin resistance and
endothelial dysfunction (347).

Complications of obesity include insulin resistance, endothelial dysfunction, hypertension,
dyslipidaemia, and an increase in the pro-thrombotic state with changes in the immune and
inflammatory state (343). In non-pregnant people, blood vessel structure is altered in
obesity. Brachial artery vessel diameter and arterial stiffness increase with increasing
obesity, occurring across all age groups from childhood to old age (348). Visceral fat as
measured by abdominal ultrasound was negatively correlated with FMD in morbidly obese
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(BMI 42.3 ± 4.3) people. This relationship was independent of traditional CVD risk
factors (349).

In complicated and uncomplicated pregnancy, decreased microvascular dilatation occurs
with increasing BMI (350-352) (this will be dealt with in more detail in the section on
endothelial function in pregnancy). The risk factors for pre-eclampsia are very similar to
the risk factors for CVD. It has been suggested that asymmetric dimethylarginine
(ADMA), a natural inhibitor of NOS, which is also elevated in people at risk for CVD, in
obesity (344) and before (353) and during (354) pre-eclampsia may be the link that results
in obesity increasing the risk of pre-eclampsia (344). An alternative hypothesis is that the
interaction of the ischaemic placenta along with existing maternal endothelial dysfunction
from obesity/metabolic syndrome factors results in pre-eclampsia (355).

Many studies have assessed the relationship between obesity and pre-eclampsia. Obesity
is a risk factor for pre-eclampsia even if women with essential hypertension are excluded
from analysis (356). This risk from obesity has been demonstrated in a number of studies
(357-359) with the risk of pre-eclampsia increasing in a linear fashion with increasing BMI
(360). This linear relationship with increasing BMI was also demonstrated in the “superobese” (BMI >50) with the pre-eclampsia risk quoted at 17.4% (361).

The rate of obesity is increasing in Australia (362), the developed (344) and developing
world (363). An Australian study demonstrated overweight or obesity was present in 34%
of the pregnant study group with an increased risk of hypertensive disorders (pre-eclampsia
and gestational hypertension) in the obese (BMI ≥ 30) and morbidly obese (BMI ≥ 40),
AOR 3.0 (95% CI 2.4 to 3.74) and 4.87 (95% CI 3.27 to 7.24) respectively (343). A
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similar increased risk was found for pre-eclampsia when pre-pregnancy BMI was in the
obese range with an AOR of 3.74 (95% CI 1.95 to 7.17) (364). Another Australian study
in which 43% of the pregnant women were overweight or obese found obesity increased
the risk of pre-eclampsia threefold (365).

The relationship of increasing obesity being a risk factor for pre-eclampsia holds true
across different populations in the developed and developing world (328, 366-370), in
black and white women (370) and in both nulliparous and multiparous women although the
risk is greater for nulliparous women (328). Obesity is also a risk factor for early and late,
mild and severe pre-eclampsia (328, 365, 370).

1.8.8 The metabolic syndrome.
Many of the risk factors for pre-eclampsia such as chronic hypertension, obesity and preexisting diabetes along with the increased risk of later CVD are similar to those factors
found in metabolic syndrome (371). It is not known whether the women who develop preeclampsia are at increased risk of CVD because of metabolic syndrome or whether preeclampsia acts as a positive stress test for CVD and metabolic syndrome in the future
(372).

Metabolic syndrome has been defined by the National Cholesterol Education Program
Expert Panel III as the presence of three or more of the following risk factors for CVD:
abdominal obesity, atherogenic dyslipidaemia (high triglycerides, small low-density
lipoprotein (LDL) particles, low high-density lipoprotein (HDL) cholesterol), increased
blood pressure, insulin resistance with or without glucose intolerance and pro-thrombotic,
pro-inflammatory states (373, 374). Normal pregnancy has a number of these factors
present and demonstrates a degree of insulin resistance, hyperlipidaemia, increased
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coagulation factors and increased white cell count (371). For this reason the non-pregnant
criteria for metabolic syndrome as it stands cannot be used in pregnancy.

Several studies have attempted to develop a pregnancy specific metabolic scoring system
to see if pre-eclampsia and the metabolic syndrome are associated. This has been done by
modifying the definitions of metabolic syndrome to suit pregnancy. One group (372)
developed a modified metabolic scoring system to see if there was an association with
severe pre-eclampsia. Each woman was given a score of 0, 1 or ≥2 based on the presence
or absence of obesity (BMI ≥30), chronic hypertension and pre or gestational diabetes.
The results showed in women greater than 30 years of age, a metabolic score of ≥2
increased the odds of pre-eclampsia by OR 5.3 (95% CI 1.75 to 16.409). In women less
than 30 years, no association between metabolic syndrome and pre-eclampsia was found.

Another study (375) combined gestational hypertension (n=41) and pre-eclampsia women
(n=10) together to create a metabolic scoring system for these groups (termed pregnancy
induced hypertension (PIH)) in the third trimester (34+ weeks) and compared them to 97
normotensive controls. They dichotomised a score as yes/no based on a BMI >31,
increased triglycerides, decreased high density lipoproteins (HDL) and fasting serum
glucose >90mg/dL. This study found the PIH group had higher scores for metabolic
syndrome. The women were larger, had increased triglyceride and glucose levels. There
was no difference in HDL levels.

When comparing the presence or absence of a modified metabolic syndrome in normal
healthy pregnant women, women with pre-eclampsia and women with late onset GDM,
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30% of the women with pre-eclampsia had metabolic syndrome. This compared with only
10% of GDM and none in the control group (376).

Due to the recognition of a relationship between metabolic syndrome and pre-eclampsia a
review of all the articles published on maternal triglyceride levels as a risk factor for preeclampsia was done. This article (377) found that the risk of pre-eclampsia increased in a
dose dependent fashion with increasing triglyceride levels. When the highest triglyceride
levels were compared with the lowest levels, a fourfold increase in the risk of preeclampsia was noted with the higher readings. This increased risk of pre-eclampsia with
high triglyceride levels has also been reported in more recent studies (378, 379).

Even after pregnancy, a number of risk factors for metabolic syndrome can still be found in
women with a history of pre-eclampsia. Increased central obesity adds to the risk of
insulin resistance in previously pre-eclamptic women but not normal controls (380). The
risk of metabolic syndrome is twice as high in women with a history of early onset (<32
weeks) pre-eclampsia, IUGR, placental abruption or stillbirth (381).

1.8.9 Infection and systemic inflammation of pregnancy.
A link between maternal infection and pre-eclampsia has been hypothesised (382) with an
increased risk in primiparous women with a urinary tract infection (383) and severe
maternal periodontal disease (384).

As pre-eclampsia increases the risk of future CVD (262), the association between CVD,
pre-eclampsia and infection has led to the hypothesis that pre-eclampsia and
atherosclerosis may share a common inflammatory pathophysiology with both conditions
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having similar lesions. Lesions found in both atherosclerosis and pre-eclampsia have foci
of endothelial disruption and artery wall necrosis, deposition of lipoproteins and
macrophages. These similarities suggest an infectious trigger that may explain why some
women develop pre-eclampsia whilst others develop IUGR without hypertension (382).

As previously stated, normal pregnancy results in a condition of maternal systemic
inflammation (290). It has been hypothesised that a causal pathway may exist between the
inflammation resulting from infection, maternal inflammatory disease such as autoimmune
disease and the inflammatory response from obesity which results in the exaggerated
inflammatory response of pre-eclampsia (264).

1.8.10 Familial nature and genetic predisposition.
In 1968 Leon Chesley and colleagues reviewed the literature back to 1873 assessing the
familial aspect of pre-eclampsia in female relatives (mainly mother-daughter pairs and
sisters). Also performed was a review of his data between 1931-1966 of daughters,
daughter-in-laws and granddaughters of women with eclampsia. The study looked at
“toxemia of pregnancy” which included pre-eclampsia, essential hypertension and
unrecognised renal disease. Daughters of eclamptic women had an eight fold increase in
the incidence of pre-eclampsia. The incidence of “toxemia” was 26% in daughters and 8%
in daughter-in-laws (385).

Studies assessing the familial nature and/or genetics of pre-eclampsia have considered the
relationships of family members to try and determine the inheritance of pre-eclampsia. It
is estimated the contribution of maternal genes in the development of pre-eclampsia is
30%. This estimate was based on full sisters, mother-daughters, maternal and paternal
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half-sisters in over one million Swedish births (386). As well as maternal genes, paternal
(and therefore fetal genes) contribute to the risk (387). A population study assessing the
contribution and risk of maternal, fetal and paternal genes found that mitochondrial
(maternal) genes are not solely responsible for pre-eclampsia. Whilst there is a
contribution from the mother, the fetus and therefore paternal gene inheritance also plays a
part (388).

Maternal susceptibility can be inherited from mother to daughter but maternal
susceptibility does not pass from mother to son. Women born from a pre-eclamptic
pregnancy pass the alleles for pre-eclampsia to their fetus. Men born from a pre-eclamptic
pregnancy are more likely to carry pre-eclampsia susceptibility fetal alleles which increase
their partner‟s risk. This familial association is not affected by order of birth (389).
Pre-eclampsia has been shown to cluster in families with nulliparous pre-eclamptic women
more than twice as likely to have a sister with pre-eclampsia (390). Familial aggregation
(grouping of a disease occurring amongst members of a family) also occurs in white
western Europeans (391) and isolated populations (392). Grand-paternal systolic blood
pressure is a significant determinant of maternal blood pressure in pregnancy suggesting a
heritable factor (391).

A genetically isolated Netherlands population provided evidence for a recessive
inheritance of pre-eclampsia when an increased number of consanguineous relationships
resulted in pre-eclampsia (392). However two studies assessing consanguineous
relationships found no difference in pre-eclampsia outcomes between first cousins (393)
and no increase in pre-eclampsia in the 38% of women who were in a consanguineous
relationship (394). Other isolated population studies have identified differing
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chromosomes that may “harbor susceptibility genes for pre-eclampsia” (395) or suggest a
parent-of-origin effect through the maternal line (396).

A recent review (397) concluded many studies have indicated a genetic predisposition to
pre-eclampsia with a large number of candidate genes tested, but results are currently
inconclusive. This may be due to previous research on the subject misclassifying
gestational hypertension as pre-eclampsia. Another source of error may be the grouping of
primiparous and multiparous women together when pre-eclampsia in these two groups may
have different aetiologies. Almost all testing has been done on maternal samples when the
evidence suggests that paternal genes may also play a part. It would appear that apart from
testing performed on single families, it is most likely that susceptibility to pre-eclampsia
will involve multiple genes (397) which can be transmitted by maternal or paternal
inheritance.

Some authors have suggested that the paternal transmission (or lack of) of pre-eclamptic
genes may result in a changed risk of pre-eclampsia. This is in opposition to the
primipaternity immune maladaptation theory which suggests a first pregnancy from a new
father will increase the pre-eclampsia risk (301).

If pre-eclampsia is so dangerous to the mother and fetus, it raises the question as to why
the genes have not been eliminated from the gene pool. One reason may be hidden
benefits as occurs with sickle cell anaemia and malaria (398). The interaction between
maternal and fetal cells is a finely balanced juggling act. Changes in the gene pool may
also signify pre-eclampsia as part of the evolutionary “moves and counter-moves” of
primate development gone askew (399).
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The variety of risk factors reviewed in the preceding section seem to support the theory
that pre-eclampsia is a multi-faceted multi-system disease with multiple aetiologies that
affect different populations of women in different ways. The disease pre-eclampsia may
be different in nulliparous women, multiparous women with new partners, women with
multiple pregnancy, women with pre-existing disease, women with a genetic predisposition
and women with risk factors for metabolic syndrome.

1.9 The Placenta.
Pre-eclampsia is a disease of human pregnancy. The definitive treatment is delivery,
which removes the placenta and fetus (400). The placenta appears to be the essential
component. The reason a fetus is not necessary is because pre-eclampsia and eclampsia
can occur when a fetus is not present or has been delivered, for example in hydatidiform
molar pregnancy (323) and abdominal pregnancy after removal of the fetus (401). Case
studies and a review of the literature have demonstrated persistence of postpartum
eclampsia until retained products of conception (at times microscopic amounts of
trophoblastic material) were removed by curettage (402). Due to the essential nature of the
placenta in pre-eclampsia, much research has been conducted on the appearances of the
placenta in normal and abnormal pregnancy.

1.9.1 Normal development.
A successful pregnancy is dependent upon successful placental implantation and access to
the maternal blood supply, the understanding of which has evolved (and is still evolving)
over many hundreds of years (403). To support a successful pregnancy the maternal
uterine blood vessels need to undergo structural adaptive changes. The invading
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trophoblast causes these changes to the spiral arteries to increase the maternal blood supply
to the placenta and eventually the fetus (404).

In 1967 Ivo Brosens and co-workers were able to obtain and study serial sections of two
normal term caesarean hysterectomy specimens with intact placenta. Their work
demonstrated the spiral arteries, from the inner third of the myometrium to the distal
position where they open into the intervillous space are physiologically changed,
demonstrating a wide tortuous lumen and loss of elastic and smooth muscle tissue within
the artery walls (405). The spiral artery walls are replaced with fibrinoid and fibrous
tissue. These changes can extend as far as the terminal parts of the radial arteries (406),
occur between 6-18 weeks of pregnancy (407) and are usually completed by around 20
weeks gestation (400).

The changes in the spiral arteries result in a low resistance placental bed which can
accommodate the increase in maternal blood supply and render the arteries unresponsive to
vasoactive agents (408). This endovascular invasion by the trophoblast demonstrates a
graded invasion, not an all or none invasion (409).

1.9.2 Pre-eclampsia.
In pre-eclamptic pregnancy, the spiral arteries fail to undergo the physiological
remodelling seen in normal pregnancy. The artery walls are similar in appearance to the
non-pregnant state with retention of the internal elastic lamina and arterial structure and a
markedly reduced artery diameter. Acute atherosis which is “an acute arterio-necrosis with
intramural foam cell infiltrates” and is “characterized by fibrinoid necrosis and infiltration
of lipophages into the damaged vessel wall” is present in the decidual and myometrial
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spiral artery sections although all these changes are mainly limited to the decidual portions
of the spiral arteries in pre-eclampsia (406, 410). It is not known whether these lesions are
the result of pre-eclampsia or occur before pre-eclampsia develops (411).

More recent studies have demonstrated abnormalities in the placentas of pre-eclamptic
women are linked to gestational age, with more severe placental pathology occurring at an
earlier gestation (412-414). Early onset pre-eclampsia may be a placental problem
whereas late onset pre-eclampsia could be a maternal problem (415). This is due to the
difference in placenta morphology and interaction with maternal metabolic disease (412,
413). Early onset pre-eclampsia placentas have increased disease rates with a greater
number of ischaemic lesions compared to late onset pre-eclampsia placentas. The babies
of early onset pre-eclampsia are also more likely to be growth restricted (413, 414).

This sub classification of pre-eclampsia as an early syndrome (occurring less than 34
weeks gestation and usually presenting with SGA/IUGR) and a late syndrome (occurring
after 34 weeks gestation with a normally grown or even larger than average fetus) (416,
417) was suggested by von Dadelszen and colleagues in 2003 (265). Studies are now
being performed looking at pre-eclampsia in this new light. Others argue there may be no
difference in early and late pre-eclampsia, instead it is the combination of early preeclampsia with IUGR that makes the disorder so severe (267).

The faulty implantation and remodelling of the placental bed does not solely occur in preeclampsia. Failure of spiral artery remodelling has been demonstrated in SGA pregnancies
without pre-eclampsia (418), in late (13-24 weeks gestation) spontaneous miscarriage
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(419), preterm birth, premature rupture of membranes and in healthy normal term
pregnancies (420).

As failure of spiral artery remodelling can occur in a number of pregnancy complications
other than just pre-eclampsia, this leads to the question of what is the originating factor that
results in pre-eclampsia and when does the failed placental implantation occur? It is
possible that maternal factors are what differentiate between placental pathology evolving
into pre-eclampsia and other pregnancy complications.

Pre-eclampsia is thought to develop because of abnormal implantation and/or inadequate
trophoblast invasion and failed vascular remodelling. This may result from immune
mediated abnormal implantation, microvascular or maternal disease, or an increase in
placental size (12).

Abnormal placentation then results in reduced flow into the intervillous space and hypoxiareoxygenation of the placenta which damages the villous trophoblast releasing microfragments of STBM into the maternal circulation (234). An alternative hypothesis is
because spiral artery diameters are not increased in pre-eclampsia, there is increased
turbulence within the intervillous space that causes a “jet hose” effect, mechanically
shearing the villous syncytiotrophoblast and releasing it into the maternal circulation,
interacting with the maternal endothelium and resulting in the clinical picture of preeclampsia (421). Faulty implantation may also occur during blastocyst implantation
because of a maternal immune response against the invading trophoblast (422). In fact a
number of factors control and regulate trophoblastic invasion, and an abnormality in any of
these pathways could lead to impaired placental implantation (423).
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The general consensus is that the placental lesions seen in pre-eclampsia are from reduced
placental perfusion and chronic hypoxia (400, 424-426). The quality and extent of
placental perfusion may be important with regular intermittent placental flow resulting in
oxidative stress from chronic hypoxic-reoxygenation insults (424, 427). A pre-eclampsia
like syndrome with hypertension, proteinuria and glomerular endotheliosis has been
produced in animals by inducing placental ischaemia with unilateral uterine artery ligation
(428).

Not all researchers agree that pre-eclampsia results from placental hypoxia, arguing that
the vascular anomalies identified in pre-eclamptic placentas are a consequence of the
disease, the same way kidney, liver and brain hypo-perfusion defects are a consequence of
pre-eclampsia. They also argue that pre-eclampsia is maternal in origin if the trophoblast
requires interaction with maternal risk factors (429).

Poor placental implantation could also be a major risk factor for pre-eclampsia, rather than
the cause (407). However most of the histopathology on the placenta comes from women
who already have pre-eclampsia. It would be almost impossible to assess exactly when the
placental lesions occur as most samples are either taken before pre-eclampsia occurs (and
we will never know if those pregnancies would progress to an abnormal outcome) or
assessed after delivery because of pre-eclampsia.

1.10 Stage 2: The link between poor placentation, maternal risk
factors and endothelial activation/dysfunction.
In 1939 it was hypothesised that some “placental pressor substance” was produced from
the hypo-perfused placenta that ultimately resulted in pre-eclampsia (239). James Roberts
and Christopher Redman suggested that information from the poorly perfused placenta
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may be transported either “neurally or by blood borne products,” affect the endothelium
and result in the clinical picture of pre-eclampsia (12). However they dismissed the former
hypothesis due to work performed in the 1950s that demonstrated the “vasospasm of preeclampsia was not affected by ganglionic blockade” (430) when a high spinal anaesthesia
had little effect on blood pressure in “toxemic patients”. This provided support for
humoral products as a cause of pre-eclampsia.

1.10.1 Secretion of factors that may induce endothelial dysfunction.
A number of factors have been suggested in the search for the elusive link between poor
placentation and the clinical disease of pre-eclampsia. These factors include various
cytokines (431, 432) although the evidence supporting their release from the placenta in
pre-eclampsia is not convincing (407), lipoproteins (433) and STBM (407).

The STBM has been detected in the circulation of normal pregnant women and is found in
increased amounts in pre-eclampsia. In vitro endothelial cell growth is suppressed by
STBM (434) and endothelial cell activity is inhibited. However there is no correlation
between STBM and the severity of pre-eclampsia (435). The process by which STBM are
thought to affect the maternal endothelium is by the shedding of particles into the
vasculature which activates neutrophils, increases the inflammatory response and results in
reduced vasodilatation and endothelial dysfunction (426). Even though cytokines,
lipoproteins and STBM have been reported to induce in vitro endothelial dysfunction none
have been shown to produce the clinical picture of pre-eclampsia (436).
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It is more likely that a number of factors are released and work in concert with each other
to affect the maternal endothelium. Recently, imbalances in angiogenic and antiangiogenic
factors have shown promise in the search for a link between pre-eclampsia stage 1 and 2.

1.11 Angiogenesis.
There are at least three families of vascular growth factors, the vascular endothelial growth
factors, the angiopoietins and the ephrins (437). Both the angiopoietin factors and their Tie
receptors are important in the vascular development of the placenta (438-440). The ephrin
ligands and receptors (437) are necessary in embryogenesis and placental development
(441).

The VEGF members found in humans include VEGF-A,-B,-C,-D (442) and PlGF (443).
The most potent angiogenic protein is VEGF-A which can induce leakage and
permeability, induce mitosis and proliferation of vascular endothelial cells and promote
cell survival. The VEGF family has a number of receptors including the fms-like tyrosine
kinase vascular endothelial growth factor receptor-1 (VEGFR-1 (also known as Flt-1)) and
VEGFR-2 (or KDR in humans or Flk-1 in mice). The interactions between the VEGF
ligands and their receptors and the signalling pathways they arbitrate are complex (437,
442).

Vascular endothelial growth factor induces vasodilatation and plays a role in regulating
blood pressure and vascular tone via the production of endothelial cell NO and PGI2. It
also preserves the integrity of the glomerular filter membrane (444).
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1.11.1 The interaction between angiogenic factors, nitric oxide,
prostacyclin and the endothelium.
Functional VEGF receptors are found on endothelial cells, monocytes, uterine smooth
muscle cells and pancreatic epithelial cells (445). Excessive amounts of VEGF can result
in an increase in vascular permeability and increased coagulability (446). Vascular
endothelial growth factor is thought to play a role in endothelial function because it can
induce production of NO (447, 448) and PGI2 from endothelial cells in a dose dependent
manner (447). It can also modulate growth factor signalling in endothelial cells (445).

Nitrite and nitrate levels can also be measured as an indicator of NO production and
endothelial function and have been measured in pre-eclamptic women (186). The
measurement of circulating levels of whole blood and plasma nitrite were compared with
sFlt-1 and sEng levels in normal pregnancy, gestational hypertensive and pre-eclamptic
women. Nitrite levels were significantly decreased in the hypertensive women and the
soluble receptor levels were increased compared to the normotensive women. Nitrite
levels and sFlt-1/sEng levels demonstrated a significant negative correlation. This
suggests that these soluble antiangiogenic factors may inhibit NO formation with resulting
endothelial dysfunction (449).

1.11.2 Angiogenesis in pregnancy.
While VEGF and Flt-1 are localized in the placenta, a discrepancy observed for Flt-1
suggested the presence of a soluble receptor for Flt-1, that is soluble VEGFR-1 (sVEGFR1) also known as fms-like tyrosine kinase-1 or sFlt-1 (450). The placenta was found to be
an abundant source of sFlt-1which was also present in maternal serum (451). It has been
shown that sFlt-1 is an antagonist to VEGF and PlGF, inhibiting and neutralizing these
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factors (451). Recently, sFlt-1 has been shown to be important in the pathogenesis of preeclampsia.

1.11.3 An imbalance in angiogenic and antiangiogenic factors in the
pathophysiology of pre-eclampsia.
In pre-eclampsia an imbalance of angiogenic factors occurs in the placenta with the
expression of VEGF-A and Flt-1 decreased, PlGF unchanged and sFlt-1 increased (452).
Although it was known that sFlt-1 was released into the maternal circulation (451), it was
not known what occurred to the level of circulating sFlt-1 in pre-eclampsia. This led to the
hypothesis that an imbalance in angiogenic factors and antagonism of VEGF factors due to
excess levels of sFlt-1 in the maternal circulation may result in the proteinuria and
hypertension of pre-eclampsia (453).

1.11.4 Measuring sFlt-1 levels in pregnancy and pre-eclampsia in basic
science experiments.
Using a combination of human and animal experiments Maynard and colleagues (453)
assessed sFlt-1 levels in pre-eclampsia. The level of total serum sFlt-1 was increased
almost five times and free VEGF and PlGF were decreased in pre-eclampsia compared
with normotensive pregnancy. Treatment with sFlt-1 resulted in hypertension and
proteinuria with pregnant rats developing glomerular endotheliosis. These results
demonstrated the effects of sFlt-1 are directed towards the maternal endothelium. Both
PlGF and VEGF needed antagonism for pre-eclampsia to develop. However none of the
rats demonstrated a HELLP like syndrome therefore other factors were hypothesised to be
involved in pre-eclampsia (453). This was later shown to be sEng (454).
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1.11.5 The level of sFlt-1 in pregnancy and pre-eclampsia.
The level of sFlt-1 was shown to be higher in pre-eclamptic women compared with
normotensive women and decreased in both groups postpartum (455). Compared to
normal pregnant controls increased levels of sFlt-1, and decreased free PlGF and free
VEGF in pre-eclamptic women was demonstrated using stored serum from women
enrolled into the Calcium for Preeclampsia Prevention trial (456). In general sFlt-1 levels
increased 9-11 weeks before the onset of pre-eclampsia and rose more rapidly within 5
weeks of clinical disease. Increased levels of sFlt-1 between 21-32 weeks predicted
preterm pre-eclampsia (<37 weeks gestation) with an OR 5.1 (95% CI 2.0 to 13.0).
Increased sFlt-1 between 33-41 weeks predicted term disease (pre-eclampsia ≥37 weeks)
with an OR 6.0 (95% CI 2.9 to 12.5) (456).

1.11.6 Measuring VEGF levels in pregnancy and pre-eclampsia.
In pregnancy (normal and pre-eclamptic), most of the free VEGF is bound to circulating
sFlt-1 (453) resulting in reduced VEGF measurements (457, 458). However measuring
free VEGF concentration in maternal plasma and serum is difficult because it occurs in
quantities close to the detection limit (459) or is undetectable (460) in normal pregnancy
and pre-eclampsia. Low VEGF levels are not a significant predictor of pre-eclampsia
(456) and are not routinely performed.

1.11.7 Measuring PlGF levels in pregnancy and pre-eclampsia.
In contrast low PlGF serum levels collected between 13-20 weeks gestation are a
significant predictor of preterm pre-eclampsia (<37 weeks) with an OR 7.4 (95% CI 1.8 to
30.2). If serum was collected between 21-32 weeks, the OR for early pre-eclampsia was
7.9 (95% CI 2.9 to 21.5) (456). In normal pregnancy PlGF levels have been reported to be
three times higher compared to women who develop pre-eclampsia (461). Reduced
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urinary PlGF at 21-32 weeks was also a significant predictor for the development of preeclampsia with an OR 22.5 (95% CI 7.4 to 67.8) (462).

1.11.8 Angiogenesis and endoglin.
Endoglin (also known as CD105 or TGF-β type III receptor (TβRIII)) is a co-receptor
found mainly on endothelial cell membranes. Endoglin along with TGF-β type II receptor
(TβRII) and TGF-β type I receptor (also known as activin receptor-like kinase 5 (ALK5))
are receptors for the ligand TGF-β (463). Mice deficient in endoglin die around 10 days
after birth and the embryos have fragile vessels, abnormal yolk sacs and heart defects.
Alterations in vascular development such as embryo development, inflammatory processes
and wound healing will up-regulate endoglin (463).

A soluble form of endoglin (sEng) exists which has antiangiogenic properties and
interferes with TGF-β signalling on the endothelial cell membrane by binding with TGF-β
and reducing its availability in the vasculature (463). The TGF- β signalling and receptor
pathway along with sEng and NO pathways have been implicated in the pathogenesis of
pre-eclampsia (454).

1.11.9 Soluble Endoglin.
Animals treated with sFlt-1 do not develop the HELLP syndrome form of pre-eclampsia
(453). A placenta derived soluble factor sEng was discovered in maternal serum. Soluble
endoglin acted in conjunction with sFlt-1, causing endothelial dysfunction and HELLP
syndrome in pre-eclampsia (454).
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1.11.10 The relationship between TGF- β, endoglin, the soluble
receptors sFlt-1 and sEng, nitric oxide and pre-eclampsia.
In experiments (454) on rat renal microvessels TGF-β1 and TGF-β3 produced dose
dependent vasodilatation which was antagonised by sEng. The dose effect on
vasodilatation of VEGF and TGF-β1 was cumulative but was blocked by sEng plus sFlt-1
(at levels seen in pre-eclampsia) and also L-NAME indicating a NOS dependent
vasodilatation. This implies that circulating sEng plus sFlt-1 may counter the NO
dependent dilatation seen in vessels and play a role in the hypertension of pre-eclampsia.

The endothelial cell receptors endoglin and Flt-1, circulating TGF-β and VEGF and
antiangiogenic proteins sFlt-1 and sEng all interact to maintain vascular homeostasis in the
circulatory system. Excess sEng and sFlt-1 interfere with the TGF-β and VEGF signalling
to the endothelial cells which results in decreased production of NO and the subsequent
endothelial dysfunction seen in pre-eclampsia (464).

1.11.12 The measurement of sEng in pregnancy and pre-eclampsia.
Stored sera were used to assess whether sEng was associated with pre-eclampsia. Serum
levels of sEng were increased in women with preterm and term pre-eclampsia versus
matched controls when the clinical picture of pre-eclampsia was apparent. This increase in
sEng was significant at 17-20 weeks in women who later developed preterm preeclampsia, increasing steeply at 33-36 weeks compared to normotensive controls.
Gestational hypertension was associated with increased levels of sEng at 33-36 weeks
compared with controls but levels were lower than term pre-eclamptics at a comparable
gestation. After onset of gestational hypertension sEng levels were similar to the term preeclamptic group (465).
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1.11.13 A cautionary note on measuring angiogenic factors in
pregnancy.
Care needs to be taken when interpreting studies on angiogenic factors.
Changes in angiogenic factor profiles have been reported in other obstetric complications
such as SGA (466), unexplained fetal death in utero (467), “mirror syndrome” (maternal
oedema plus or minus pre-eclampsia with a hydropic fetus) (468) and twin-twin
transfusion syndrome (469).

Not all women with pre-eclampsia have increased sFlt-1 levels (470). It is still uncertain if
placental hypoxia or excess sFlt-1 is the initiating pathological event. It is possible that
increased sFlt-1 production during the clinical picture of pre-eclampsia is secondary to
placental hypoxia (436).

Therefore even though there is strong evidence of a role of angiogenic factors in preeclampsia, due to the multifactorial nature of pre-eclampsia, other factors apart from
angiogenic factors may affect the maternal endothelium.

1.11.14 The role of obesity, angiogenic factors and adipocytokines in
the pathogenesis of pre-eclampsia.
As previously discussed obesity is a risk factor for pre-eclampsia. Various secretory
proteins (adipocytokines) are produced by adipose tissue including leptin, TNFα and the
hormone adiponectin. These help control energy expenditure, lipid metabolism and insulin
resistance. Leptin modulates appetite and also helps in the regulation of fetal growth.
Adiponectin is a cytokine that acts against atherogenesis, diabetes and inflammation.
Adiponectin levels are reduced when obesity, insulin resistance and type 2 diabetes occur
(471, 472).
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Low adiponectin levels are associated with hypertension (473), reduced endothelial
dependent dilatation (FMD) (474) and endothelial dysfunction in obese subjects (475). A
number of studies have demonstrated reduced adiponectin levels in overweight (BMI >25)
pre-eclamptic women and higher levels in normal weight pre-eclamptic women (471, 476).

A study was designed to assess adiponectin and angiogenic factor levels in both normal
weight (BMI >18.5 and ≤ 25) and overweight (BMI >25) healthy pregnant and preeclamptic women (471). In normal weight pre-eclamptic pregnancy adiponectin levels
increase, as BMI increases in both normal weight and pre-eclamptic women adiponectin
decreases. Overweight pre-eclamptic women have a less extreme imbalance in angiogenic
factors and decreased adiponectin levels when compared to normal weight pre-eclamptics.
The authors suggested late pre-eclampsia in overweight women is a multifactorial disease
and multiple mechanisms are probably at play affecting the maternal endothelium and
resulting in the clinical syndrome of pre-eclampsia (471).

Another study divided normal and overweight severe pre-eclamptic women into early (<32
weeks) and late (≥32 weeks) syndrome. Both pre-eclamptic groups had an angiogenic
factor profile consistent with the disorder. In early pre-eclampsia there was no difference
in the angiogenic imbalance or adiponectin levels between normal and overweight groups.
Therefore the placenta rather than maternal factors were thought to play a greater role.
Late pre-eclamptic overweight women demonstrated low adiponectin levels and a less
deranged angiogenic profile compared with early overweight pre-eclamptics. These results
suggest obesity is a contributor to late pre-eclampsia and implies an extra mechanism for
the insult to the maternal endothelium (472).
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1.12 Physiological changes in normal pregnancy and preeclampsia.
1.12.1 Normal Pregnancy.
Physiological changes and adaptations occur very early in human gestation with the
objective of providing increased nutrients to the placenta and fetus. These changes are
necessary for a healthy normal pregnancy. Increases in body weight, percentage of body
fat and skin-fold thickness occur as early as the first fifteen weeks of pregnancy (477).

Haematocrit decreases continuously as pregnancy increases (478-481) with this finding
noted as early as 7 weeks gestation (481). Haemoglobin concentration also falls
progressively (478, 481), resulting in the “physiological anaemia of pregnancy” (482).
This decrease in haematocrit and haemoglobin concentration is a result of the increase in
plasma volume (479, 481).
Cardiopulmonary adaptations occur by week seven of pregnancy. These include an
increase in heart rate, minute ventilation, oxygen consumption and respiratory exchange.
Mean arterial pressure (MAP) is defined by the formula MAP = (DBP+1/3[SBP-DBP])
(where DBP = diastolic blood pressure and SBP = systolic blood pressure). Mean arterial
pressure as well as systolic and diastolic BP all decrease with eighty percent of the change
in MAP having occurred by week seven (477). Changes in maternal heart rate have been
shown to occur very early in pregnancy. By week eight, 50% of the maximum increase in
heart rate has occurred (483). Heart rate continues to increase during the second trimester
and then plateaus after 32 weeks gestation (484, 485).

Systolic BP, when taken in a sitting position, changes little over the course of pregnancy
with the mean being 103mmHg at less than 16 weeks and 109mmHg at greater than 40
weeks gestation. Slightly higher systolic BPs are recorded with the women supine (113-
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116mmHg) (486). Diastolic BP does not differ with either sitting or lying. Around the
middle of the second trimester, diastolic BP reaches its lowest point (485, 486) and then
increases to pre-pregnancy values by term with the mean range from less than 16 weeks to
greater than 40 weeks being 56-59mmHg (486). When comparing BP taken in a sitting
versus recumbent left lateral position, systolic and diastolic BP is consistently lower
throughout pregnancy in the latter (487).

Cardiac output is the stroke volume in litres multiplied by heart rate (bpm) (488). Stroke
volume equals the VTI in centimetres multiplied by the cross-sectional area of interest
(cm2). The area of interest may be the cross-sectional area of the aorta, pulmonary artery
or mitral valve (484).

Central haemodynamic measurements in term pregnancies show cardiac output to be 43%
greater than postpartum values (489). Non-invasive studies of normal pregnancy have
shown cardiac output to increase by 30-50% with the maximum values occurring in the
second and early third trimesters (around 26-34 weeks gestation), then decreasing near
term (484, 488, 490-493). Stroke volume is also increased compared to non-pregnant
values (484, 492, 493), rising steadily until 20 (484) to 31 weeks (491). These maximum
values are maintained until around 38 weeks when a slight drop occurs (484, 491). The
decrease in cardiac output near term is due to the decrease in stroke volume, however
cardiac output is maintained because heart rate continues to increase(484).

Systemic vascular resistance (SVR) is the ratio of mean arterial pressure and cardiac output
(CO): SVR (dyn.s-1.cm-5) = MAP(mmHg) x 80/CO(L/min) (484). This measurement
gives an estimate of the peripheral impedance to cardiac output or the force needed to eject
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blood into the circulation (482). Multiple studies agree that SVR decreases in pregnancy
when compared to non-pregnant values (484, 488, 491-493). The changes in SVR take
place before placentation occurs with minimum values obtained by the mid first trimester
(490).

This decrease in SVR together with a decrease in blood pressure allows for the increase in
cardiac output without an increase in blood pressure. Decreased SVR in normal pregnant
women compared with non-pregnant women was demonstrated using pulsed Doppler of
the brachial artery. Both peak systolic and end diastolic velocities were increased and PI
decreased in pregnant women in the first and third trimester (494). Pulsed Doppler was
also used to demonstrate decreasing SVR (decreasing PI in the cubital artery) in pregnant
women with increasing gestation that was correlated with decreasing resistance in the
uterine arteries (495). All these physiological changes are necessary for the successful
maintenance and outcome of pregnancy.

1.12.2 Systemic vascular resistance and cardiac output in preeclampsia.
Normal pregnancy results in profound changes in the maternal cardiovascular system.
Stroke volume and cardiac output increase by 30-50% until the early third trimester then
decreases near term although cardiac output is maintained because of heart rate increases.
Systemic vascular resistance falls in pregnancy compared with non-pregnant women. This
decrease in SVR allows for an increase in cardiac output without an increase in BP (484).

Conflicting results have been reported when measuring maternal haemodynamics prior to
and when pre-eclampsia is diagnosed. A number of studies demonstrated a hyperdynamic
circulatory system with increased cardiac output and decreased SVR (491, 496). Others
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have reported decreased cardiac output and increased SVR in pre-eclampsia (497).
Easterling and colleagues study (491) reported elevated cardiac output throughout
pregnancy compared with normal controls. Systemic vascular resistance in women who
developed pre-eclampsia (n=9) was decreased and similar to normotensive controls.
Interestingly the pre-eclamptic women were significantly heavier term pre-eclamptics with
no growth restriction (491) suggesting this group of women may represent the late onset
maternal form of pre-eclampsia. Another group (496) also demonstrated increased cardiac
output and decreased SVR in women destined to develop pre-eclampsia, although they
demonstrated a “crossover” state when pre-eclampsia was diagnosed with a switch to
lower cardiac output and a high resistance circulation. Again, the pre-eclamptic women
had a significantly higher median BMI and delivered greater than 34 weeks gestation
suggesting a similar form of pre-eclampsia to Easterling‟s group.
A later study (498) divided pre-eclamptic pregnancies into those with and without growth
restriction and assessed cardiac output and SVR. All pregnancies resulted in term
deliveries. Findings were similar to Easterling et al. (491) and Bosio et al. (496) when
there was no growth restriction involved. However, in pregnancies complicated with
growth restriction the opposite results were found, cardiac output decreased and SVR
increased (498).

Combining the adverse outcomes of pre-eclampsia and growth restriction into the one
group, in women who delivered <32 weeks, a decreased cardiac output and increased SVR
before clinical disease (at 24 weeks gestation) compared to uncomplicated pregnancies was
demonstrated (497). This suggests that early and late onset pre-eclampsia may be different
diseases with different haemodynamic states.
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For this reason 1168 women with uterine artery notching were recruited. Those with a
normal outcome served as controls. Seventy-five and 32 women developed early and late
pre-eclampsia respectively. At 24 weeks and one year postpartum maternal SVR and
cardiac output were calculated. Two different haemodynamic states were identified. The
early (<34 weeks) pre-eclamptic women demonstrated low cardiac output/high SVR at 24
weeks probably linked to failed placental vascular remodelling, whereas the late onset preeclamptic group had high cardiac output/low SVR at 24 weeks gestation which probably
represents a pre-eclampsia linked to maternal risk factors such as increased BMI (499).
This study explains the conflicting results of earlier studies.

1.12.3 Plasma and blood volume in pre-eclampsia.
In normal pregnancy plasma volume begins to rise in the first trimester, peaks at about 32
weeks gestation and maintains this level until delivery (479, 480, 500, 501). Plasma
volume measured with Evans Blue dye is significantly decreased in women with preeclampsia compared with normotensive pregnant and non-pregnant women (502). In
women who subsequently develop pre-eclampsia this decrease in plasma volume occurs by
14-17 weeks gestation (503). When comparing normotensive, pre-eclamptic and
gestational hypertensive women, total blood volume and plasma volume were significantly
less in the pre-eclamptic group compared with the normotensive and gestational
hypertension groups. In pre-eclampsia, red blood cell volume (mass) was significantly
decreased compared with gestational hypertension. There was no difference between the
normotensive and gestational hypertension groups when measuring plasma, total blood or
red blood cell volume (504).
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Data collected between 1958-1978 using chromium 51 tagged red blood cells to assess
total blood volume in eclamptic nulliparous women were analysed and published recently
(505). Contemporary ethics approval was obtained for this (506, 507). Twenty-nine
eclamptic women and 44 normotensive pregnant controls were studied. Twelve of the
eclamptic women were reassessed in a subsequent normotensive pregnancy. Compared
with postpartum blood volumes which were very similar in the two groups, women with a
normal pregnancy demonstrated a 47% increase in blood volume but in eclamptic women
blood volume expansion was only 9%. In the subsequent normotensive pregnancy,
previously eclamptic women had a volume expansion that was similar to the normotensive
controls. This work demonstrates that eclamptic women have severe haemoconcentration
(505). These studies however do not reveal whether plasma/blood volume is reduced
because of failed expansion or because of significant volume reduction due to leakage of
plasma into the interstitial space (505, 508).

The decrease in intravascular volume has been hypothesised to occur because the
vasoconstriction and increased BP of pre-eclampsia forces fluid out of the vascular system
(509). This theory was supported by the finding that pre-eclampsia is a state of
sympathetic overactivity with sympathetic activation resulting in vasoconstriction and
increased SVR and BP (510). The hypothesis was contradicted when it was shown that in
women destined to develop pre-eclampsia, plasma volume decreased many weeks before
BP increased (511). A more recent theory, as previously discussed involves sEng and sFlt1 which can increase vascular permeability in rodent tissue and causes severe hypertension
in pregnant rats (454). This may explain to some extent the change in plasma volume that
occurs in pre-eclampsia due to interstitial leakage.
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1.12.4 Pre-eclampsia and its relationship with viscosity and
haematocrit.
In normal pregnancy haematocrit decreases and plasma volume increases throughout
pregnancy with a resulting decrease in viscosity (512). As discussed previously, viscosity
measurements are difficult and unreliable, affected by shear rate, vessel size, haematocrit
and the fact that blood is a non-Newtonian fluid whilst plasma is a Newtonian fluid (217,
219). Viscosity and haematocrit have been measured in women with pre-eclampsia and
the aforementioned variables may be the reasons why there are conflicting results. Earlier
studies also had broader definitions for pre-eclampsia which included gestational
hypertension women (513). Nevertheless, haematocrit is the best determinant of whole
blood shear dependent viscosity (219).

An early study (513) measured viscosity at high and low shear rates. Increased viscosity
was demonstrated in hypertensive pregnant women compared with normotensive controls
at both shear rates. Haematocrit was within the “normal range” for both pre-eclamptics
and controls. Another study (514) demonstrated decreased viscosity (measured at a low
shear rate) due to significantly lower packed cell volume (PCV) in moderate preeclamptics (defined as 300mg proteinuria plus BP >140/90). Severe pre-eclamptics had
high blood viscosity measured at high shear rates with PCV no different to normal
controls.

No difference in whole blood, plasma, serum viscosity and haematocrit was found when
comparing third trimester pre-eclamptic women with normal controls (515). A subsequent
study (516) showed no difference in haematocrit between pre-eclamptic (35.4 ± 2.9%) and
normal control (36.7 ± 3.8 %) subjects. This study however was very confusing. They had
two groups in the study (pre-eclamptic and normal), defined gestational hypertension, pre-
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eclampsia and normal pregnancy separately and then used the terminology gestational
hypertension and pre-eclampsia interchangeably throughout the text.

The general consensus appears to be that haematocrit increases in pre-eclampsia compared
to normal pregnancy (504, 517, 518) with haematocrit reported as 38.6 ± 4.1% versus 34.6
± 3.5% (P=0.01) respectively (518). Variations in results are probably due to the differing
techniques and definitions used and best practice would dictate measuring haematocrit on
the study groups of interest.

1.13 The relationship between pregnancy and the endothelium.
The endothelium plays a major role in regulating the increased vasodilatation that occurs in
normal pregnancy. A number of vasoconstrictors and vasodilators are thought to be
involved in this process (8). Pre-eclampsia, hypothesised to be a two stage disorder,
results in endothelial dysfunction. Imbalances in endothelial factors are thought to play a
role (11). As well as the various stimulators necessary for vascular control, reactive
hyperaemia and pulsatile flow can induce changes in the vascular endothelium (1, 4). This
increase in flow and vasodilatation can be assessed by the ultrasound technique of FMD
(16) as well as other previously mentioned techniques.

As the technique of FMD is mainly NO mediated, and the work in this thesis is based on
this technique the discussion on normal pregnancy and pre-eclampsia will be limited to
endothelial function in relation to vasodilatation, NO and FMD. Prior to this the following
section will briefly mention some studies that have assessed risk factors for endothelial
dysfunction in normal pregnancy.
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1.13.1 The effect of maternal characteristics on endothelial dependent
dilatation.
It has gradually been appreciated that pre-eclampsia is multifactorial and also imparts a
future risk of CVD with a multitude of factors likely to interact with and affect the vascular
endothelium before, during and after pregnancy. For this reason studies have been
performed to look at the effects of various maternal characteristics on endothelial function.

One study (351) was specifically designed to assess the effect of maternal characteristics
on endothelial function in myometrial arteries taken during elective caesarean sections.
Endothelial dependent dilatation was examined using wire myography and the endothelial
dependent dilator bradykinin. Decreased dilatation was noted in women with increased
BMI and increased dilatation was noted in women who smoke. No explanation for the
increased dilatation in smokers was given considering previous studies have demonstrated
reduced endothelial dependent dilatation in non-pregnant smokers (177) and smoking
reduces the risk of pre-eclampsia (519). Factors that had no effect on vasodilatation were
maternal age, miscarriage history, parity and a history of complicated pregnancy (preeclampsia, IUGR and gestational hypertension). The median BMI of women in this study
were not in the obese range although some did meet the WHO criteria (341) for obesity
(previous nulliparous BMI, median [IQR]: 26 [22-37]; uncomplicated multiparous 25 [1846]; previous pre-eclampsia 23 [23-33]; previous IUGR 24 [21-29]). All the women had
previously delivered at term (median 38-39 weeks gestation for all groups) (351).

Women with a normal third trimester pregnancy were recruited and divided into lean
(n=24; median BMI 22.1) and obese (n=23; median BMI 31) groups to compare
biochemical parameters and endothelial function using laser Doppler imaging (350). In
obese women the metabolic markers of fasting triglycerides were increased, HDL
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decreased and leptin and insulin increased. The inflammatory markers IL-6 and CRP were
also higher in obese women. Endothelial dependent dilatation was significantly lower in
normal third trimester obese women.

Women with a BMI of <30 and ≥30 were recruited in the first trimester of pregnancy and
studied in the first, second, third trimester and four months postpartum to assess
microvascular function using laser Doppler perfusion and to evaluate maternal endothelial,
inflammatory and placental function (352). Endothelial factors included ICAM-1, VCAM1, PAI-1 and von Willebrand factor, the inflammatory markers were IL-6, IL-10, TNFα
and CRP and the placental function markers were PAI-1 and PAI-2. Endothelial function
was significantly increased in first trimester lean women, although both groups increased
in a similar fashion throughout pregnancy. Obese women had significantly less endothelial
vasodilatation in the three trimesters (-51%, -41% and -39%; P<0.05) and even lower
postpartum (-115%; P<0.001). Even though this work provided evidence for endothelial
dysfunction in normotensive obese pregnant women, none of them developed preeclampsia.

This endothelial dysfunction in obesity was thought to be due to an increase in
inflammatory cytokines in particular IL-6 and CRP which was increased throughout
pregnancy and postpartum. Placental function markers can be viewed as a ratio (PAI1/PAI-2) with an increased ratio indicating worse function. In the first trimester, obese
women had significantly higher ratios with no difference thereafter suggesting early
impaired placental function (352). These two studies (350, 352) would suggest that
obesity and endothelial dysfunction whilst predisposing risk factors are not a definitive risk
for the development of pre-eclampsia.
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1.13.2 Nitric oxide and its role as a vasodilator in normal pregnancy.
A number of studies, performed as laboratory assays have implicated NO as a vasodilator
in normal pregnancy, inducing the decrease in SVR. Compared to non-pregnant women,
healthy pregnant women demonstrate an increase in serum nitrite and nitrate levels (520).
This increase occurs throughout pregnancy and returns to non-pregnant levels by 12 weeks
postpartum (521). Other studies have found no difference in nitrite/nitrate levels in normal
pregnancy (522) compared with pre-eclamptic women (523) and non-pregnant controls
(524, 525). This may be due to differences in methodology and maternal diet when
measuring NO metabolites (522).

An indication of the availability of NO in the body is the level of cGMP which increases
when NO binds to cGMP resulting in vascular smooth muscle dilatation (26). In plasma
(522) and platelets (525) cGMP is increased in normal pregnancy.

A NO-cGMP pathway has been demonstrated in the human uterus (526, 527). Studies
have shown NO can modulate contractions and modify cGMP synthesis in human
myometrium in a dose dependent manner (526). The level of cGMP is decreased in
myometrium from term labouring women compared with preterm and term non-labouring
women (526, 527). Myometrial eNOS is also upregulated in the early third trimester of
pregnancy (25-34 weeks gestation) and reduced at term (528). This suggests the NOcGMP pathway may be involved in suppressing contractions during pregnancy (527) and
by decreasing at or near term may have a role to play in the initiation of labour. Decreased
NO in the third trimester may be a normal physiological event.

Physiological and animal studies have implicated a role for NO and shear stress in the
decreased SVR of normal pregnancy. Animal work on pregnant rats demonstrated
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dilatation of mesenteric arteries was induced by flow-mediated NO release (529). When
the effect of NO in vivo was inhibited in baboons, blood pressure and SVR increased and
cardiac output and heart rate decreased (530). Using the technique of plethysmography
basal blood flow to the hand was significantly increased in late third trimester pregnancy
compared to first trimester pregnancy and non-pregnant women. When the three groups
were infused with the NO inhibitor L-NMMA, a greater dose dependent reduction in blood
flow in pregnancy was noted. This augmented response to L-NMMA suggests that the
decrease in SVR occurring in normal pregnancy is due to increased production of NO (7).
Similar findings were reported using the same technique with an increased response to LNMMA demonstrating enhanced basal NO activity in third trimester pregnancy (531).

The reaction to flow induced shear stress was examined in small arteries obtained from fat
biopsies at caesarean and abdominal gynaecological surgery in normotensive pregnant
(n=10) and non-pregnant women (n=10) (263). The arteries from pregnant women
demonstrated increased dilatation in response to flow which was absent in the nonpregnant arteries. The NOS inhibitor L-NAME reduced the response in the arteries from
pregnant women. This work demonstrated arteries from normotensive pregnant women
have increased sensitivity to shear stress and this is mediated by NO.

1.14 The assessment of endothelial function by flow-mediated
dilatation in normal pregnancy.
The ultrasound technique of FMD has also been used to study NO mediated endothelial
function, SVR and the response to shear stress in normal human pregnancy. At the time
this thesis was commenced only two studies had been published specifically addressing
FMD in normal pregnancy compared to non-pregnant women (207, 208). A third study
assessed FMD in normal pregnancy with the intention of comparing this group to non118

pregnant and pre-eclamptic women (532). Another paper was published while the normal
range study for this thesis was being completed (533).

The data from the normal pregnancy FMD studies is discussed in more detail due to their
relevance and also summarised in Table 1.1. All the studies had BP occlusion times
between four and five minutes and scanned the brachial or radial arteries (Table 1.1). Two
studies used upper arm cuff occlusion (532, 534), the rest used forearm occlusion. One
study included smokers (535). The BMI was only reported in two studies with none of
these women in the obese range (535, 536). Variable BP occlusion pressures were used
and post occlusion vessel diameters were measured at different times (Table 1.1). Only the
work by Dorup and co-workers (207) assessed endothelial independent vasodilatation with
nitro-glycerine, demonstrating the same degree of response in pregnant and non-pregnant
women. The same FMD data (with the addition of extra biochemical markers each time)
was presented in three papers (535, 537, 538) and the fourth paper by the same group used
the same set of women with almost identical results. Differences appear so slight they may
result from rounding the data or the addition of one extra subject (539) so only the first
(535) publication‟s results are tabled and discussed.
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Table 1.1: Flow-mediated dilatation in normotensive pregnant and non-pregnant women.
Author (year)

Study type

Non pregnant
FMD% m ± SD(n)

Normal pregnant FMD%
m ± SD (n)
18.9 ± 3.4* (18)

GA at study: weeks
(range) or
weeks (m ± SD)
35.8 ± 3.1

Occlusion
pressure
(mmHg)
>30 above
systolic

Occlusion
time
(minutes)
5

Time post
occlusion
measured(sec)
Maximum up to
360

Yoshida et al.
(1998) (532)

Cross-sectional

11.8 ± 3.6 (20)

Dorup et al. (1999)
(207)

Cross-sectional

7.2 ± 2.8 (37)

T1: 9.1 ± 4* (13)
T2: 9.1 ± 3.7* (29)
T3: 10.6 ± 4.4* (29)

T1: 12 (9-14)
T2: 24 (22-27)
T3: 35 (31-38)

250-300

4

Up to 90 (not
stated)

Longitudinal (n=8)

7.4 ± 3.5 (5)

T1: 9.9 ±5.0
T2: 11.1 ± 1.9
T3:12.4 ± 5.2*

Savvidou et al.
(2000) (208)

Cross-sectional

6.42 ± 2.45 (19)

8.84 ± 3.18* (157)

10-30

250-300

5

55-65

Kametas et al.
(2002) (536)

Cross-sectional
High altitude
Sea level

6.41 ± 2.98 (11)
7.12 ± 3.1 (14)

7.5 ± 3.5 (60)
7.65 ± 3.9 (54)

6-42

300

5

55-65

Faber-Swensson et
al. (2004) (533)

Longitudinal (n=12)

5.8 ± 2.1 (12)

T1: 6.2 ± 2.7
T2: 6.8 ± 2.1
T3: 11.2 ± 5.5*

T1: 12
T2: 19
T3: 32

260-280

4

60

Yamamoto et al.
(2005) (534)

Cross-sectional

108.7 ± 3.9 (20)

115 ± 6.5* (20)

33 ± 3

50 above
systolic

5

Up to 360,
maximum at 60

Saarelainen et al.
(2006) (535)

Cross-sectional

9.48 ± 4.05 (62)

T1: 7.4 ± 3.5 (13)
T2: 10.9 ± 4.6 (15)
T3: 11.1 ± 5.3 (22)

T1: ≤ 14
T2: 15-27
T3: ≥ 28

250

4.5

40,60,80

Sierra-Laguado et
al. (2006) (540)

Cross-sectional

~15 (56)

T1: ~17* (56)
T1: 11.4 ± 1.75
300
5
Up to 60
T2: ~ 17* (300)
T2: 21.6 ± 3.49
T3: ~ 18* (136)
T3: 29.2 ± 2
T1, first trimester; T2, second trimester; T3, third trimester. *significant difference compared to non-pregnant controls. ~approximation made by author from graphs in
original paper.
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The first work using the FMD technique to assess normal human pregnancy was performed
by Yoshida and colleagues (532) using upper arm cuff placement and a 30MHz transducer
to ultrasound the radial artery in third trimester women. The purpose of the study was to
compare normotensive pregnant, pre-eclamptic and non-pregnant controls. This work
demonstrated FMD in normotensive pregnant women was almost double that of nonpregnant women (532) (Table 1.1). The normal pregnancy FMD values were almost twice
as high as other studies. The use of upper arm cuff placement which reflects a degree of
ischaemic response (130) and not solely NO dependent vasodilatation may explain these
results. Shear stress stimulus was not reported. In summary this study reported increased
FMD in normotensive pregnancy compared with non-pregnant women.

A cross-sectional study (n=71 pregnant and n=37 non-pregnant) with a small longitudinal
arm (n=8) was published next with the aim of assessing the normal vascular physiology of
pregnancy (207). In the cross-sectional arm FMD increased significantly in pregnancy
compared to non-pregnant women with the highest value obtained in the third trimester.
There was little difference between the three trimester values (Table 1.1). In the
longitudinal arm FMD was measured before pregnancy (n=5) and three times during
pregnancy (n=8). There was no significant difference in FMD between the three
trimesters. Compared to pre-pregnancy FMD, only FMD in the third trimester was
significantly greater. In the cross-sectional study, a significant inverse relationship was
noted between FMD and baseline vessel size (r = -0.35, P=0.0001). Heart rate increased
significantly by the first trimester then plateaued compared to non-pregnant controls.
Systolic and diastolic BP was lower in the first and second trimester then increased to nonpregnant values in the third trimester. Non-pregnant and first trimester brachial artery
diameters were similar in size (3.17 ± 0.28mm and 3.08 ± 0.34mm respectively (mean ±
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SD)), increasing significantly but also plateauing in the second (3.34 ± 0.28mm) and third
trimester (3.35 ± 0.47mm). Baseline volume flow was similar to controls in the first
trimester then increased significantly by 56% and 83% in the middle and last trimesters.
The degree of reactive hyperaemia decreased throughout pregnancy with the lowest value
occurring in the last trimester. In the non-pregnant controls no mention was made
regarding the time of the menstrual cycle when the FMD test was performed (207). This
work seems to support the notion that endothelial function is enhanced in normotensive
pregnancy although numbers were small particularly in the longitudinal arm and the time
when maximum dilatation was measured was not stated.

Savvidou et al. (208) published a cross-sectional study assessing endothelial function in
pregnant and non-pregnant women. The pregnant group were recruited between 10-40
weeks gestation. However the pregnant mean ± SD FMD results reported were between
10-30 weeks gestation (Table 1.1) presumably to try and demonstrate that FMD increased
in normal pregnancy. Regression analysis actually demonstrated little change in FMD (R2
= 0.13, <0.001) although the authors stated that FMD increased significantly until 30
weeks (based on the mean results) and then decreased. Basal brachial artery diameter was
also reported to increase with increasing gestation, although again the regression results
whilst giving a significant result report a weak correlation (R2 = 0.21, P<0.001). Basal
blood flow showed a weak but significant increase throughout gestation (R2 = 0.35,
P<0.001) although there was no significant mean difference between controls and pregnant
women. Reactive hyperaemia decreased with gestational age (r = 0.51, P<0.001) although
the Y-axis on the graph is logarithmic which demonstrates the large variance in these
results. The FMD was inversely correlated with brachial artery diameter (r = -0.42,
P<0.001). The significant regression analysis results in this paper would occur because of
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the large number of pregnant women analysed (n=157) (208). In conclusion, these results
report increased FMD in pregnancy compared with non-pregnant women.

Flow-mediated dilatation was used to discern if there was a difference in endothelial
function between pregnant women at high and low altitude (Table 1.1) because high
altitude has been associated with an increased risk of pre-eclampsia. No difference in
FMD was demonstrated between any of the groups (536).

A slightly larger longitudinal study (n=12 pregnant and n=12 age matched non-pregnant
controls) was performed in 2004 to assess endothelial function in normal human
pregnancy. This study was performed between the gestational ages of 12-32 weeks (533).
Although no difference in FMD was demonstrated between controls and first and second
trimester women, a significant increase in FMD occurred in the third trimester (Table 1.1).
Baseline brachial artery diameter was no different between the non-pregnant, first and
second trimester women (3.1mm) increasing to 3.4mm in the third trimester (significance
not reported). Heart rate and blood pressure did not vary between controls and pregnant
women at any gestation. Data on the shear stimulus, that is baseline and post occlusion
volume flow and reactive hyperaemia were not reported (533). This study reports
increased FMD in the third trimester of pregnancy only compared with non-pregnant
women.

A cross-sectional study was done to assess if the action of NO is decreased in preeclampsia compared with normotensive pregnancy and non-pregnant controls (534).
Upper arm BP cuff inflation was used. A significantly increased FMD in normotensive
pregnant women compared to non-pregnant controls (Table 1.1) was found. Shear stress
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stimulus was not reported. This study demonstrated increased FMD in normotensive
pregnancy compared to non-pregnant controls.

Another cross-sectional study compared non-pregnant controls (n=62) to normal pregnant
women (n=57) in the three trimesters with the aim of comparing FMD with serum lipids
(535). Whilst there was no significant difference in FMD between controls and at any time
in pregnancy (P=0.067), FMD increased significantly across the three trimesters (P=0.041)
(Table 1.1). Basal brachial artery diameter did not differ between the groups. Flowmediated dilatation was significantly and negatively correlated with brachial artery
diameter (r = -0.28, P=0.035). Shear stimulus data was not reported (535). In summary
there was no difference in FMD between non-pregnant controls and normotensive women.

Flow-mediated dilatation was compared in a large number of normotensive pregnant
women (n=492) and 56 non-pregnant women cross-sectionally with the aim of evaluating
the effect of pregnancy on endothelial function (540). Both FMD and basal brachial artery
diameter were increased significantly in pregnancy compared with non-pregnant controls,
although exact mean and standard deviation values were not given (results were presented
in a graph) (Table 1.1). Flow-mediated dilatation correlated inversely with brachial artery
diameter. Heart rate increased and BP decreased in pregnancy compared with controls
(540). Methodology of the FMD technique was referenced to an earlier study (541) and is
identical to the technique as described by Celermajer and colleagues (16). Data on the
shear stimulus was not presented possibly because this was a short communication. In
conclusion FMD was significantly increased in normotensive pregnancy compared with
non-pregnant controls.
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The above results indicate that endothelial function as assessed by FMD in normal
pregnancy is enhanced or at least not reduced. Basal brachial artery diameter and basal
volume flow are also either increased or remain stable in pregnancy. The increase in basal
flow and basal dilatation of the brachial artery would be consistent with the decrease in
SVR that occurs in normal human pregnancy. Limitations of these studies include the
small numbers recruited in the longitudinal studies (207, 533), the interpretation from the
statistical analysis (208) and the variations in methodology. These differences in
methodology include using upper arm cuff placement (532, 534), the inclusion of smokers
(535), post occlusion vessel diameter measured at different times (Table 1.1) and no
reporting of shear stimulus (532-535, 540).

1.15 The assessment of endothelial function in pre-eclampsia.
Endothelial dysfunction in pre-eclampsia can be measured in a number of ways,
biochemically by the assessment of various products that result from the stimulation of the
endothelium and its attempts at repair (431, 542) and physiologically by any of the
previously mentioned methods. Proposed stimulators of the endothelium are STBM,
inflammatory proteins (for example cytokines and lipoproteins), cellular components such
as platelets and leukocytes, antibodies and angiogenic factors (542). A current theory
proposes a “threshold for angiogenic imbalance” exists in every pregnant woman and when
this is breached pre-eclampsia occurs (543). Endothelial dysfunction then manifests itself
in the characteristic signs of pre-eclampsia, namely vasospasm, microthrombus and
vascular permeability (542).

Pre-eclampsia was hypothesised to be an endothelial disorder by James Roberts and
colleagues in 1989 (11). This theory was based on previous work that had demonstrated in
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pre-eclamptic women, leakage of fluid from intravascular spaces across the endothelial cell
barrier occurs with reduction in plasma volume (544). Furthermore, the evidence
suggested factors known to be released when endothelial cell injury occurs are increased in
serum and plasma from pre-eclamptic women (11). Also the realisation that when women
die from pre-eclampsia/eclampsia the pathological changes that result are from reduced
perfusion to different organs such as the brain, liver, heart, kidneys, adrenals and placenta
(12, 545).

Decreased perfusion occurs because of activation of the coagulation cascade (546, 547)
and loss of fluid from the intravascular space (511) resulting in micro-thrombi occluding
vessels (235). Decreased perfusion may also occur because of vasospasm or impaired
vasodilatation (263). Numerous studies using different techniques have demonstrated
impaired vasodilatation in women with pre-eclampsia. The impaired vasodilatation may
be due to variations in NO availability.

Nitric oxide is known to have cytotoxic effects as well as being a potent vasodilator.
Abnormalities in vasodilatation may occur from a direct effect when there are low levels of
NO available but may also occur indirectly. The indirect effect can present as either
nitrosative stress or oxidative stress through ROS or RNOS. The production of ROS
results in antioxidant formation and apoptosis. The creation of RNOS occurs when NO
concentrations are high for a long time and can also result in NO mediated cell death. The
toxic effects of NO are mediated by conversion of NO to nitrate, nitrite, NO2 radicals,
peryoxynitrite and nitrogen dioxide. Due to the short half-life of NO in biological tissue
(22) most studies have measured the production of NO via its metabolites nitrate and nitrite
and second messenger cGMP.
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1.15.1 Nitric oxide and pre-eclampsia.
Multiple studies assessing NO levels in pre-eclampsia have been published using a variety
of techniques (3). The literature is contradictory whether increased, decreased or no
change in NO levels occur. This may be because of differences in diet or dietary intake as
well as a lack of quality control. Commercial assays are often used because of ease and
availability rather than because of reliability and validity. Nitrite and nitrate are commonly
measured because they are stable metabolites of NO, found in both the blood and urine.
Studies have shown nitrite in the circulation better reflects endothelium dependent NO
synthesis in people and animals with rapid changes in naturally produced NO measured
preferably in plasma. In urine the major metabolite of NO is nitrate and its measurement is
a consistent way to assess basal NO whole body synthesis changes over time (88).

A number of studies have reported increased levels of NO in pre-eclamptic women (67, 68,
186, 520, 524, 548). Increased serum nitrate levels were reported in pre-eclamptic women
compared to normal pregnant and non-pregnant women (524). In women on low
nitrite/nitrate (NOx) diets plasma production of NOx was increased in pre-eclampsia (186).
A significant increase in nitrates and nitrites was demonstrated in pre-eclampsia compared
with normal pregnancy (520). Serum nitrate levels were significantly increased in preeclampsia compared with normal pregnant and non-pregnant women, with no difference in
nitrite levels. However the total amount of nitrate and nitrite was significantly increased in
pre-eclampsia (68). Plasma NOx levels were also significantly increased in pre-eclampsia
compared with normal pregnancy (67). Rowe and colleagues (548) assessed decidual
endothelial cells from normotensive and pre-eclamptic women. The levels of NOx were
significantly increased in pre-eclampsia. Shear stress had no effect on NOx production,
but cGMP increased fivefold. The conclusion was impaired vasodilatation in preeclampsia was not due to a lack of NO (548).
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Nitric oxide production has also been reported as decreased in pre-eclampsia (449, 521,
549, 550). After women fasted for 12 hours, NOx levels were significantly decreased in
pre-eclampsia when compared to gestational age matched controls (521). Only when NOx
was measured in urine was it significantly decreased in pre-eclampsia. No difference was
demonstrated in plasma NOx or cGMP (549). A recent study (449) measured plasma and
whole blood nitrite, sFlt-1 and sEng in 58 normal pregnant controls, 56 gestational
hypertensive and 45 pre-eclamptic women. Whole blood nitrite was decreased by 36% in
gestational hypertensive and 58% in pre-eclamptic women compared with controls
(P<0.05). Plasma nitrite was decreased by 36% in both hypertensive pregnant groups
(P<0.05). An increase in sFlt-1 and sEng occurred in pre-eclamptic women compared with
gestational hypertensive women and controls (P<0.05). A negative correlation was
demonstrated between antiangiogenic factors and nitrite concentrations. The authors
suggested NO formation was impaired in pre-eclampsia and gestational hypertension and
sFlt-1/sEng inhibit NO formation (449). Homocysteine is involved in oxidative stress and
affects the endothelium. Plasma nitrite and nitrate levels were significantly decreased and
levels of plasma homocysteine and ADMA were significantly increased in both mild and
severe pre-eclampsia compared with normal pregnant women. A significant negative
correlation occurred between NO metabolites and homocysteine (r = 0.87, P<0.0001) and
NO metabolites and ADMA (r = -0.895, P<0.0001). The authors reported these results
suggested NO, homocysteine and ADMA may be involved in the aetiology of and used as
a marker for pre-eclampsia (550).

Stable levels of NO production have also been reported (433, 522, 523, 525, 551). No
significant difference in maternal serum nitrite concentration was found when comparing
normal pregnant and pre-eclamptic women (551). When nitrate and nitrite was collected
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from a 24 hour urine collection, levels were found to be similar between non-pregnant,
normal pregnant, gestational hypertensive, pre-eclamptic and essential hypertension
pregnant women (523). No significant difference was demonstrated in plasma NOx when
comparing pre-eclamptic and normal pregnant women. When urinary NOx was measured
it was significantly reduced in pre-eclampsia (433). In women on reduced NOx diets,
cGMP and endogenous NO production was measured from plasma and 24 hour urine
collection. In the first trimester cGMP but not NOx was increased. In the third trimester,
urinary NOx was decreased in pre-eclampsia. There was no difference in plasma NOx,
plasma or urinary cGMP. The conclusion was either “another signal besides NO mediates”
increases in cGMP and maternal vasodilatation in pregnancy, or the measure of NO is
unreliable and support for decreased NO production was not demonstrated (522). No
difference in plasma NO levels between non-pregnant, normal pregnant and pre-eclamptic
women were demonstrated. Intra-platelet cGMP was decreased in pre-eclampsia
compared with normal pregnant women (525). Conrad et al., Rowe et al. and Teran and
colleagues all hypothesised that NO may be involved with abnormal action on the
endothelium rather than changes in production of NO (522, 525, 548).

A number of reasons have been proposed to explain these differences in NO in preeclamptic women. It has been suggested low NO levels occur because of alterations in the
L-arginine NO pathway such as a deficiency in the substrate L-arginine or one of its cofactors such as BH4 or ionic calcium. Alternatively an increase in the naturally occurring
NOS inhibitor ADMA or a decrease in eNOS activity may occur (3). High or unchanged
levels of NO in pre-eclampsia may occur because of increased degradation of NO resulting
in either oxidative stress (superoxide formation) or nitrative stress (peroxynitrite
formation) which can alter vasodilatation and the activity and function of proteins (426).
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1.15.2 The study of vasodilatation in pre-eclampsia.
A variety of methods have been employed to study endothelium dependent vasodilatation
in pre-eclampsia. Early work on women investigated arteries in-vitro (263, 552-555).
Biopsy specimens from subcutaneous fat taken at caesarean in normal and pre-eclamptic
women demonstrated less endothelial dependent relaxation (assessed by infusion of
acetylcholine after drug induced pre-contraction) in the pre-eclamptic resistance arteries.
This was not totally attenuated by the NOS inhibitor L-NMMA (552). Indomethacin
which determines the contribution of prostanoids to vasodilatation caused a decrease in
tension in normal but not pre-eclamptic women suggesting a significant prostanoid
component in the acetylcholine mediated relaxation. The authors suggested these results
may be because of increased NOS activity in pregnant women (552). However it would
suggest that the relaxation observed is not totally NO mediated. Endothelial independent
relaxation was no different between groups. This work provided evidence for impaired
endothelial relaxation in pre-eclamptic pregnancy (552).

Assessment of in vitro flow-mediated dilatation in normal and pre-eclamptic pregnancy
was carried out in a seminal paper (263). Arteries from subcutaneous biopsies obtained
either after gynaecological surgery (non-pregnant specimens (n=10)) or caesarean
(normotensive (n=10) and pre-eclamptic (n=6) pregnancy) were pre-constricted with
norepinephrine. The response to flow through these arteries was then assessed. In the
normotensive controls, flow stimulus resulted in significant dilatation which was absent in
the pre-eclamptic and non-pregnant controls. This work established that shear stress was a
significant stimulus for vasodilatation in pregnancy. In the absence of flow L-NAME
decreased the arterial diameters in all groups to a similar extent. This indicates no
difference in basal NO across the groups. This work provided evidence for shear stress
induced dilatation in normal pregnancy that was not present in pre-eclampsia (263).
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Other work using resistance arteries taken at biopsy have also demonstrated a failure of
shear stress mediated dilatation in women with pre-eclampsia with basal production of NO
unchanged (553). In contrast no difference in vasodilatory response to bradykinin was
demonstrated in myometrial arteries dissected from non-pregnant, normal pregnant and
pre-eclamptic pregnancy (554).

Myometrial samples taken at caesarean from normal pregnant women were incubated with
serum taken at 22 and 24 weeks from women with bilateral uterine artery notching. In
women who eventually developed pre-eclampsia incubation with their plasma resulted in
reduced endothelium dependent dilatation. This demonstrates plasma from subsequent
pre-eclamptic women can alter vascular reactivity prior to the onset of the disease (555).
All these reports (except one (554)) have demonstrated reduced vasodilatation in preeclampsia in resistance vessels in-vitro. Nevertheless they do not address whether
resistance vessels in-vivo or conduit vessels in-vivo would react in the same way.

Techniques used to assess skin microvascular responses in-vivo that involve laser Doppler
imaging and delivery of acetylcholine and sodium nitroprusside via ionotophoresis (the
introduction of substances into tissue via an electric current) have been shown to correlate
significantly with brachial artery FMD (79). A study (556) using laser Doppler fluximetry
to measure drug induced (acetylcholine) vasodilatation in skin vessels found an increased
vasodilatory response in pre-eclamptic women compared with normotensive controls.
There was no difference in vascular smooth muscle response. The pre-eclamptic women in
this group had a BMI of 30 ± 2.0 and were late pre-eclamptics (gestational age 35.6 ± 1.0)
although comparable in size and gestational age to the normotensive pregnant women
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(556). This group of women may represent a later form of pre-eclampsia influenced by
maternal factors.

Using a similar technique pregnant women were studied longitudinally at 22, 26, 34 weeks
and six weeks postpartum (557). In subsequent normal pregnancy the vascular response to
acetylcholine was not significantly different at any gestation but was enhanced compared
to postpartum values. Whilst there was no difference in baseline perfusion values between
normotensive pregnancy (n=54) and women who developed pre-eclampsia (n=15), in the
subsequently pre-eclamptic group a progressive increase in acetylcholine dilatory response
occurred from 22-34 weeks which then decreased postpartum. The response to sodium
nitroprusside was also enhanced showing a greater response than normal controls. Women
with underlying medical conditions were excluded with no mention made of smoking
status. Pre-eclampsia was diagnosed at 34.9 weeks, range 29-39 and BMI was not
reported. This study demonstrated enhanced endothelial dependent and independent
vasodilatation in women destined to develop pre-eclampsia. The authors felt this increase
in dilatation from the two drugs in the subsequent pre-eclamptics represents changes at the
smooth muscle level or a compensatory response of the endothelium to placental ischaemia
(557).

Plethysmography was used to assess venous microvascular pressure. The authors (558)
hypothesised that up regulation of biochemical markers of endothelial cell and neutrophil
activation would increase venous pressure in pre-eclampsia. This was confirmed through a
significant correlation. Compared to normal pregnant and non-pregnant women this
provided evidence of impaired microvascular function in pre-eclampsia (558).
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Resting peripheral blood flow using plethysmography of calf muscle in women with preeclampsia, pregnant chronic hypertension and normal pregnancy was measured
longitudinally throughout pregnancy (16-36 weeks) (559). Blood flow increased
progressively and significantly in normal and chronic hypertensive women. In women
who later developed pre-eclampsia blood flow decreased progressively and significantly
beginning on average 14 weeks before pre-eclampsia occurred. This suggests impairment
of tissue perfusion. This group of women were not obese (pre-eclamptic BMI 25.8 ± 0.95,
no significant difference between groups) and were late onset pre-eclamptics (mean 34.1 ±
1.8) (559).

Plethysmography of the forearm was used to demonstrate a decreased vasodilatory
response to acetylcholine in pre-eclamptic pregnancy. Normal pregnant women had
increased baseline flow compared with non-pregnant women. The infusion of L-NMMA
did not change the response in pre-eclampsia suggesting factors other than a NO decrease
are involved in pre-eclamptic vasoconstriction. None of the women were obese and the
mean gestational age for pre-eclampsia was 35 ± 2.0 weeks (560).

Physiological studies have been performed using various techniques on larger vessels.
Veille and colleagues (561) assessed differences in Doppler ratios (systolic/diastolic (SD)
and PI) before and after reactive hyperaemia which was induced by one minute blood
pressure cuff occlusion. Their results showed increased ratios in women destined to
develop pre-eclampsia. Williams and Kocer (562) used a similar technique to study
systolic acceleration time as measured by pulsed Doppler ultrasound before and after
reactive hyperaemia in women with and without pre-eclampsia. Systolic acceleration time
was shorter in pre-eclamptic women (562). Both studies reported their work demonstrated
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impaired endothelial dependent vascular reactivity (561, 562). The problem with these
studies is the technique reflects post occlusion reactive hyperaemia and may be an
indicator of shear stress but there is no evidence that it reflects endothelial dependent
vascular reactivity.

In summary, reports using various methods to assess endothelial dependent and
independent dilatation in pregnancy are conflicting. This may be due to the numerous
techniques used. However studies using the same technique give differing results. More
likely it is due to the heterogeneous pre-eclamptic groups studied.

1.15.3 Vascular function in women with a history of pre-eclampsia.
A number of studies have assessed vascular endothelial function in women who had preeclampsia either a number of months to many years prior. Using the FMD technique,
women with a history of pre-eclampsia were more likely to have a metabolic syndrome
profile (increased BMI, family history of hypertension and increased HDL to cholesterol
ratio) than women with no history of pre-eclampsia (controls) (563). Women with
previous recurrent pre-eclampsia had decreased FMD (0.9 ± 4.1%) compared with a single
previous episode of pre-eclampsia (2.7 ± 3.5) versus controls (4.7 ± 4.3) (P<0.001). When
the data were reanalysed in women who were not obese and non-smokers, the same
relationship held (previous pre-eclampsia 2.5 ± 3.2 versus control 4.6 ± 4.4; P=0.03).
These results indicated endothelial dysfunction in women with a history of pre-eclampsia
that was not influenced by traditional cardiovascular risk factors (563).

Using laser Doppler perfusion imaging, endothelial dysfunction in the form of reduced
microvasodilatation was demonstrated in a group of former pre-eclamptic women 15-25
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years after the index pregnancy (564). The response to acetylcholine was also significantly
reduced in these women compared to controls. The women in this study were similar in
size and not obese.

Whilst basal forearm blood flow measured by plethysmography was similar in women with
and without a history of pre-eclampsia, mental stress also resulted in impaired
vasodilatation in a group of former pre-eclamptic women one year after pregnancy. When
BMI was controlled for, the diagnosis of pre-eclampsia was no longer a significant
predictor of reduced dilatation. None of the women were obese (565).

Another study (566) used plethysmography, acetylcholine and sodium nitroprusside in
women with previous pre-eclampsia found attenuated vasodilatation from the
administration of both endothelium dependent (acetylcholine) and independent (sodium
nitroprusside) drugs in former pre-eclamptic women. In this study there was no interaction
between BMI and endothelium dependent or independent vasodilatation.

In contrast, microvascular vasodilatation was increased compared with controls in a group
of women with normal BMI who previously had pre-eclampsia (567). As this study
assessed the microcirculation using laser Doppler perfusion imaging, the authors felt this
was a compensatory response to possible large vessel endothelial dysfunction.

At least six months after pregnancy, endothelial function was assessed by changes in
arterial forearm blood flow after arterial occlusion (568). No difference was demonstrated
between former pre-eclamptic women and former normotensive pregnant controls.
Endothelial function correlated negatively with BMI and biochemical indicators of
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metabolic syndrome and positively with arterial compliance. This suggests metabolic
syndrome impacts on endothelial function. The mean BMI in both groups were not in the
obese range (former pre-eclamptic median [IQR]; 24[21.7-31.0] vs. controls 23.4 [21.724.1].

When assessing non-obese women 11-27 months after delivery, decreased FMD and serum
nitrites were reported when a history of severe pre-eclampsia or recurrent pregnancy loss
was present (569). There was no significant difference in VEGF or sFlt-1 levels between
the three groups.

A comparison of women with a history of severe pre-eclampsia (diagnosed at 26-34 weeks
gestation with significantly smaller newborn weight) and former normal pregnant controls
was done 15 ± 3 months postpartum to assess FMD, ambulatory blood pressure and plasma
metabolic factors (570). Neither group was obese during pregnancy or postpartum (BMI
≤25, both groups, both times). A significant decrease in FMD was demonstrated in the
former pre-eclamptic women. In women with a history of pre-eclampsia no correlation
between FMD and plasma markers of endothelial function was found. These women had
higher ambulatory blood pressure and insulin levels.

In a study performed two to three years after pregnancy, former pre-eclamptic women had
increased arterial stiffness (measured by augmentation index) and decreased FMD
compared with controls (never pregnant or normotensive pregnancies) (571). In this nonobese group no significant correlation was found between augmentation index and FMD in
terms of age, BMI, blood pressure, heart rate or metabolic parameters.
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Recent work has demonstrated reduced FMD only in women with a history of early onset
pre-eclampsia (FMD mean ± SEM) (3.25 ± 0.7) or those who had delivered a growth
restricted baby (2.14 ± 0.44) (P<0.0001). This is compared to late onset pre-eclampsia and
normal controls. A history of late onset pre-eclampsia resulted in a FMD measure similar
to normal controls (7.93 ± 1.33 vs. 9.14 ± 0.9). Interestingly women with a BMI>30 were
excluded (572).

In summary, some but not all studies support the notion that a history of pre-eclampsia
results in reduced vasodilatation many months to years after the event and this may be one
reason why these women are at increased risk of cardiovascular disease in later life.

1.16 The assessment of endothelial function by flow-mediated
dilatation in pre-eclampsia.
Hypertensive disorders of pregnancy have been assessed by the ultrasound technique of
FMD both when the syndrome is present and to try and predict pre-eclampsia. Presence of
the disorder (pre-eclampsia) and prediction will be dealt with separately. Table 1.2
summarises the studies which were performed when the diagnosis of pre-eclampsia or
other hypertensive disorders of pregnancy was made. At the time this thesis was
commenced only three studies had been published assessing FMD in pre-eclampsia (532,
573, 574) and none of these compared FMD in pre-eclamptic women with gestational
hypertensive women.
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Table 1.2: Flow-mediated dilatation (FMD) in pre-eclampsia and other hypertensive disorders of pregnancy (m ± SD) or m [IQR] (n).
Author
(year)

Pre-eclampsia
FMD%

HT of
pregnancy
FMD%

Normotensive
pregnancy
FMD%

GA at study:
weeks (range),

Body mass index
(kg/m2)

Pre-eclampsia
definition

Yoshida et al.
(1998) (532)

7.2 ± 3* (22)

N/A

18.9 ± 3.4 (18)

PE: 36 ± 3.3
NP: 35.8 ± 3

N/R

ACOG 1996

Yoshida et al.
(2000) (573)

7.9 ± 3*† (22)

13.9 ± 2.2 (15)
(chronic HT)

17.4 ± 4.2 (58)

PE: 35.5 ± 3.7
HT: 27.1 ± 7.6
NP: 26.1 ± 8

N/R

ACOG 1996

Takata et al.
(2002) (574)

2.3 ± 3.7* (25) (mild)
1.6 ± 3.8* (27)(severe)

N/A

5.0 ± 3.2 (32)

Mild: 32.6 ± 4.1
Severe:32.3 ± 2.7
NP: 32.2 ± 3.9

All ≤ 25.9

Mild: BP >140/90mmHg & 1+ protein
Severe: BP>160/110mmHg or protein
>5g/24hrs

Kuscu et al.
(2003) (575)

4.26 ± 0.69* (15)

N/A

12.18 ± 1.97 (11)

PE: 33.9 ± 1.4
NP: 36.3 ± 0.6

N/R

BP 140/90mmHg & 2+ protein

Yamamoto et al.
(2005) (534)

106 ± 2.7* (15)

N/A

115 ± 6.5 (20)

PE: 34 ± 3
NP: 33 ± 3

N/R

NHBPWG 1990

Brodszki et al.
(2008) (576)

9.5 ± 5.3* (20)
(Ut art notches)
11.6 ± 5.4 (14)
(No notch)

N/A

13.4 ± 4.0 (23)

PE: 27-38
NP: 25-27

N/R, no significant
differences between
groups

DBP>90mmHg x2 hrs apart or ↑
DBP>20mmHg & protein >300mg/l

Filho et al.
(2010) (577)

13.6 [4.4-17.1] (14)

6.0 [1.9-10.3] (13)
SPE

N/A

PE: 35.4 ± 3.3
SPE:32.0 ± 4.4

PE: 34.4
SPE: 31.4

NHBPWG 2000

Yamamoto et al.
(2010) (53)

109.3 ± 5.7* (20)

N/A

114.8 ± 6.3 (20)

PE: 33 ± 3
NP: 34 ± 3

N/R

BP ≥140/90mmHg & protein
>300mg/24hrs

Mori et al. (2010)
(578)

3.8 ± 2.0* (15)

N/A

10.6 ± 6.4 (17)

PE:29.3 ± 1.0
NP: 30.5 ± 1.1

PE: 23.3 ± 2.5
NP: 22.3 ± 2.3

BP >140mmHg or >90mmHg &
protein ≥30mg/100ml

Adali et al (2011)
8 *§ (35)
N/A
15 § (35)
PE : 33 ± 0.5
PE: 27.5 ± 0.5
ACOG 2002
(579)
NP: 33.5 ± 0.5
NP: 26.7 ± 0.4
HT, hypertension; PE, pre-eclampsia; NP, normotensive pregnancy; SPE, superimposed pre-eclampsia; BP, blood pressure; DBP, diastolic blood pressure; N/A, not applicable;
N/R, not reported; ACOG, American College of Obstetrics & Gynecology; NHBPWG, National high blood pressure working group; ut art, uterine artery. *significantly decreased
compared to normotensive controls. †significantly decreased compared to chronic hypertension. § SD not reported.
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There are many variations in the FMD technique reported and different definitions of preeclampsia used. Not all the studies used a technique that solely reflects NO mediated
endothelial function. It is recommended the brachial or radial artery is imaged (17) and all
studies met these criteria. A variety of blood pressures were used to occlude arterial flow
and induce reactive hyperaemia. As they were all well above systolic pressure (and similar
to those documented in Table 1.1) this would not present a problem. Different blood
pressure occlusion times were employed. Research on this variable has demonstrated an
occlusion time of less than 5 minutes is insufficient to produce significant dilatation (129).
The brachial artery was measured post occlusion at different time points, with some
researchers measuring at fixed times. Research has shown measuring at a fixed time may
not represent maximum dilatation (100) and under measuring of FMD may occur. Upper
arm cuff occlusion was the technique of choice in seven studies (53, 532, 534, 573, 575,
576, 579), the forearm in two (574, 578) and not stated in one (577). As only forearm
occlusion represents a solely NO mediated technique (130), upper arm occlusion presents a
problem with these studies.

Smoking is known to affect endothelial function (as detailed in an earlier section) although
its effect on FMD in pregnant women had not been described at the time this thesis was
commenced. The majority of studies excluded smokers. One study made no mention of
smoking status (575) and one reported enrolling smokers which was controlled for as a
covariate in the analysis (576).

The effect of vasoactive medication on endothelial function is varied (as discussed earlier)
although its effect on FMD assessment of endothelial function in pregnancy is not known.
All studies except one (577) excluded women on medication and it was not stated in three
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(532, 575, 576). Women with medical conditions were also excluded in most studies (no
mention was made in two) (532, 575). One study (573) recruited women with chronic
hypertension. Body mass index was rarely reported (Table 1.2) which is disappointing
considering obesity is considered a risk factor for pre-eclampsia.

A study that talks about measuring FMD but is actually measuring the time taken to obtain
a 50% reduction in shear stimulus as a measure of endothelial function (a technique that is
not referenced or validated as such a measure) (580) will not be discussed.

Endothelial function in pre-eclampsia was first assessed with the technique of FMD by
Yoshida and colleagues (532) in a letter to the editor. Their aim was to assess FMD noninvasively in pregnant women using a 30MHz transducer with the radial artery and upper
arm occlusion pressure of 30mmHg above systolic. Blood pressure occlusion time was
five minutes and post occlusion maximum diameter was measured within a six minutes
monitoring period. They demonstrated that FMD was significantly reduced in women with
pre-eclampsia compared with normotensive pregnant controls (p<0.001) (Table 1.2). The
American College of Obstetricians and Gynecologists (ACOG) hypertension in pregnancy
technical bulletin (581) was referenced for the pre-eclampsia criteria. Mild pre-eclampsia
was defined by a BP of 140/90mmHg and proteinuria ≥300mg/24 hours. Severe disease
was systolic BP >160-180mmHg, diastolic BP >110mmHg, proteinuria > 5g/24 hours, end
organ involvement or IUGR. Gestational age at time of study was well matched with this
group representing the late form of pre-eclampsia (>34 weeks) (Table 1.2). No
information was presented on the shear stress stimulus (532). In summary, FMD was
reduced in a group of late onset pre-eclamptic women compared with normotensive
controls.
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Flow-mediated dilatation was compared between pre-eclamptic, pregnant chronic
hypertensive and normotensive pregnant women with the intention of assessing the
relationship between vasodilatation and plasma fibronectin, a marker of endothelial injury
(573). Upper arm five minute occlusion with pressures 30mmHg above systolic and
scanning of the radial artery with maximum post occlusion diameter after six minutes of
monitoring were used to assess FMD. The ACOG 1996 criteria (581) for pre-eclampsia
was used. Radial artery dilatation was decreased in the pre-eclamptic women compared to
the normotensive (P<0.001) and chronic hypertensive women (P<0.001). Flow-mediated
dilatation was also significantly reduced in the chronic hypertensive women compared to
normotensive women (P<0.001) (Table 1.2). A significant negative correlation was seen
between FMD and plasma fibronectin in all groups although the strongest correlation was
between FMD and pre-eclampsia (r = 0.77, P<0.001). The authors (573) concluded this
provided evidence of endothelial dysfunction in pre-eclampsia. No significant difference
in baseline artery diameters was found between the groups. Shear stress stimulus was not
reported. There was a significant difference in gestational age between the three groups
(Table 1.2) (573). As FMD is either unchanged or increased in normal pregnancy (see
previous section) and ideally comparisons in terms of early and late pre-eclampsia would
be made, this would be a limitation of this study. In conclusion this study demonstrated
decreased FMD in late onset pre-eclampsia compared with chronic hypertensive pregnant
women and normotensive pregnant women who were assessed around 10 weeks earlier
than the pre-eclamptic women.

A cross-sectional study was performed to compare endothelial function in mild and severe
pre-eclamptics and assess blood flow through the uterine and ophthalmic arteries with
pulsed Doppler (574). The brachial artery was scanned with only two minutes of forearm
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occlusion at 200-250mmHg and maximum post occlusion diameter was measured at
maximum dilatation within the three minutes of post occlusion monitoring. Rather than
reporting volume flow and reactive hyperaemia as a measure of shear stress, brachial artery
pulsatility index was used. This would give an indication of downstream resistance rather
than the shear stimulus. The authors (574) concluded that FMD was significantly
decreased in mild and severe pre-eclampsia compared to normotensive controls (Table
1.2). Ultrasound of the uterine, ophthalmic arteries and FMD helped to differentiate
between degrees of pre-eclampsia severity. This paper reports very low FMD values
which may be a result of the short occlusion time. In both pre-eclamptic groups the
standard deviations were greater than the mean (Table 1.2) suggesting the data were not
normally distributed and non-parametric tests for multiple comparisons would have been
more appropriate than the reported analysis of variance (ANOVA). Pre-eclampsia
diagnostic criteria are detailed in Table 1.2. Mild pre-eclampsia included BP
>140/90mmHg. The mean diastolic BP in the mild group was 85 ± 10 suggesting some
women in this group did not meet the criteria for hypertension. The gestational age at time
of study was well matched in all groups (around 32 weeks) consistent with early onset preeclampsia. The BMI was not in the obese range (Table 1.2) suggesting less impact from
maternal constitutional factors. This study reports decreased FMD in early onset preeclampsia in women who were not obese, suggesting limited impact from maternal
metabolic factors.

In a small number of women endothelial function was assessed in pre-eclamptic and
gestational age matched normotensive controls (Table 1.2) (575). The pre-eclampsia
definition is described in Table 1.2. The brachial artery was scanned with upper arm
occlusion at pressures of 250-300mmHg for three minutes. Post occlusion artery diameter
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was measured at 15, 30, 60, 120 and 180 seconds and the mean calculated, rather than use
maximum diameter. Artery diameters were measured using colour Doppler (an unusual
method). Shear stress stimulus was not reported. Gestational ages were not different,
tending towards late onset pre-eclampsia. The pre-eclamptic women only were reexamined at two and six weeks postpartum. Pregnancy FMD was significantly decreased
in pre-eclampsia compared to normal pregnant controls (P=0.003) (Table 1.2) and
increased by six weeks postpartum. Statistical analysis on the pre-eclampsia group used
ANOVA when a repeated measures analysis would have been more appropriate. In
summary this work demonstrated decreased FMD in late onset pre-eclamptic women
compared to normotensive pregnancy.

Flow-mediated dilatation and cGMP were measured to assess if both were decreased in
pre-eclampsia (534). The radial artery was scanned with upper arm occlusion set at a
pressure of 50mmHg above systolic with five minutes of occlusion. Maximum arterial
diameter was reported to occur at 60 seconds although data was collected for six minutes.
The National High Blood Pressure Working Group (NHBPWG) (1990) report (582) was
used for pre-eclampsia diagnosis. This is hypertension of >140/90mmHg and proteinuria
1+ on dipstick or ≥300mg/24 hours after 20 weeks that regresses after delivery. The FMD
study (534) demonstrated significantly reduced vasodilatation in pre-eclamptic women
compared with normotensive pregnant women (P=0.049) (Table 1.2). There was no
significant difference between pre-eclamptics and non-pregnant women (P=0.75). Platelet
cGMP was significantly increased in normal pregnant compared with non-pregnant women
with no difference between normal pregnant and pre-eclamptics. Sodium nitroprusside
increased cGMP in all samples. The increase in cGMP after sodium nitroprusside was
higher in normal pregnancy compared with non-pregnant and no different between pre-
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eclamptics and normal pregnant women. In normal pregnancy this study demonstrates that
cGMP and smooth muscle cell dilatation is increased significantly and the dilatation is
probably because of increased cGMP and its action on smooth muscle. Therefore the
reduced FMD in pre-eclampsia was due to reduced action of NO rather than reduced
production of NO (534). In conclusion this study demonstrates reduced FMD in late onset
pre-eclampsia compared with normotensive pregnant women.

Women with pre-eclampsia were recruited at the time of diagnosis (mean 33 weeks) for a
study on FMD, assessment of uterine artery flow and vascular mechanical properties
(arterial stiffness) in the maternal aorta, common carotid and popliteal arteries (576).
Histology of the placenta was evaluated after delivery. Normotensive pregnant women
were recruited at their 18-20 week fetal anomaly scan and then tested between 25-27
weeks as above. Pre-eclampsia was defined as a diastolic BP >90mmHg with 1+ of
protein, each measured twice four hours or more apart with proteinuria >300mg/L in two
specimens or an increase in diastolic BP >20mmHg. For the FMD test, the brachial artery
was scanned using upper arm occlusion for four minutes at occlusion pressures between
200-250mmHg. Post occlusion artery diameter was measured at 60 and 120 seconds. The
60 second data are presented (Table 1.2) as these did not differ significantly from the 120
second data. Pre-eclampsia data on FMD was presented as women with and without
bilateral uterine artery notching. Unfortunately subject demographics and outcome data
were only presented as either pre-eclamptic or normal pregnancy results. This limits
interpretation of the data when trying to evaluate the differences between the three groups.
This study demonstrated that bilateral uterine artery notching with pre-eclampsia was
associated with significantly decreased FMD compared to normotensive controls (P=0.01)
(Table 1.2). Adjustment for MAP and basal vessel diameter strengthened the association.
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Shear stress stimulus and actual BMI were not reported although it was stated there was no
difference in BMI between groups. There was no difference in arterial stiffness between
women with pre-eclampsia and controls. Significantly more placental ischaemic lesions
were seen in women with pre-eclampsia and bilateral uterine artery notches (13/15) than in
pre-eclampsia without notching (5/13) (P=0.02). Women with pre-eclampsia and no
notching also had a trend towards higher FMD than the notched group (not significant).
Flow-mediated dilatation in the no notching pre-eclampsia group was not significantly
different to the normotensive controls (576) (Table 1.2). Whilst the pre-eclampsia
definition used may include some women without pre-eclampsia, the difference in FMD
and placental histology in the two pre-eclampsia groups suggests different forms of preeclampsia (placental ischaemia induced or maternal metabolic syndrome related disorder)
and may explain the difference in FMD in the two pre-eclamptic groups. In summary this
study demonstrated reduced FMD in women with pre-eclampsia, bilateral uterine artery
notching and placental ischaemic lesions compared with pre-eclamptic women without
notching and normotensive women.

Another study compared FMD in women with pre-eclampsia to women with pre-eclampsia
superimposed on chronic hypertension (SPE) (577). The aim was to assess if FMD could
differentiate between the two groups. The NHBPWG 2000 pre-eclampsia criteria were
used which is BP >140/90mmHg after 20 weeks gestation and proteinuria >300mg/24
hours or 1+ on dipstick (253). The brachial artery was scanned with the BP cuff applied to
the arm (position not stated, although the Celermajer et al. paper (16) is referenced for the
technique so it is probably forearm occlusion) for five minutes at pressures 20-30mmHg
above systolic. Post occlusion brachial artery diameter was measured at 60 ± 30 seconds at
end-diastole. No information on the shear stimulus was provided. Patient medication was
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not withdrawn and no information was provided on the number medicated. No significant
difference in FMD was found between the two groups (P=0.08) probably due to small
numbers, although FMD in the pre-eclamptic women was higher than the SPE women
(Table 1.2). The groups were not matched for maternal age, number of prior pregnancies,
gestational age at time of study, maternal weight, and previous history of pre-eclampsia,
placental weight at birth and umbilical artery vascular resistance. The pre-eclamptics were
younger (24.5 ± 4.7 vs. 29.3 ± 6.0), heavier and presented at a later gestational age (mean
>34 weeks) (Table 1.2). Calculation of BMI (Table 1.2) (only height and weight were
presented) put both groups in the obese class I range according to the WHO criteria for
BMI classification (341). As obesity is a risk factor for pre-eclampsia, this suggests these
women may be presenting with the late onset maternal disease type of pre-eclampsia (577).
The pre-eclampsia FMD results are also similar to those obtained by Brodszki and
colleagues (576), that is a higher FMD in the group that may be presenting as late onset
maternal disorder influenced pre-eclampsia. In conclusion this study demonstrates FMD
cannot be used to differentiate between women with pre-eclampsia and SPE.

Flow-mediated dilatation and prostacyclin (a vasodilator) concentrations were measured in
non-pregnant, normotensive pregnant and pre-eclamptic women (53). Flow-mediated
dilatation was assessed as per the previously mentioned Yamamoto and colleagues paper
(534). Shear stress stimulus and BMI were not reported. Pre-eclampsia was defined
according to the Japan Society of Obstetrics and Gynecology, that is blood pressure
>140/90mmHg and proteinuria >300mg/24 hours (53). The women were matched in terms
of age, gestational age at time of study and parity. The level of prostacyclin in plasma was
reduced in pre-eclamptic women possibly due to decreased production. In summary, FMD
at 33-34 weeks gestation was significantly reduced in pre-eclamptic women compared to
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normotensive pregnant women (P<0.05) (Table 1.2) with no correlation between FMD and
prostacyclin (R2 = 0.071, P=0.085).

Due to the association between pre-eclampsia, obesity and metabolic syndrome a study
was performed to assess the relationship between adipocytokines, metabolic syndrome
related parameters and endothelial function (578). Pre-eclampsia criteria are detailed in
Table 1.2. After 10 minutes of rest and using a 10MHz transducer, the brachial artery was
scanned. A forearm positioned blood pressure cuff was inflated to 250mmHg for five
minutes and post occlusion arterial diameter was measured at 60 seconds from the mean of
four measurements. The women were non-smokers with no medical conditions and did not
take alcohol, caffeine or medication that affected lipoprotein metabolism. The normal
pregnant women were matched with the pre-eclamptics by maternal and gestational age,
BMI and weight gain in pregnancy. There was no difference in basal brachial artery
diameter and basal blood flow between the two groups. Flow-mediated dilatation was
significantly decreased in pre-eclampsia compared to normotensive women (P<0.001)
(Table 1.2). Adiponectin was decreased and other cytokines (leptin, PAI-1, IL-6, VCAM1, E-selectin and CRP) were increased in the pre-eclamptic women. This was reported as a
similar profile to that seen in metabolic syndrome. Plasma adiponectin correlated
negatively with BMI (r = -0.5, P<0.05) and body weight gain in pregnancy (r = 0.63,
P<0.01) and positively with FMD (r = 0.5, P<0.05). In this sample of women weight gain
was associated with decreased adiponectin and endothelial dysfunction. The women
however were not overweight (Table 1.2) and on average did not gain excessive weight
(5.5 ± 3.9 kg weight gain in normal pregnancy and 8.1 ± 3.6 kg in pre-eclampsia). They
were also an early onset pre-eclampsia group (Table 1.2). It is interesting how these
researchers are studying obesity in pregnancy in Japan when their women are consistently
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among the slimmest. This study would be very interesting if it was replicated in obese
women. In conclusion this study demonstrates reduced FMD in early onset pre-eclamptic
women who were not obese, although a relationship between FMD and a metabolic
syndrome profile was demonstrated even in this early onset group.

A cross-sectional study was performed to assess the relationship between CRP and FMD in
pre-eclampsia compared with normotensive pregnant women (579). The brachial artery
was assessed with five minutes of upper arm occlusion and 250-300mmHg of cuff
pressure. Maximum post occlusion arterial diameter was measured at 60 seconds. The
ACOG 2002 definition for pre-eclampsia was used. This is BP ≥140/90 after 20 weeks
gestation in previously normotensive women with proteinuria of ≥300mg/24 hours or 1+
protein (583). The groups were well matched for gestational age at time of study and BMI
with none in the obese range (Table 1.2). The women had no pre-existing medical
conditions, were non-smokers and had no medical conditions. This work demonstrated
FMD was significantly decreased in pre-eclamptic women compared with the controls
(P<0.01) (Table 1.2) although SD was not reported. Flow-mediated dilatation was
inversely correlated with CRP (r = -0.436, P<0.01). Around a third of the women with
pre-eclampsia had uterine artery notching (11/35). When the pre-eclamptic women were
grouped according to normal or abnormal uterine artery Dopplers, FMD was significantly
reduced in the abnormal group (FMD of 2 versus 10, P<0.01; SD not reported). Shear
stress stimulus was not reported. In summary this work showed decreased FMD in nonobese pre-eclamptic women compared to normotensive pregnant women which was
significantly correlated with CRP (579).

148

The above reviews demonstrate that not only are there variations in the FMD methodology
and pre-eclampsia criteria used to recruit pre-eclamptic women, but there may also be
differences in the sample populations. Differences in the FMD technique make exact
comparisons between studies difficult. Variations in pre-eclampsia criteria means high
specificity in the pre-eclamptic groups (245, 248) may not be obtained with some women
without the disease recruited into the study population. Some studies have recruited preeclamptics at an early, late or mixed gestational age or not stated exactly the time frame.
In other groups maternal constitutional factors such as obesity and metabolic syndrome
may be involved although BMI was rarely reported. Pre-eclampsia is a multifactorial
syndrome and endothelial dysfunction in different populations of pre-eclamptic women
may present in a variety of ways.

The technique of FMD has also been used to attempt to predict pre-eclampsia. The
following section will deal with those studies.

1.17 Flow-mediated dilatation as a predictive or screening test for
pre-eclampsia.
A screening test should be simple and inexpensive, have high specificity and sensitivity
with a high positive predictive value (false negatives and false positive should be kept to a
minimum). The test should also be convenient, painless and not result in unacceptable
morbidity. Testing should be able to be applied to a large number of asymptomatic people,
with the disease detectable in the pre-clinical phase. The disease should have a high
prevalence in the population of interest and by performing the screening test morbidity and
mortality from the disease should be reduced (584). To be able to predict pre-eclampsia a
screening test should be able to classify asymptomatic women as either likely to develop or
not develop the disorder at a later time (585).
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The search for a screening test for pre-eclampsia has been the subject of research over
many years and was the subject of a recent systematic review (586). In general screening
tests for pre-eclampsia have poor results and although some have high specificity, the
sensitivity is low. The only tests with reasonable specificity were BMI ≥ 34 with a pooled
estimates of sensitivity of 18% (95% CI, 15 to 21) and specificity of 93% (95% CI, 87 to
97), Doppler ultrasound demonstrating bilateral notching of the uterine arteries (sensitivity
48% (95% CI, 34 to 62) and specificity (92% (95% CI, 87 to 95)) and maternal serum αfetoprotein (sensitivity 9% (95% CI, 5 to 16) and specificity 96% (95% CI, 94 to 98))
(586). Another systematic review assessing uterine artery Doppler found using diastolic
notching with an increased PI at >16 weeks gestation was the best predictor for preeclampsia and IUGR in low risk patients with a likelihood ratio (LR) for pre-eclampsia of
7.5 (95% CI, 5.4 to 10.2) and for IUGR LR 9.1 (95% CI, 5 to 16.7). The LR improved in
high risk populations (587).

Six studies have been published using the technique of FMD to try and assess if the
endothelial dysfunction of pre-eclampsia occurs before the clinical disease (353, 588-592)
and are described and summarised in Table 1.3. Similar to the work where FMD was
assessed when the clinical disease was present, these six papers have used variations of the
FMD technique, a variety of pre-eclampsia diagnostic criteria and a mixed group of
women for recruitment.
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Table 1.3: Flow-mediated dilatation as a predictive test for pre-eclampsia.
Author
(year)

Study
type

Pre-eclampsia
FMD% (n)

HT of
pregnancy
FMD% (n)

Normotensive
pregnancy
FMD% (n)

Savvidou et al.
(2003) (353)

Cross-sectional
(prospective)

3.58 ± 2.76† (10)
(Ut art notches)

N/A

8.15 ± 4.32 (19)
(Ut art notch)
8.59 ± 2.76 (43)
(No notch)

Takase et al.
(2003) (588)

Cross-sectional
(prospective)

1.6 ± 1.0* (9)

N/A

Garcia et al.
(2007) (589)

Cross-sectional
(prospective)

13.4 ± 4.3* (14)

Savvidou et al.
(2008) (590)

Cross-sectional
(retrospective)

2.6 ± 2.3* (5)
(PE + SGA)
3.8 ± 3.2* (7) (PE, no
SGA)

Kamat et al.
(2009) (591)

Longitudinal
(prospective)
(assessed x2)

Noori et al.
(2010) (592)

Longitudinal
(prospective)
(no. assessed
median [IQR])
5 [2-6]

8.84 ± 1.52‡ (11)
(term PE)
8.48 ± 1.42‡ (10)
(Preterm PE)
(10-17 weeks)

GA at study:
weeks -range,
(m ± SD),
median [IQR]
PE: 24 [24-25]
NP: 24 [24-25]
(Ut art notches)
NP: 23 [23-25]
(No notch)

Body mass
index (kg/m2)

Pre-eclampsia
definition

N/R

ISSHP
1988

11 ± 4.5 (34)

PE: 29 ± 3
NP: 29.3 ± 3

N/R

NHBPWG
2000

16. 3 ± 5.7 (18)
(GH)

18.2 ± 7.2 (64)

PE: 21.4 ± 5.8
GH: 21.9 ± 6.7
NP: 21.5 ± 5.8

PE: 25.8 ± 4.5
GH: 25.5 ± 4.6
NP: 25.2 ± 4.3

NHBPWG
2000

N/A

8.4 ± 2.8 (40)

23-25

PE: 28 ± 4.5
NP: 28 ± 5.6

ISSHP
1988

FMD 1:
6.72 ± 3.24* (25)
FMD 2:
6.04 ± 4.37* (25)

FMD 1:
20 ± 9 (56)
FMD 2:
25.12 ± 10.9

FMD 1: 18-24
19.6 ± 1.42
FMD 2: 28-34
29.2 ± 1.24

N/R

N/R

12.93 ± 0.98‡ (10)
(GH)
(10-17 weeks)

“Intermediate between
GH & PE” ~11‡ (128)
(10-17 weeks)

10-17
18-25
26-33
34-40

Term PE:
NHBPWG
25.8 ± 2.1
2000
Preterm PE:
28.5 ± 1.9
GH: 28.1 ± 1.5
NP:24.6 ± 0.4
HT, hypertension; PE, pre-eclampsia; NP, normotensive pregnancy; GH, gestational hypertension; SPE, superimposed pre-eclampsia; N/A, not applicable; NR, not reported; max,
maximum; ut art, uterine artery; NHBPWG, National high blood pressure working group; ISSHP, International society for the study of hypertension in pregnancy; *significantly
decreased compared to normotensive controls; †significantly decreased compared to normotensive controls with and without uterine artery notch. ‡significant difference between
groups. ~approximation made by author from graph in original paper.
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When using the FMD technique for prediction purposes, forearm occlusion was used in all
studies except one where it was not stated (591). The brachial artery was scanned and
blood pressure occlusion was well above systolic in all cases. Five minute occlusion time
was used in all except one study (588) where one minute occlusion time was reported.
Only one study (592) reported measuring maximum brachial artery dilatation post reactive
hyperaemia, the other studies measured between 60-65 seconds.

All studies except two (589, 591) included women who smoked. Women on medication
were not recruited, although this was not reported in one study (592). Healthy women with
no medical conditions or history of cardiovascular disease were recruited in two studies
(353, 590). Two reported including women with a family history of pre-eclampsia or
hypertension (588, 589) plus a history of other medical disorders (588). Women with preexisting medical conditions were recruited to increase the pre-eclampsia rate (592).

The pre-eclampsia definitions were less varied in this group of studies using either the
ISSHP 1988 criteria (243) or the NHBPWG 2000 (253) criteria. One study did not state
the pre-eclampsia definition used (591).

One of the first papers on the subject of FMD and prediction was a cross-sectional paper
(353) whose aim was to investigate if endothelial dysfunction (decreased FMD) and
increased ADMA (an endogenous NOS inhibitor) preceded the clinical syndrome of preeclampsia. The brachial artery was scanned using five minutes of forearm occlusion at
300mmHg with post occlusion diameter measured at 45-65 seconds. The pre-eclampsia
criteria used was the 1988 ISSHP (243). The criteria are diastolic BP ≥110mmHg or
diastolic BP ≥90mmHg measured twice four hours apart and proteinuria ≥300mg/24 hours
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or 2+ protein. Forty-three women with bilateral uterine artery notching and 43 controls
with no notching were recruited and scanned only once between 23-25 weeks gestation
(Table 1.3). The women were then divided into four groups, no notch-normal outcome,
notch-normal outcome, notch with IUGR and notch with pre-eclampsia. Flow-mediated
dilatation in the IUGR group was decreased (6.17 ± 2.82) compared to the no notch-normal
group (Table 1.3). The pregnant control group was matched by maternal age, ethnicity and
smoking status. Body mass index was not reported. In the pre-eclamptic group FMD was
significantly decreased compared to normal controls with and without notches (P<0.001)
(Table 1.3). Plasma ADMA was significantly increased in the pre-eclamptic women with
an inverse correlation between FMD and ADMA (r = -0.8, P=0.005). This suggests
endothelial dysfunction in women destined to develop pre-eclampsia. There was a greater
percentage of smokers in the pre-eclampsia group (n=3 (30%)) compared with the no
notch-normal (n=7 (16%)) and notch-normal (n=2 (11%)) outcome groups although this
was not significant. The authors report that smoking was a significant predictor of FMD
(along with baseline vessel size and pregnancy outcome) with adjustment for smoking
status made. The significant difference in FMD remained. The r-values for smoking and
FMD were not reported so the correlation and relationship of the variables cannot be
assessed. As smoking is known to effect endothelial function (177) this information would
have been of interest. There was no significant difference in baseline artery diameter,
blood flow or reactive hyperaemia across the groups. There are a number of limitations in
this study (353), one is the smoking issue. The number of pre-eclamptics assessed was
small and the SD of the pre-eclampsia FMD was large. There was also a broad scatter in
the raw scores for all four groups with overlap of the data which would limit the suggested
use of FMD as a screening tool for pre-eclampsia. Outcome data showed that the preeclamptic group were neither an early or late group in terms of gestational age at delivery
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(mean 34.8 ± 3.5 weeks) compared to the other three groups who delivered at or near term.
The babies born to mothers with pre-eclampsia were significantly smaller (2074 ± 723 g)
than the no notch-normal outcome group (3326 ± 460). Corrected birth weight percentiles
were not reported. This study demonstrates FMD was significantly reduced in women
destined to develop pre-eclampsia compared to normotensive pregnant women with and
without uterine artery notching.

Another study was performed to investigate whether FMD and measures of reactive
hyperaemia could predict pre-eclampsia (588). A forearm blood pressure cuff was inflated
to 30mmHg above systolic pressure for only one minute and the brachial artery was
scanned with post occlusion diameter measured at 60 seconds after cuff release. The
NHBPWG 2000 criteria were used for the diagnosis of pre-eclampsia (253). Forty-three
women were screened at around 29 weeks after being recruited with risk factors for preeclampsia. These risk factors included primigravida, a past or family history of preeclampsia, diabetes and other cardiovascular, autoimmune or renal diseases, smoking, ≥35
years of age and multiple pregnancy although all were purported to be healthy at
recruitment. Smoking is an interesting “risk factor” as multiple work has demonstrated
smoking reduces the risk of pre-eclampsia (519). Of the 43 women, nine developed preeclampsia and the remaining were normotensive controls (588) (Table 1.3). Fourteen nonpregnant controls were also studied during menstruation. Flow-mediated dilatation was
calculated as the percentage increase in diameter, blood flow was calculated with pulsed
Doppler using the PI and resistance index (RI) (RI = peak systolic velocity-peak diastolic
velocity/peak diastolic velocity) (588). There was a significant reduction in FMD in the
women who subsequently developed pre-eclampsia compared with the normotensive
women (P=0.05) (Table 1.3). This study (588) unlike the previous one discussed (353)
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found no difference in ADMA (or endothelin-1) levels between the pregnant groups.
There was no significant difference in baseline artery diameter, basal or post occlusion PI
or RI. The authors calculated ≥3.0% FMD value as a cut off for normality, so values less
than this would give a positive predictive value (PPV) of 90% and a negative predictive
value (NPV) of 100% (588). One limitation of this interpretation is this may only hold true
in a population with risk factors for pre-eclampsia and not the general pregnant population.
Other limitations are the one minute BP cuff occlusion time and the small number of preeclamptics (n=9). This group of women would also represent the late pre-eclampsia with a
normally grown fetus. Both pre-eclamptic and normotensive women delivered at term
(normotensive: 39 ± 2, pre-eclamptic: 38 ± 1 weeks; not significant) and had similar birth
weights (normotensive: 3281 ± 224, pre-eclamptic: 3290 ± 190 grams; not significant).
The maternal BMI was not reported. In summary this study demonstrates women with
pre-existing risk factors, destined to develop late onset pre-eclampsia have reduced FMD.

Subsequent normotensive, pre-eclamptic and gestational hypertensive women were
compared at an earlier gestation (Table 1.3) than the preceding studies. The purpose was
to assess if decreased FMD preceded pre-eclampsia in these groups and if this was related
to an inflammatory process as measured by CRP and leukocyte count (589). Diagnosis of
pre-eclampsia was made according to the NHBPWG 2000 report (253). The brachial
artery with five minutes of forearm occlusion set at a pressure of 300mmHg was used with
post occlusion diameter measured at 60 seconds. From the 506 normotensive women
enrolled, two controls with normal outcomes for every subsequently hypertensive woman
were selected for analysis (Table 1.3), matched by BMI, gestational age and maternal age.
No significant difference was demonstrated in FMD, CRP and leukocyte count between
the normotensive and subsequent gestational hypertensive women at enrolment (589).
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There was also no difference in basal blood flow and reactive hyperaemia in women who
later developed pre-eclampsia although they had significantly decreased FMD (Table 1.3)
and increased concentrations of CRP and leukocytes compared with the control group.
The authors felt this supported the theory that pre-eclampsia is an inflammatory condition.
No correlation between FMD and inflammatory markers were found. More of the women
who developed pre-eclampsia had a history of prior pre-eclampsia or family history of
hypertension. The women were not obese (Table 1.3) and most had no biochemical
indicators suggestive of metabolic syndrome (589). The interval between screening and
development of pre-eclampsia was 15 ± 4.3 weeks. All groups delivered at or near term
although women with pre-eclampsia delivered significantly earlier (controls 39.1 ± 1.2;
gestational hypertension 38.8 ± 1.6; pre-eclampsia 37.9 ± 2.0) and had babies of similar
size (controls 3305 ± 457; gestational hypertension 3110 ± 410; pre-eclampsia 3094 ±
626). In conclusion this study demonstrated reduced FMD in women who had pre-existing
risk factors without the metabolic syndrome profile who eventually developed preeclampsia at a late gestation.

A retrospective study was published with the intention of investigating if alterations in
angiogenic factors precede pre-eclampsia and if this is related to endothelial dysfunction as
measured by FMD (590). The technique of FMD and the criteria for pre-eclampsia were
identical to the previously discussed work (353). The women were divided into two
groups, the first group (A) had normal uterine artery Dopplers and normally grown fetuses,
the second group (B) had bilateral uterine artery notching and normally grown fetuses.
From these groups FMD was performed on a subset of each group (A, n=37; B, n=36).
Pre-eclampsia developed in twelve women from group B, group A women all had normal
outcomes. The FMD results were reported in terms of pre-eclampsia plus SGA and pre-
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eclampsia without SGA. Flow-mediated dilatation was significantly reduced in both preeclampsia groups compared with group A (P<0.05) (Table 1.3). Group A had an
angiogenic profile consistent with a normal outcome (higher PlGF and lower sEng) and
both pre-eclampsia groups had a typical angiogenic profile for pre-eclampsia (lower PlGF
and higher sEng). No correlation between FMD and any angiogenic factors was found.
The authors suggested “no direct causal relationship” was evident between conduit vessel
endothelial dysfunction and angiogenic factors and that derangement of angiogenic factors
may not be “directly responsible” for the endothelial dysfunction seen in pre-eclampsia
(590). This study had very small numbers. Shear stimulus data was not reported. The
women were not obese (Table 1.3) and were recruited on the basis of abnormal uterine
artery Doppler studies. They all delivered at term and may therefore represent a late onset
pre-eclampsia influenced by placental disease rather than maternal metabolic disease
(590). This study reported women destined to develop pre-eclampsia with and without a
SGA baby have reduced FMD compared to women with normal pregnancy outcomes.

A longitudinal predictive study where FMD was assessed twice in pregnancy was
published (591). This study assessed FMD in women in the late second and early third
trimester (Table 1.3) who had at least one risk factor for pre-eclampsia. These risk factors
included nulliparity, age >35 years, BMI >30, chronic hypertension not on therapy and a
previous history of pre-eclampsia/eclampsia. Excluded were women with hypertension on
medication, smokers or a family history of cardiovascular disease. The brachial artery was
scanned with a blood pressure cuff inflated to 200mmHg for five minutes (position on arm
not stated) and post occlusion diameter was measured at 60 seconds. No definitions for
pre-eclampsia or gestational hypertension were given. Women with pre-eclampsia, preeclampsia superimposed on essential hypertension and gestational hypertension were all
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combined into a group called PIH presumably because no significant difference was found
between the three groups, although this was not stated. Flow-mediated dilatation was
significantly reduced in the PIH groups at both study times compared to normotensive
controls (P=0.001) (Table 1.3). When analysing this study, paired t-tests and MannWhitney-U tests were used to compared repeated measures on FMD and compare
differences between PIH and normotensive respectively. Shear stress stimulus and BMI
were not reported. The data and methodology in this study have significant deficiencies.
Although the authors concluded FMD is a “promising predictor of pre-eclampsia” their
data does not support this as the hypertensive disorders of pregnancy could not be
separated and their study population were women with risk factors. Therefore the results
may not be able to be extrapolated to a low risk population. In summary this study
demonstrated FMD could not differentiate between women destined to develop
hypertensive disorders of pregnancy.

The most recent study published on FMD as a predictive test was performed with the
intention of assessing the relationship between angiogenic factors and FMD longitudinally
throughout pregnancy (592). The right brachial artery was scanned with five minutes of
forearm occlusion set at 300mmHg. Maximum post occlusion arterial diameter was
measured after up to five minutes of monitoring (593). The NHBPWG criteria (253) were
used to diagnose pre-eclampsia. One hundred and fifty-nine women were assessed a
median of five times (inter quartile range 2-6) for FMD in pregnancy. Forty-five of these
women had risk factors for pre-eclampsia (pre-existing hypertension, previous preeclampsia, diabetes, thrombophilias, previous IUGR and polycystic ovarian syndrome).
Only the mean FMD values for the first visit at 10-17 weeks were reported (Table 1.3). In
women who developed gestational hypertension, FMD was 4.5% (95% CI, 1.64 to 6.46)

158

higher between 10-40 weeks gestation compared to pre-eclamptics (P=0.001). The women
who had a normal outcome had an intermediate FMD between gestational hypertension
and pre-eclampsia (mean not reported). The FMD values were lower in women who
delivered with both term and pre-term pre-eclampsia compared with those who did not
develop pre-eclampsia (FMD: -1.7% (95% CI, -3.3 to -0.13; P=0.03). Pre-term preeclampsia women had decreased PlGF followed by increased sEng and sFlt-1 compared
with other groups. Pre-term pre-eclamptics also had increased uterine artery PI compared
with other groups. No correlation was found between FMD and any angiogenic factors at
any time in pregnancy (592). One limitation is the inclusion of women with pre-existing
medical conditions as the results may not be applicable to the general population. None of
the women were obese (Table 1.3) so it is possible that metabolic factors played a limited
role in this group of women. This study demonstrated prior to the development of disease,
increased FMD in gestational hypertension and reduced FMD in pre-eclamptics.

The above studies using FMD to screen for or predict pre-eclampsia before clinical disease
was apparent also demonstrated variations in FMD methodology although this was less
than the studies that were performed when pre-eclampsia was present. The criteria used to
diagnose pre-eclampsia were more homogenous, however the number of pre-eclamptics in
each study was small (Table 1.3). The groups studied tended to have pre-existing disease
or risk factors, be women with metabolic syndrome risk factors or were recruited because
of uterine artery notching so the results may not be applicable to the general pregnant
population. They also varied in time of delivery with some groups representing early, late
or a mixed form of pre-eclampsia. Although only half the studies reported BMI, none
were in the obese range. Similar to findings when assessing other biochemical markers
(for example nitrates, nitrites and cGMP) associated with pre-eclampsia, these studies also
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had variable results. A significant correlation between FMD and ADMA (353) was not
repeated in the study by Takase and colleagues (588). The two groups that studied FMD
and angiogenic factors found no relationship (590, 592). All studies attempting to predict
pre-eclampsia demonstrated decreased FMD prior to clinical disease compared to their
control groups (353, 588-590, 592) except Kamat et al. (591) who could not differentiate
between any hypertensive disorder. Decreased FMD before the clinical syndrome of preeclampsia may allow this test to be used as a screening test.

The evaluation of FMD as a screening test requires that the principles of screening
methods be considered. Flow-mediated dilatation may be a convenient screening test as it
could be performed at the same time as a routine obstetric ultrasound adding only an extra
20-30 minutes to the appointment. The women would need to be motivated to undertake
preparation by either fasting and/or refraining from cigarettes, caffeine, high fat meals and
exercise (100). The test causes some discomfort, but does not cause unacceptable
morbidity. The FMD method is difficult to learn and not simple to perform requiring
highly trained operators and expensive high quality ultrasound equipment (96) with
manual measurement of vessel diameters tedious and time consuming. The test also has a
large variance with considerable overlap between screen positive and screen negative
groups (353). Therefore applying FMD to a large asymptomatic population may not have
the desired sensitivity and specificity and would be difficult and expensive. Only one
FMD study reported PPV and NPV. Whilst these were good (PPV 90% and NPV 100%)
they are limited in interpretation as there were only nine pre-eclamptics recruited from and
compared with a high risk population (588).
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To be more cost effective FMD could be applied to a high risk population only as most of
the aforementioned studies have done. The incidence of pre-eclampsia is about 5-8% (594,
595) which is relatively low, and up to 11% in first pregnancies (594). The study by
Garcia and colleagues (589) recruited a large number of women (n=506) with only 6.3% of
women developing a hypertensive disorder of pregnancy and only 2.8% developing preeclampsia, small numbers for a lot of work. Performing FMD at 21-22 weeks gestation
identified pre-eclamptic women who mostly had previous pre-eclampsia or a family
history of hypertension and developed term pre-eclampsia (589).

A good screening test would identify early onset pre-eclampsia where, ideally increased
surveillance, early intervention and the possibility of extending the pregnancy by even a
few weeks could make a difference to the mother‟s and baby‟s outcome. A problem also
arises in defining and identifying high risk women as a significant number of cases would
likely be missed depending on the definition. As pre-eclampsia results in increased
perinatal and maternal morbidity and mortality (595) it would be an ideal disease to
evaluate for screening and prediction. At this time however, there is no treatment for preeclampsia apart from delivery (596, 597).

In conclusion, from the above studies it appears that FMD may be able to identify some
women who may develop pre-eclampsia but seems to be limited to groups who already
have pre-existing risk factors. Numbers recruited were small probably because the FMD
test is difficult, expensive and time consuming but also because of the low incidence of
pre-eclampsia in pregnancy.
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1.18 Cigarette smoking, pregnancy, pre-eclampsia, intra-uterine
growth restriction and the endothelium.
No study had used the ultrasound technique of FMD to assess endothelial function in
pregnant women who smoke when this thesis was commenced. This may be because of
the difficulties in obtaining ethical approval as numerous works have demonstrated the
deleterious effect of smoking in pregnancy.

In the twenty first century smoking remains a significant health issue despite the known
adverse effects. Although the proportion of women of reproductive age who smoke has
reduced in recent years, the latest Australian perinatal statistics still quote around 25% as
current smokers (579). Of these 17.3% of women continue to smoke in pregnancy. Most
states of Australia dichotomise questions on smoking as a yes/no answer with quantity data
reported as ≤ or > 10 cigarettes per day. This cut off of 10 cigarettes per day is often used
as criteria for light or heavy smoking (598, 599).

Studies have shown that pregnant women can report a reduction in the number of cigarettes
smoked without reducing tobacco consumption. This is achieved by changing smoking
habits by drawing in smoke more deeply or smoking more of the cigarette (600). Research
has also shown if a pregnant smoker consumes <10 cigarettes per day, around 71% of them
will cease smoking by the second trimester (598). This information would be important
when designing a study assessing the effects of smoking on endothelial function. To give
women time to quit smoking before recruitment, the study could be conducted at the
beginning of the third trimester. Heavy smokers (>10 cigarettes per day) are less likely to
cease smoking. If a study was designed to assess the acute and chronic effects of smoking
with women abstaining from cigarettes for a period of time and then smoking one
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cigarette, recruiting women who smoke >10 cigarettes per day would result in women
being less likely to be doing what is outside normal practise for them. Women would also
need to be given the choice on whether to smoke or not after the period of abstention.

Smoking tobacco cigarettes provides a protective effect against pre-eclampsia while at the
same time increasing the complications of pregnancy (601). This paradox occurs even
though cigarette smoking is known to cause endothelial dysfunction in non-pregnant
people (177) and pre-eclampsia is thought to be an endothelial cell disorder (2). This
raises the question whether smoking in pregnancy improves vascular endothelial function
as measured by the ultrasound technique of FMD. The following section will review the
relevant literature on smoking in pregnancy.

1.18.1 The effect of smoking in pregnancy on the incidence of preeclampsia and gestational hypertension.
Numerous studies have shown that smoking in pregnancy reduces the risk of both mild and
severe pre-eclampsia. In 1967 a study of over 48000 women, comparing smokers with
non-smokers, found the incidence of pre-eclampsia decreased as the number of cigarettes
smoked daily increased (602). These findings were confirmed in a study on primigravid
women the following year (603). Since then others have shown that smoking in pregnancy
significantly reduces the risk of pre-eclampsia in nulliparous women (601). Even when
confounding factors such as age, socioeconomic status, body mass index and race were
controlled for, both past and current smoking in pregnancy was associated with a reduced
risk of gestational hypertension and pre-eclampsia (604).

Nonetheless, women who quit smoking before pregnancy do not have a reduced risk of
pre-eclampsia or gestational hypertension (605). The reduced risk from smoking was
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confirmed by measuring lower urinary cotinine levels (as an indicator of tobacco exposure)
in nulliparous women with pre-eclampsia in a case-control study where the controls were
normotensive pregnant women (606) . A later study on African-American women
observed the protective effect of smoking occurred only at high levels (>200ng/ml) as
measured by salivary cotinine. After adjustment for medical risk factors this was no longer
significant (607).

A population based retrospective study demonstrated the odds ratio (OR) for pre-eclampsia
in women who smoked was 0.64 (95% CI, 0.59 to 0.7) and increasing the number of
cigarettes smoked per day by five decreased the incidence of pre-eclampsia by 18% (608).
Smoking reduced the risk of pregnancy induced hypertension and eclampsia in
primiparous and multiparous women. The more daily cigarettes consumed the lower the
risk for eclampsia (609).

In contrast a multicentre cohort study found that whilst smoking in pregnancy decreased
the risk of pre-eclampsia, the risk of eclampsia was dramatically increased (OR 4.9, 95%
CI 1.4 to 16.6) (610). As well as pre-eclampsia and gestational hypertension risk being
reduced by 34%, smoking also reduces the risk of developing HELLP syndrome by 81%
(611). In a systematic review of the literature, smoking was shown to reduce the risk of
pre-eclampsia by 32% with the risk decreasing as the number of cigarettes smoked daily
increased (519). Another systematic review found a similar dose dependent relationship
with smoking with a 50% decrease in the risk of pre-eclampsia (612).

A recent large population based study also reported a reduced risk of pre-eclampsia in
women who smoked (AOR 0.83 (95% CI 0.74 to 0.94) (613). The reduced risk of pre-
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eclampsia and gestational hypertension from smoking was found to occur only when the
newborn was growth restricted (<1st percentile) (614). No protection from smoking was
observed when babies in heavy smokers were ≥20th percentile, ≥60th percentile in moderate
smokers and ≥80th percentile in light smokers.

Swedish “snuff” which contains nicotine but none of the combustion products of cigarette
smoking such as carbon monoxide was found not to reduce the risk of pre-eclampsia whilst
smoking cigarettes did in a dose dependent fashion. Women who smoked at the beginning
of pregnancy and continued at 30-32 weeks gestation had a reduced risk. This protective
effect disappeared if they smoked at the first visit and ceased at 30-32 weeks. The risk
decreased if the women did not smoke at the first visit but smoked at 30-32 weeks. The
authors concluded that cigarette combustion products (possibly carbon monoxide) rather
than nicotine are the most likely protective ingredients. As a change in smoking habits in
pregnancy altered the risk, later smoking is more protective of pre-eclampsia than earlier
smoking (615).

A population based cohort study of pregnant women was carried out to assess the mutual
effects of smoking and obesity on the risk of pre-eclampsia from data obtained from
Missouri birth certificates (616). Data collected in this manner is known to introduce
misclassification errors and was a criticism of this study by a later paper (617). Regardless
of BMI, the risk of pre-eclampsia was consistently decreased in smokers compared with
non-smokers. This population of women delivered between 2000-2001 with at least 45%
overweight and obese (616).
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In comparison, data from a study (617) where women were prospectively enrolled between
1959-1965 was used to assess the combined effects of smoking and maternal weight on the
development of pre-eclampsia. Self-reported pre-pregnancy underweight or overweight
affected approximately 10% of these women. Pre-eclampsia was less common and SGA
more common in smokers compared with non-smokers. In the overweight women, preeclampsia occurred more frequently and SGA less frequently. Light and heavy smoking
and being underweight decreased the risk of pre-eclampsia. When women were
overweight and smoked there was no decrease in the pre-eclampsia risk.

Another study (618) assessed whether smoking, maternal weight and pregnancy
hypertension were associated with differences in newborn weight. Baby birth weight was
lower in women who smoked and were underweight although baby weight increased with
increasing maternal BMI. The same pattern was seen in non-smokers but their babies were
larger overall. The lowest mean birth weight and highest prevalence of SGA was in
underweight smoking hypertensive women. Regardless of weight, smoking and
hypertension resulted in more SGA babies.

Although for over 40 years researchers have consistently recorded an inverse dose
dependent relationship between hypertensive disorders of pregnancy and smoking, it is
becoming apparent that this is a complicated relationship. In general the risk of preeclampsia may be reduced from smoking but smoking has other deleterious effects on the
mother and fetus.
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1.18.2 The effect of smoking on pregnancy outcomes.
Smoking affects all stages of the reproductive cycle. Multiple studies have demonstrated
smoking reduces fertility, increases pregnancy loss (619-624), results in smaller and/or
growth restricted babies (601-603, 608, 610, 613, 614, 625-630), increases the incidence of
placental abruption (601, 613), placenta praevia (602, 631), perinatal mortality (601, 603,
610, 613) and the incidence of pre-term delivery (384, 608, 610, 613). These adverse
outcomes are dose dependent, increasing significantly with increasing number of cigarettes
smoked (608) and length of exposure (632).

When assessing the number of cigarettes smoked and/or tar, nicotine or carbon monoxide
yields from cigarettes, a threshold effect of 13 cigarettes per day and 15mg of carbon
monoxide was estimated to affect fetal growth (633). A dose response effect was found,
with the greater the number of cigarettes smoked, the greater the reduction in birth weight.
This study suggested that smoking earlier in pregnancy (<28 weeks) has a greater effect on
fetal growth than smoking later in pregnancy and carbon monoxide had the strongest
association with decreased fetal growth. However, reducing or ceasing smoking increases
newborn weight and is the most effective modifiable strategy for improving pregnancy
outcomes (598, 610, 634).

1.18.3 Smoking plus pre-eclampsia equates to a worse outcome.
If a pregnant woman smokes and develops pre-eclampsia, perinatal outcome is worse (601,
603, 610, 613, 631). In a smoking/pre-eclampsia group, the perinatal mortality rate was
21.7% compared to 8.5% in the non-smoking/pre-eclamptic group (603). A large study of
over 317000 nulliparous women demonstrated that in women who smoked heavily and
developed severe pre-eclampsia, there was a dose-dependent increase in the risk of

167

perinatal death (from 24 to 36 per 1000), being born small for gestational age (from 28% to
68%) and placental abruption (from 31 to 67 per 1000) (601).

A retrospective South Australian study from a perinatal database demonstrated a twofold
increased risk of delivering a small for gestational age baby in hypertensive women who
smoked, although the smokers had a decreased risk of caesarean or operative vaginal
delivery and decreased length of stay in hospital (635). In an observational multicentre
trial (610) in women at high risk of pre-eclampsia, both maternal and baby outcomes were
worse if the mother smoked and developed pre-eclampsia, although overall smoking did
reduce the risk of pre-eclampsia in this population. Smokers had increased arterial
stiffness (as measured by pulse pressure) and were five times more likely to develop
eclampsia compared to women who never smoked. Almost 66% of current smokers had
an adverse outcome which included preterm delivery (<34 weeks), birth weight <3rd
percentile, admission to special newborn care units and perinatal death.

Smoking in pregnancy and pre-eclampsia are independent risk factors for an increase in
adverse outcomes. Pregnant women who smoke (without pre-eclampsia) and non-smoking
pre-eclamptic women have a similar increased risk for similar adverse outcomes (SGA,
pre-term birth, abruption, low apgars, stillbirth and admission to special care nurseries)
(613). When pre-eclamptic women who smoked were compared to non-smoking
normotensive pregnant women the risk of adverse outcomes doubled.

1.18.4 Mechanisms that may be the cause of adverse outcomes in
pregnancy.
Alterations in maternal haemodynamics and/or physiology and the effect of smoking on
the endothelium have been proposed as a cause of worse outcomes in pregnancy. The
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adverse effects on fetal growth and the complications in pregnancy from smoking are also
thought to result from decreased placental perfusion and placental injury. These increase
the rate of vascular complications in pregnancy (620). Due to the inconsistency of
smoking reducing pre-eclampsia risk but at the same time worsening outcomes it would be
interesting to know if chronic or acute smoking in pregnancy affects endothelial function
in pregnancy and if that is the mechanism for the different outcomes.

1.18.5 Altered maternal vascular function, smoking and growth
restriction.
The association between altered maternal vascular haemodynamics and growth restriction
has long been appreciated in pregnant smokers and non-smokers with failure of normal
vascular remodelling proposed as grounds for the fetal growth restriction. This association
also extends to altered haemodynamics in hypertensive disorders of pregnancy.
Insufficient maternal plasma volume expansion is one maternal haemodynamic change
associated with fetal growth restriction in both normotensive pregnancies of smoking
women (636) and hypertensive pregnancies (511). This changed volume adaptation has
been noted very early in pregnancies destined to develop growth restriction where “relative
hypovolemia” and a failure to increase cardiac output have been noted (637). Decreased
cardiac output and plasma volume and increased SVR have also been recorded in third
trimester pregnancies complicated by growth restriction (638). Therefore failure of the
normal changes that occur in pregnancy may predispose or result in adverse outcomes in
pregnancy.
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1.18.6 The effect of cigarette smoking on maternal and fetal
physiology.
As early as 1935, concern was raised regarding the effect of maternal cigarette smoking on
the fetus when the fetal heart rate (measured by stethoscope and stopwatch) was noted to
increase after pregnant women smoked a cigarette (639). Numerous studies have since
been published demonstrating the deleterious effects of cigarette smoking on the maternal
physiological status.

Smoking has been shown to affect maternal physiology and feto-placental function.
Maternal blood pressure increases and maternal and fetal heart rate increase acutely after
smoking. In a survey of BP in pregnancy, systolic but not diastolic BP was found to be
higher in pregnant women who smoked (486). A later study (640) assessing maternal and
fetal physiological variables, found maternal heart rate and BP increased after smoking one
cigarette containing nicotine, but not after smoking a cigarette that contained no nicotine.
Fetal heart rate also increased after exposure to a cigarette containing nicotine and baseline
variability decreased.

Smoking also affects utero-placental blood flow. Maternal BP and heart rate increased and
intervillous blood flow (IBF) decreased significantly after smoking a single cigarette in a
study (641) where the radioisotope 133Xe was injected intra-venously into pregnant women.
Blood flow then returned to pre-smoking levels within 15 minutes. In a subsequent study
(642) IBF was shown to increase in mildly hypertensive pregnant women after a cigarette.
Intervillous blood flow pre-cigarette was already significantly less in these hypertensive
women (n=11) compared to normotensive women (n=12). Remarkably, 23 women were
studied, 21 of whom were non-smokers and all of whom had a cigarette.
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The effect of smoking on fetal and maternal heart rates as well as umbilical and uterine
artery Doppler waveforms is an acute response. No difference between smokers and nonsmokers in any of the aforementioned variables in pregnant women who had not had a
cigarette for greater than 30 minutes (643) was demonstrated. A significant increase in
maternal heart rate, systolic BP and fetal heart rate within five minutes of smoking a
cigarette was demonstrated. Maternal heart rate and BP returned to pre-smoking levels
within 30 minutes, fetal heart rate remained elevated at 45 minutes when the study ended
(644). Others have shown similar findings on maternal heart rate and BP (645).

Smoking also affected umbilical artery systolic/diastolic (S/D) ratios (a measure of
placental vascular resistance) but not maternal uterine artery S/D ratios. The increase in
umbilical artery ratio remained for 15 minutes, normalising by 30 minutes (644). A
prospective study (646) that compared smokers with non-smokers, assessing fetal
biometry, umbilical and uterine artery Dopplers at 20 weeks gestation, found smokers had
higher umbilical artery Doppler RI values which were more likely to remain abnormal
after adjustment for confounders. Apart from femur length which was significantly
smaller in smokers, there was no difference in fetal biometry. Amongst babies born SGA,
SGA babies of smokers were more likely to have abnormal umbilical artery Doppler study.
There was no difference in fetal biometry between SGA babies of smokers and SGA
babies of non-smokers (646).

1.18.7 Smoking in pregnancy and its effect on nitric oxide production
and the endothelium.
Studies that have assessed levels of NOS in pregnancy in umbilical vessels and placentas
have overall demonstrated reduced NOS levels when pregnant women smoke or have
babies that are growth restricted. No difference between smokers and non-smokers in
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calcium-dependent or calcium-independent NOS in first trimester placental villi was found
(647). By the second trimester a significant decrease in calcium-independent NOS in
smokers was demonstrated. This suggests cigarette smoke may affect the NO metabolism
of the placenta as pregnancy advances.

The level of eNOS was measured in endothelial cells taken from umbilical veins at
delivery in smokers and non-smokers. The significantly smaller babies of smokers had
lower levels of eNOS activity and concentration which correlated positively with the
number of cigarettes smoked and baby weight (648). In a later study, the same group (649)
measured eNOS levels in umbilical veins and chorionic vessels from healthy pregnancies
in 182 non-smokers, 43 current smokers and 41 women who had ceased smoking. In
women who smoked, baby weight, head circumference and femur length were significantly
smaller compared to non- and ex-smokers. The activity and concentration of eNOS was
also significantly decreased in smokers compared with the other two groups in both
umbilical and chorionic vessels with 25% of the reduction in weight explained by reduced
eNOS levels. Both studies suggested maternal smoking reduces eNOS activity which may
reduce fetal vessel dilatation and partially explain the reduction in fetal size (648, 649).

Serum nitrate and nitrite levels were measured to assess NO production in pregnant
smokers between 16-22 weeks gestation. The concentration of NO was decreased in
smokers (345) which could possibly result in vasoconstriction, similar to that reported in
non-pregnant people (177).

Markers of endothelial cell activation were assessed in pregnant smokers and non-smokers
by measuring VCAM-1 and ICAM-1. Smokers had significantly higher levels of ICAM-1
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and a non-significant increase in VCAM-1. This is a similar pattern seen in CVD and in
non-pregnant smokers (650).

Smoking also results in endothelial cell injury. Normal endothelial cells are spindle shaped
and arranged longitudinally in a regular pattern. In ultrastructural studies (651) of
endothelial cells from human umbilical arteries of mothers who smoked, pathological
change in the endothelial intima was demonstrated. The endothelial cells were swollen and
enlarged with a “cobblestone” appearance compared with normal endothelial cells. It was
suggested this may be due to hypoxia from chronic carbon monoxide exposure.

Pregnant rats were exposed to second hand smoke to determine its effect on endothelial
function in newborn pups (652). Pups born after smoke exposure had a higher birth
mortality rate and were smaller at four weeks of age. Aortic rings from surviving pups
were examined in-vitro. Exposure to cigarette smoke in-utero resulted in reduced
endothelial dependent acetylcholine mediated relaxation in the pups indicating endothelial
dysfunction from smoke exposure.

From the above studies there is a suggestion that reduced NO activity may occur in
smokers and growth restriction and that smoking results in endothelial cell injury, although
the studies do not address why this occurs and which factors from cigarette consumption
may cause this.

1.18.8 The effect of smoking on the placenta.
The adverse effects of smoking are very evident in the placenta with poorer outcomes
possibly due to the effect of cigarette by-products. In a case-control histological study
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(653) of placentas from smokers and non-smokers whose pregnancies were complicated by
abruption, placental lesions consistent with chronic hypoxia were found more often in
smokers. Smokers‟ placentas had increased rates of intervillous thrombus compared with
non-smokers (20.0% versus 3.0%; OR 17.5, 95% CI 3.1 to 99.4) and a non-significant
trend for increased rates of villous fibrosis (55.0% versus 11.8%).

Smoking in pregnancy damages the placenta and results in abnormal placentation which
may then affect the fetus‟ growth potential. Placental weight in term placentas has been
reported to be increased in heavy smokers, probably from chronic hypoxic insult with
resultant hypertrophy of the placenta (654, 655). In another study, term placentas weighed
less in heavy smokers compared with non-smokers (656).

Placental abnormalities characteristic of under perfusion in the placenta (654, 655) have
been demonstrated on microscopic placental examination in smokers. In a study assessing
whether the placenta compensated for the chronic hypoxia affecting the fetus in women
who smoked (657) no difference in oxygen diffusion across the placenta between smokers
and non-smokers was seen. The authors suggested that as these fetuses are afflicted by
hypoxia, this lack of compensation does not allow an increase in oxygen to the fetus which
may contribute to a decrease in birth weight.

Increased apoptosis in the placentas of women who smoke has also been reported to be
associated with IUGR. Using immunostaining with the monoclonal antibody M30 which
is used to identify apoptotic epithelial cells, programmed cell death in fetal villous
placental tissue was increased in women who smoked and had IUGR fetuses (658). From
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these studies hypoxia and/or cell death appears to play a significant part in the adverse
effects on the placenta from cigarette smoking.

1.18.9 Products of cigarette smoking.
Tobacco contains more than 4000 toxins and/or chemicals such as nicotine, carbon
monoxide, nitrogen oxide, thiocyanate, benzene, toluene and phenol to name a few which
are released as combustion products from a burning cigarette (75, 659). Various
components of cigarette smoking may affect the mother, fetus, placenta and endothelium
differently. Nicotine and carbon monoxide appear to be the most studied substances. They
are emerging as promising candidates in the search for substances that may affect the
endothelium in pregnancy resulting in the reported adverse outcomes or as a contender for
the decreased risk of pre-eclampsia (615).

1.18.10 The adverse effects of nicotine on physiological status.
Nicotine, the addictive component of smoking, is the main alkaloid in tobacco that affects
the cardiovascular system via stimulation of acetylcholine receptors found in the adrenal
medulla, neuromuscular junctions and autonomic ganglions. Nicotine is metabolised by
the liver and excreted by the kidneys with an average half-life of 1-2 hours. The main
metabolite of nicotine is cotinine which correlates well and is used as a biomarker of
nicotine after tobacco exposure (660, 661). Interestingly the metabolic clearance rate of
nicotine and cotinine is 60% and 140% greater respectively in pregnancy compared with
postpartum values. The half-life of cotinine is also 50% less in pregnancy resulting in
reported plasma levels of cotinine being much less although cigarette intake was similar in
pregnancy and postpartum (662).
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It has been demonstrated that in non-pregnant humans it is the nicotine in cigarettes that
increases heart rate and BP. Heart rate increases the most after the first few cigarettes of
the day and then plateaus as tolerance develops (663). Twenty-four hours of abstinence is
enough to increase heart rate by an average of 13.6 ± 6.5 beats per minute when smoking
recommences (664). In pregnancy nicotine but not carbon monoxide was shown to
increase maternal heart rate and blood pressure after 12 hours of abstinence in women who
regularly smoked an average of 15 cigarettes per day. Fetal heart rate and volume blood
flow in the fetal descending aorta and umbilical vein increased and the PI of the fetal aorta
and umbilical artery decreased (665).

1.18.11 The effect of nicotine on the endothelium.
Nicotine has been shown to have detrimental effects on the vascular endothelium in some
but not all studies. Early ultrastructural studies on aortic endothelium in mice,
demonstrated chronic nicotine exposure (five weeks in drinking water) increased mitotic
activity and cell loss contributing to endothelial cell injury (666) This induced changes in
intercellular cleft morphology which would increase the vascular permeability of
endothelial cells (667).

Studies assessing acute nicotine exposure on hamster cheek pouch arterioles demonstrated
decreased vasodilator response to acetylcholine (668, 669). Low dose nicotine infusion
resulted in decreased acetylcholine mediated vasodilatation; high dose nicotine infusion
resulted in vasoconstriction after acetylcholine infusion, both indicating inhibition of NO.
Nicotine did not change the response to nitro-glycerine indicating no effect on endothelial
independent pathways (668).
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Decreased vasodilatation from nicotine was also demonstrated in-vitro in human skin
vessels (670). In an experiment (671) non-smokers were infused with bradykinin to assess
endothelium dependent hand vein response. Relaxation in the veins was noted. When
nicotine was added, the dilatory response to bradykinin was blunted indicating nicotine
affects NO mediated dilatation. Smooth muscle dilatation was not affected by nicotine.

Other effects on the endothelium from nicotine include induction of a pro-thrombotic state
(672). An in vitro study on pregnant ewe uterine arteries assessed the acute and chronic
effects of nicotine exposure. Only chronic nicotine exposure increased contractions in the
uterine arteries which was mediated via inhibition of the eNOS relaxation pathway (673).
This demonstrates how nicotine may affect the vascular endothelium in pregnancy.
Nicotine has previously been shown to modulate eNOS interactions via interference with
NO pathway cofactors (not receptors) (674).

In comparison lipid soluble particles from cigarette smoke but not nicotine induced
decreased vasodilatation in rat and human arteries in-vitro (675). Chronic two week
exposure to nicotine in rats via an infusion pump did not alter vascular reactivity of
endothelial cells or vascular smooth muscle cells (676).

1.18.12 The effect of nicotine on pregnancy.
Nicotine also affects the stillbirth rate, sex ratio and birth weight. These variables were
assessed in women who chewed tobacco rather than smoked it. This has the advantage of
assessing the effect of nicotine intake in pregnancy (677) with the added confounder of
inhaled carbon monoxide from burning tobacco removed. Women who chewed tobacco
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had an increase in the stillbirth rate, a decrease in the number of boys born and a decrease
in birth weight.

Growth restriction in the fetus of smoking mothers may be caused by nicotine toxicity
and/or reduced blood flow to the placenta from vasoconstriction (678). Studies performed
on placental tissue obtained after first trimester terminations have demonstrated the
harmful effects of cigarette smoking and nicotine. Both smoking and nicotine were shown
to inhibit the outgrowth and invasion of 6-10 week gestation cytotrophoblast (679).

In contrast by studying the effects of in-vitro nicotine and smoking on molecules that
control the cellular response to oxygen tension in the cytotrophoblast, nicotine was found
to upregulate the production of VEGF-A from trophoblast cells (680). A recent study
(681) also demonstrated sFlt-1 and sEng down regulated endothelial angiogenesis and
nicotine restored these functions (angiogenesis was measured by endothelial migration
activity and morphogenic activity of endothelial cells). The authors hypothesised this was
by stimulating growth factors as PlGF levels were increased although VEGF was
undetectable and TGF-β1 was unchanged. This positive effect from nicotine may be due
to its pro-angiogenic properties (682).

Interestingly due to the vast number of chemicals in tobacco, some of the adverse effects
attributed to nicotine may in fact be due to other chemicals or combinations of different
chemicals with nicotine (75). Others have shown that nicotine does not increase sFlt-1
production in placental tissue (sFlt-1 was instead partly regulated by an inflammatory
process) (261) and cigarette smoke which contains nicotine suppresses sFlt-1 production
(683) potentially removing an anti-angiogenic effect.
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Smoking has many adverse effects. However nicotine may not be solely responsible for
the decreased risk of pre-eclampsia and some other substance produced from cigarette
smoke may be a contender (615). One possibility may be NO, another is carbon monoxide
(612).

1.18.13 Carbon monoxide, angiogenic factors and pregnancy.
Carbon monoxide is produced naturally in the body as a by-product/degradation product
when the enzyme heme oxygenase (HO) catalyses heme. Carbon monoxide has both
beneficial effects (in low concentrations) and toxic effects when the concentration is high.
The other by-products of the HO pathway are biliverdin which breaks down to bilirubin,
and iron which converts to ferritin (149). Heme oxygenase prevents programmed cell
death, has anti-inflammatory properties, helps control vascular tone and decreases
oxidative stress. It exists in three isoforms HO-1, HO-2 and HO-3. Of these HO-1 is
inducible in response to stress injury from ischaemic-reperfusion injury, HO-2 is
constitutive, involved in heme metabolism and found throughout the body. HO-3 is also
constitutive but its function is not well understood (29, 149, 583, 684). For HO to produce
carbon monoxide, the cofactors NADPH-cytochrome P450 and NADPH are necessary.
Like NO, carbon monoxide also activates guanylate cyclase to produce cGMP to induce
smooth muscle relaxation. Carbon monoxide has similar properties to NO in that it
inhibits activation of platelets, suppresses thrombosis, curbs apoptosis and causes
vasodilatation. Both may also work together in highlighting these protective effects (29).

After cigarette smoke inhalation, carbon monoxide is absorbed into the blood where it
binds more efficiently to haemoglobin than oxygen forming carboxyhaemoglobin (659,
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661). This has the effect of reducing the oxygen carrying capacity of blood to the mother
and fetus (649).

The HO-carbon monoxide system is proposed to have a vasodilatory role in pregnancy, is
involved in trophoblast invasion and spiral artery remodelling and exerts an anti-oxidant
effect (583, 685). Women destined to develop pre-eclampsia have been shown to have
decreased HO-1 gene expression in the first trimester (11 weeks chorionic villus sample)
indicating early involvement in that pathway. The expression of Flt-1, Eng, VEGF-A and
TGF-β1 were increased and PlGF decreased in the five women in whom pre-eclampsia
developed (73). Whilst end-tidal carbon monoxide levels do not change throughout
normal pregnancy, in pre-eclamptic women there is reduced exhaled carbon monoxide
(74).

Carbon monoxide from cigarette smoke has been proposed as the substance responsible for
reducing the risk of pre-eclampsia (543). Cigarette smoke which contains both nicotine
and carbon monoxide down-regulates the production of sFlt-1 in the placenta. As sFlt-1 is
up-regulated in pre-eclampsia, this suggests exposure to cigarette smoke decreases the risk
of pre-eclampsia by providing a pro-angiogenic placental environment (683). In women
with normal pregnancies, cigarette smoke was associated with lower levels of sFlt-1 whilst
women with pre-eclampsia also had lower sFlt-1 levels although this was not significant
(445).

Heme-oxygenase-1 acts to down regulate the release of sFlt-1 and sEng in endothelial cells
and placental tissue providing a pro-angiogenic environment with the authors suggesting
changes in the HO-carbon monoxide pathway may be involved in the development of pre-
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eclampsia (57). This pathway could provide an explanation for smoking reducing the risk
of pre-eclampsia. Currently it is not known whether the decreased risk of pre-eclampsia is
due to carbon monoxide and/or nicotine (or indeed some other product from cigarette
smoke) and their effects on the placenta and angiogenic factors (30). Whereas normal
pregnancy results in profound changes in the maternal cardiovascular system to
accommodate the developing fetus, women who smoke introduce further changes into their
cardiovascular system and affect their pregnancy.

1.19 Aims of this work.
The endothelium plays a significant role in regulating the cardiovascular changes that
occur in normal pregnancy with dysfunction of the endothelium proposed as the final step
in the complex pathophysiology of pre-eclampsia. The work in this thesis sought to assess
endothelial function longitudinally in normal pregnancy. As smoking is known to result in
endothelial dysfunction in non-pregnant people but paradoxically reduces the risk of preeclampsia, a second study was planned to assess endothelial function in pregnant smokers.
This was to ascertain if smoking provided a protective effect on the vascular endothelium,
thereby reducing the risk of pre-eclampsia. As both pre-eclampsia and gestational
hypertension may result in endothelial dysfunction, a cross-sectional study was designed to
compare these hypertensive disorders of pregnancy. The ease and precision of the FMD
test was determined. All studies were performed using the ultrasound technique of FMD
which is a marker of stimulated NO mediated endothelial function.

1.19.1 The studies performed.
The first study involved developing a normal range of endothelial function in
uncomplicated pregnancy. The purpose of this study was to determine if endothelial
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function changed throughout gestation in pregnancy and postpartum. Second was to
ascertain if endothelial function differed between pregnant and non-pregnant women
(Chapter 2). This was a longitudinal study that assessed healthy pregnant women five
times throughout their pregnancy beginning in the first trimester (11-14 weeks gestation)
and continuing until 36+ weeks. The women were then invited to return at six weeks
postpartum. The pregnant women were compared to healthy non-pregnant women.

The second study was designed to determine if endothelial function in otherwise
uncomplicated pregnancy was altered by smoking tobacco cigarettes when compared to
healthy pregnant non-smoking women. This study used a test-retest design to assess the
acute and chronic effects of smoking in pregnancy on endothelial function (Chapter 3).

The third study assessed endothelial function in women with pre-eclampsia and gestational
hypertension. Pre-eclampsia is thought to result in endothelial dysfunction in the form of
reduced vasodilatation. Gestational hypertension is considered either a separate disease to
pre-eclampsia or a precursor to pre-eclampsia. For this reason it would be informative to
assess if endothelial function differed between the two groups. The ultrasound technique
of FMD has evolved over the period it has taken to complete this work, so a secondary aim
was to ascertain if the FMD results in this group of women varied with the addition of
revised techniques (Chapter 4). Using the normal range study, differences between
hypertension in pregnancy and normotension were determined. Women with hypertension
who smoked were recruited but were excluded from analysis due to the significant effect
smoking had on endothelial function in pregnancy.
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This work was done at Nepean Hospital which lies within the Nepean and Blue Mountains
Area Health Region (formally Sydney West Area Health Service and Wentworth Area
Health Service). Nepean Hospital is a tertiary level referral and teaching hospital for the
University of Sydney.

183

Chapter 2
A longitudinal study using the ultrasound technique of flowmediated dilatation to assess endothelial function in normal
human pregnancy.
2.1 Introduction.
Profound physiological changes occur in the maternal cardiovascular system to allow for
the growth and development of a normal pregnancy. The vascular endothelium is thought
to play a major role in these changes including regulating the decrease in SVR and blood
pressure to maintain vascular tone (484).

This regulation is achieved by the endothelium constitutively producing NO along with a
number of other vasodilators and constrictors (1). The ultrasound technique of FMD has
been shown to be mainly NO mediated and was developed to assess endothelial function
and dysfunction in different physiological and pathological conditions. Under normal
conditions and with an intact endothelium pulsatile flow or hyperaemia will result in
vasodilatation. Different pathological conditions that affect the endothelium may present
as vasoconstriction or reduced dilatation (16).

The endothelium is designed to react to its immediate environment. As previously
reviewed, changes in diet, exercise, drug intake, time of the menstrual cycle and a variety
of cardiovascular risk factors may alter the response of the endothelium. As pregnancy
results in so many changes to the mother to accommodate the developing fetus, it would be
important to try and control and/or document as many of these variables as possible. It
would also be important to note if the changes that occur with increasing gestation in
normal pregnancy affect endothelial function. Therefore, the aim of this work was first to
assess endothelial function in normal human pregnancy and postpartum using the
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ultrasound technique of FMD. Second was to compare endothelial function in normal
pregnancy with non-pregnant women. This work will form the basis of future studies.
These other studies are to evaluate if pregnant women who smoke have endothelial
dysfunction and if endothelial function differs between women with pre-eclampsia and
gestational hypertension.

2.2 Methodology.
2.2.1 Longitudinal normal range study.
This was a longitudinal study of pregnant women with singleton pregnancies assessed five
times throughout their pregnancy and once postpartum. All routine obstetric ultrasounds
were performed immediately before the study by the author (AEQ) as required.
Gestational ages in weeks were 11-14, 18-20, 22-24, 28-32 and 36+. Postpartum the
women returned at 6 weeks. Gestational age was calculated from a first trimester
ultrasound. Non-pregnant women were recruited and assessed once at day 1-5 of their
menstrual cycle.

Inclusion criteria for all participants were non-smoking, no medical conditions, no family
history of premature cardiovascular disease or pre-eclampsia and not taking any
medication. Additionally, for non-pregnant women, the use of oral contraception was an
exclusion criterion. For the pregnant women, development of pre-eclampsia, gestational
hypertension, gestational diabetes or pre-term delivery resulted in exclusion. All women
were asked to have a low fat meal before the study and refrain from caffeine products.
Before the study began height and weight were measured and blood pressure was recorded
manually from the left arm (the opposite arm to the FMD study) using a mercury
sphygmomanometer. A detailed medical, family and obstetric history was taken (Figure
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2.1). Approval for this project was given from the Area Ethics Committee and written
informed consent was obtained at enrolment.

186

Figure 2.1: Brachial Artery Study History Sheet.
Date:___/___/___
Study Type: control / normal / pre-eclamptic
Name: ______________________________MRN: _________________ DOB: ___/___/___
Age:________ Phone: ___________________Referral: ____________________
Ht: __________cm Wt: _________kg BMI:____________

Current Pregnancy: LMP:___/___/___Sure:Y / N ______Days/cycle
1st Ultrasound date___/___/___; Gestation:_________ EDC:___/___/___(dates / U/S)
(Controls: LMP:___/___/___ Days/cycle:______Day______)
Smokes: Y / N _____day Passive smoker: Y / N
Alcohol: No / rare / social / frequent ______units/day
Medication: Y / N: Details_____________________________________________________
Other drugs: Y / N: Details_____________________________________________________

Previous Pregnancies
Year

Gest age

Outcome

Complications (PE, HT, diabetes, IUGR etc)

Medical History
Family history of heart disease or stroke: Y / N Details ______________________________
(parent or sibling before age 55 years)

Mother or sister with preeclampsia: Y / N Details___________________________________
Medical conditions:
_________________________________________________________________________
___________________________________________________________________________
Last meal: time__________ Content: ________________ Last cig: y / n Time:___________

Pregnancy Outcome
Date of birth:___/___/___

Gestational age:____________ Sex: Male / Female

Birth weight: __________g

Apgars:_____/_____

Outcome: A&W / PND

Placental weight: ________g
Comment:___________________________________________________________________

_________________________________________________________________________
_________________________________________________________________
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Figure 2.1 continued: Laboratory Results
Name: ______________________
DATE

GEST
AGE

UREA

CREAT

URATE

Hb

PLTS

MPV

ALT

AST

PI

APTT

PostPartum
Normal/Abn

U/A: 1+ / 2+ / 3+ / 4+ Date: ___/___/___
24-hour urinary protein (yes / no). Result: __________mg/24hrs Date:___/___/___
Comment:___________________________________________________________________

Blood Pressure Readings
DATE

GA

BP

DATE

GA

BP

Gestational age at booking: _________________BP at booking: _________________
BP range: _____________________
Date enrolled: ___/___/___ GA at enrolment: _____________
Comment:___________________________________________________________________

Features of Preeclampsia
GA at diagnosis of preeclampsia: __________________
Highest BP: ______________GA at highest BP: _________________
Oedema (yes / no) peripheral /generalised
RUQ/epigastric pain (yes / no)
Headaches (yes / no) Visual disturbances (yes / no) Eclampsia (yes / no)
Pulmonary oedema (yes / no) Uterine artery PI: Lt________ Rt________ notch (yes / no)
Comment:___________________________________________________________________
Fetus: IUGR (yes / no). percentile: <5th / < 10th
Liquor volume: poly / increased / normal / reduced / oligo AFI=_______DP=_______
Placental site: ____________________CTG (normal / abnormal)
Fetal Doppler: UA PI____(+ve / -ve / reverse). MCA PI_____(shunting yes / no).
DV PIV____(a-wave: +ve / -ve / reverse). Comment: __________________________
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2.2.2 The ultrasound technique of FMD.
Endothelial function was assessed by the mainly NO dependent non-invasive ultrasound
technique of FMD as previously described (16). The women were rested in a semi-supine
position for 10 minutes at 23º Celsius in a temperature controlled room before baseline
measurements were taken. Continuous maternal ECG monitoring was performed. The
right arm was extended comfortably on a pillow at heart level in between the author and
ultrasound machine (Figure 2.2). Acoustic gel was applied to the upper arm.

Figure 2.2: Author scanning pregnant volunteer. Note the position of arm, BP cuff and
ultrasound transducer. Coloured ECG leads attach to the ultrasound machine. Automatic
BP machine control and compressor is between ultrasound machine and computer screen.
The video recorder is controlled through the ultrasound consol.

189

The right brachial artery was visualised in a transverse section superior to the cubital fossa
using 2D ultrasound with a linear array L12-5MHz transducer and a Philips Medical
System HDI 5000 ultrasound machine (Philips Ultrasound, Bothell, WA, USA). Colour
Doppler was used as necessary to identify vessels. Light pressure was applied to the arm
with the ultrasound transducer to identify the artery. Veins will collapse with pressure,
while arteries retain their size and shape. If necessary pulsed Doppler was used to further
identify the artery as pulsatile flow will be displayed while veins demonstrate monophasic
flow (80). The use of pulsed Doppler was sometimes necessary in large women. The
transducer was then rotated 90 degrees 1-10cm above the cubital fossa to display a
longitudinal section of brachial artery. The distance in centimetres from the cubital fossa
and a still image demonstrating recognisable anatomical landmarks such as another vessel
or fascia plane was recorded (Figure 2.3). These were then used to identify and measure
the same section of artery for each visit. The arm was marked with an indelible ink pen to
mark the distal border of the transducer so the same section of artery was scanned
throughout the examination. The image was zoomed and optimised by decreasing the gain
in the area of the brachial artery. This would minimise acoustic noise.
Basal brachial artery.
+

PO brachial artery.
+

+
+

Figure 2.3: The 2D ultrasound images demonstrating brachial artery under basal
conditions and post cuff release. Note the increase in size of brachial artery from 2.7mm to
3.2mm which is used to calculate FMD. The ECG tracing used to measure brachial artery
diameter incident with the R-wave can be seen at the base of the images.
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A single focal zone was set to give optimal resolution. SonoCT® (Philips Ultrasound,
Bothell, WA, USA) which is real-time compound imaging was activated to improve
resolution. Ultrasound settings, especially focal zone, gain and dynamic range were not
changed throughout the examination, a practice that was verified by a later study (104).
The entire study was recorded on video tape.

A basal arterial diameter was recorded for one minute using 2D ultrasound. Basal arterial
flow velocity (VTI) was recorded using pulsed Doppler ultrasound and a centrally placed
1.5mm range gate at a 60 degree angle with a minimum of six cardiac cycles obtained.
The High Q function (the blue tracing on the Doppler waveform) which allows automatic
reporting of VTI and heart rate and is displayed in the bottom left corner of the ultrasound
image (Figure 2.4) was activated. A BP cuff inflation pressure of 200mmHg was chosen
for normotensive pregnant and non-pregnant women. This was based on the Doppler
stethoscope work (120, 121) and the work demonstrating subject tolerance at pressures of
200mmHg (125). An automated BP cuff (Hokanson E20 Rapid Cuff Inflator, D.E.
Hokanson, Inc. Bellevue, WA, USA) was placed on the right forearm and inflated for five
minutes at 200 mmHg (Figure 2.2) to occlude flow to the arm (Figure 2.5). This was
released to induce reactive hyperaemia (Figure 2.6). Just before cuff release, Doppler
imaging was activated and flow recorded until maximum VTI was reached (Figure 2.7)
and the hyperaemic response began to decay. This occurred within 30 seconds of cuff
release. Peak PO VTI was documented. 2D imaging was re-activated and PO arterial
diameter was recorded for up to 90 seconds from the time of cuff release (Figure 2.3).
Ultrasound imaging using 2D technology has been shown to be a safe imaging modality.
The highest ultrasound dose is derived from pulsed Doppler (80). In this work pulsed
Doppler was used for the minimum amount of time necessary.
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Figure 2.4: Typical Doppler waveform image demonstrating brachial artery basal VTI and
heart rate. Sample gate placement can be seen in 2D part of image superiorly.

Figure 2.5: Doppler waveform demonstrating almost absent flow in brachial artery during
occlusion by cuff.
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Figure 2.6: Doppler waveform image at time of cuff release. Note reduced flow at left of
picture and immediate increase in flow that occurs at time of cuff release.

Figure 2.7: Doppler waveform image taken during reactive hyperaemia. Note increase in
flow compared to figures 2.4 and 2.5.
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Basal and PO vessel diameters were each measured manually with the ultrasound machine
calipers, offline, from the videotape. This requires downloading of the image from the
video recorder onto the ultrasound machine and recalibration of the image at the beginning
of each study. Measurements were taken four times at end diastole (incident with the Rwave on the ECG) from a fixed anatomical landmark and the mean calculated (Figure 2.3).
Measurements of PO artery diameters were done between 45-60 seconds post cuff release.
The lumen diameter was measured by placing calipers from the anterior and posterior
arterial wall „m‟ line, or the intima-media complex (110), which ever was the best
resolved. The same criterion for measuring was consistent throughout each individual‟s
study. Mean heart rate was calculated at baseline and during reactive hyperaemia from six
cardiac cycles from the Doppler waveform. All studies and measurements were done by
the author (AEQ).

Flow-mediated dilatation was calculated from the formula:
FMD% = [(PO arterial diameter - basal arterial diameter)/basal arterial diameter] x
100 (16).

Basal volume flow (mL/min) was calculated from the formula:
Basal flow = VTI x basal heart rate x (0.5 x basal vessel diameter)2 x π x (1/cos 60)
where VTI was calculated from the mean of six cardiac cycles (207, 208).

Post occlusion volume flow (mL/min) was calculated from the formula:
PO flow = PO peak VTI x PO heart rate x (0.5 x PO vessel diameter)2 x π x (1/cos 60)
where PO peak VTI was the maximum VTI reading obtained after cuff release (207,
208).
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Reactive hyperaemia (RH) or peak flow increase was calculated from the formula: RH% =
[(PO peak flow – basal flow)/basal flow] x 100 (207, 208).

2.2.3 Comments on the FMD technique.
The technique of FMD is difficult to learn and requires experienced trained personnel to
perform it. For the purpose of this work a number of visits were made to the laboratory of
Professor David Celermajer to learn the technique. At least 30 volunteers (work
colleagues, friends and family) were scanned to perfect the technique prior to the
commencement of this work. A number of limitations have been identified when
performing the FMD test. Arm and transducer movement are a problem. Slight movement
of either can result in different sections of artery being measured. In recent times
transducer clamps and arm cushions have been designed to try and overcome this although
these were not available for this work. The brachial artery narrows as it travels distally
(Figure 2.8). If different sections of the artery are inadvertently measured this could result
in erroneous FMD and volume flow measures.
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Proximal

Distal

Figure 2.8: The brachial artery narrows as it travels distally, note the difference in artery
diameter proximally (4.5mm) and distally (3.6mm). This demonstrates how measuring
different sections of artery may result in incorrect measurements.

Even though a high resolution ultrasound transducer was used, the walls of the brachial
artery can be hard to resolve. In thin women the anterior wall „m‟ line is well seen,
however the posterior wall „m‟ line may not be resolved (Figure 2.9). In some women
both walls of the artery are difficult to resolve (Figure 2.10). Some of this problem is due
to the depth of the artery in larger women and attenuation of the ultrasound beam. Another
cause is slice thickness artifact. The ultrasound beam is three-dimensional with axial and
lateral resolution occurring in the scanning plane. The third plane is the transducer beam
slice thickness. The ultrasound image is two dimensional and when an anechoic structure
is scanned that is smaller than the slice or section thickness of the ultrasound beam
artificial filling of the structure occurs. This artifact results in echoes outside of the actual
structure appearing as echoes within the structure (80). The brachial artery appears as an
anechoic tubular structure. Figures 2.11 and 2.12 demonstrate difficulty in clearly
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resolving the anterior artery wall due to slice thickness artifact. Multiple slice thickness
artifact echoes within the artery lumen can also be seen (Figure 2.12).

Figure 2.9: The „m‟ line is resolved at the artery wall nearest to the transducer (arrow),
however it cannot be seen at the far wall (dashed arrow).

Figure 2.10: The „m‟ line is not resolved in either the near (arrow) or far (dashed arrow)
artery wall.
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Figure 2.11: Slice thickness artifact makes the near artery wall difficult to resolve due to
the irregular interface (arrow).

Figure 2.12: Slice thickness artifact results in echoes within the anechoic artery (arrow)
and irregular, difficult to resolve artery borders (dashed arrow).
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2.2.4 Statistical analysis.
Statistics were performed using the statistical package SPSS 13.0 (SPSS Inc., Chicago, IL).
For continuous normally distributed data, parametric analysis included independent t-tests,
repeated measures analysis of variance (RMANOV) with a post hoc contrast polynomial
trend analysis for linear and non-linear trends, or pairwise comparisons, or analysis of
variance where appropriate. For data that were not normally distributed, non-parametric
tests of Mann-Whitney U and Friedman matched sample were used. Correlation analysis
was performed using Pearson Correlation test. Data is reported as mean ± SD where the
data is normally distributed and mean and SEM where data is not normally distributed. A
Bonferroni correction was used for post hoc comparisons of repeated measures with a Pvalue of 0.01 used. For all other tests significance was assumed when P ≤0.05.

2.3 Results.
More than 300 studies were performed to obtain a normal range. Eighteen non-pregnant
women and 53 pregnant women were enrolled. Three women who delivered normal term
babies but missed one study have been included in the analysis. Six pregnant women met
the exclusion criteria resulting in 47 women in the statistical analysis. Women were
excluded for preterm delivery (n=3), severe early onset pre-eclampsia/HELLP syndrome
delivered at 28+4 weeks (n=1), gestational hypertension at term (n=1) and gestational
diabetes (n=1). Seventy percent (33/47) of women returned for the postpartum visit. Table
2.1 shows the exact gestational ages at which the studies were performed.

There was no significant difference at enrolment between the pregnant and non-pregnant
women in age (28.4 ± 4.8 vs. 32.1 ± 8.7 years; pregnant range 20-40 years, non-pregnant
range 15-45years), height (165 ± 6.9 vs. 166 ± 6.4 centimetres), weight (70.4 (15.7) vs.
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68.4 (18.9) kilograms) or body mass index (25.9 (5.8) vs. 24.8 (5.9)). Gestational age at
delivery in weeks was 40 ± 1.2 and birth weight in grams was 3484 ± 395.
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Table 2.1: Study data for non-pregnant, pregnant and postpartum women. Values are reported as m ± SD or mean (SEM).

Non-

Gestation (weeks)

Postpartum

pregnant
11-14

18-20

22-24

28-32

36+

(n=46)

(n=47)

(n=47)

(n=47)

(n=45)

12.8 ± 0.9

18.8 ± 0.5

23.1 ± 0.6

30 ± 0.9

36.4 ± 0.4

6.6 ± 0.7

3.4 ± 0.4

3.2 ± 0.3

3.2 ± 0.4

3.3 ± 0.4

3.4 ± 0.4

3.5 ± 0.4

3.3 ± 0.4

3.7 ± 0.4

3.4 ± 0.4

3.5 ± 0.4

3.6 ± 0.3

3.7 ± 0.4

3.8 ± 0.4

3.6 ± 0.4

FMD (%)

8.5 ± 3.6

8.0 ± 4.6

9.4 ± 5.3

8.9 ± 5.4

9.3 ± 5.0

6.7 ± 5.2

8.2 ± 3.9

Basal volume flow

170 (26)

135 (15)

182 (22)

256 (27)

342 (31)

425 (32)

259 (19)

1139 (52)

1156 (45)

1321 (46)

1529 (66)

1520 (58)

1261 (54)

(n=18)
Actual gestation (weeks)
Basal artery diameter

(n=33)

(mm)
Post occlusion artery
diameter (mm)

(mL/min)
Post occlusion volume flow 1138 (91)
(mL/min)
Reactive hyperaemia (%)

913 (160)

1436 (259)

1121 (163)

857 (140)

650 (141)

400 (79)

464 (47)

Systolic BP (mmHg)

115 ± 8

110 ± 8

111 ± 8

114 ± 8

114 ± 8

117 ± 8

113 ± 8

Diastolic BP (mmHg)

75 ± 7

72 ± 8

69 ± 8

71 ± 8

73 ± 6

78 ± 8

77 ± 8

Basal heart rate (bpm)

63 ± 10

75 ± 10

78 ± 8

82 ± 10

88 ± 11

89 ± 11

75 ± 10
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Basal heart rate increased significantly throughout pregnancy (RMANOV) (P<0.001).
Whilst there was a significant difference between heart rate in the first trimester and the
other gestations, there was no significant difference when comparing heart rate at 28-32
weeks with 36+ weeks (Table 2.1). Systolic and diastolic blood pressures were within the
normotensive range for uncomplicated pregnancy. Systolic BP increased linearly over
time (RMANOV) (p<0.001). Diastolic BP showed a significant quadratic decrease
between 11 and 20 weeks gestation (p=0.004), then increased linearly over the remainder
of the pregnancy (p<0.001) (RMANOV) (Table 2.1).

Basal brachial artery diameter showed a significant increase over the study period
(RMANOV) (P<0.001) (Figure 2.13). Post hoc pairwise comparison demonstrated basal
arterial diameter increased significantly from the first two visits (11-20 weeks) compared
with the last two visits (28-36+ weeks) (Table 2.1). The trend was similar for the PO
arterial diameter (RMANOV) (P<0.001) (Table 2.1) (Figure 2.13). Brachial artery
diameter was inversely correlated with FMD (r = -0.447, P<0.0001) (Figure 2.14).
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Figure 2.13: Basal and post occlusion artery diameters (mean ± SEM) in non-pregnant,
pregnant and postpartum women.
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Figure 2.14: Graph demonstrating the relationship between FMD and brachial artery
diameter in normal pregnant women (r = -0.447, P<0.0001).

Repeated measures analysis of variance of FMD in the pregnant women demonstrated a
significant change throughout the study period (P=0.02). Post hoc contrast polynomial
trend analysis showed a non-significant linear component in FMD from 11-32 weeks
gestation (P=0.2) and a significant quadratic component from 36+ weeks gestation
(P=0.007). Analysis of variance demonstrated no significant difference in FMD between
non-pregnant women and the pregnant women at any gestation or postpartum (P=0.13). A
repeated measures sub-analysis of FMD comparing pregnant women throughout the study
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and postpartum showed no significant difference (P=0.094) although the numbers were
smaller (n=33) (Figure 2.15) (Table 2.1).

Figure 2.15: Flow-mediated dilatation (mean ± SEM) in non-pregnant, pregnant and postpartum women. (*denotes significant value for FMD at 36+ weeks gestation, P=0.007).
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Basal volume flow increased linearly with increasing gestation (P<0.001) (Figure 2.16) as
did PO volume flow (P<0.001) (Table 2.1), whilst the degree of reactive hyperaemia
decreased with increasing gestation (P<0.001) (Friedman matched samples) (Table 2.1)
(Figure 2.17). The postpartum women had significantly increased basal volume flow
compared with the non-pregnant women (P=0.009) (Table 2.1), although there was no
significant difference in PO volume flow between the two groups (P=0.8) (Table 2.1)
(Mann-Whitney U).
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Figure 2.16: Basal volume flow (mean ± SEM) in non-pregnant, pregnant and postpartum
women.
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Figure 2.17: Reactive hyperaemia (mean ± SEM) in non-pregnant, pregnant and
postpartum women.
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2.4 Discussion.
This study demonstrates that FMD remained stable in normal human pregnancy from 1114 weeks up to 32 weeks gestation. Flow-mediated dilatation decreased significantly at
36+ weeks gestation. This decrease has not been previously reported. Flow-mediated
dilatation then returned to the non-pregnant value by six weeks postpartum. There was no
significant difference in FMD in pregnancy compared with the non-pregnant group. Basal
brachial artery diameter and basal volume flow increased significantly in a linear fashion
throughout pregnancy whilst reactive hyperaemia decreased.

Flow-mediated dilatation is a technique that is modulated by NO. Nitric oxide is
synthesised from the essential amino acid L-arginine via an oxidation process to form NO
and L-citrulline using the enzyme NOS. Nitric oxide then diffuses into the smooth muscle
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cell membrane, binds to guanylate cyclase activating cGMP and resulting in vasodilatation.
Nitric oxide is produced constitutively to maintain vascular tone and blood pressure (26).

Induced reactive hyperaemia stimulates vasodilatation with FMD being an indicator of
stimulated endothelial function (16). The lack of difference in FMD demonstrated in our
study between non-pregnant and pregnant women may be because basally the brachial
artery is already dilated. This could occur because in normal pregnancy there is increased
sensitivity to shear stress which is mediated by NO (263).

Endothelial dysfunction is reported when FMD is reduced (16). In our study FMD
decreased when approaching term. This suggests when assessing FMD in the third
trimester, analysis should be divided into early third trimester (28-32 weeks) and late third
trimester (36+ weeks) or gestational age should be entered into the analysis as a
confounder. This would be important when assessing FMD in pathological conditions
such as pre-eclampsia. We have established reduced FMD is part of the normal
physiology of late pregnancy. This decrease is also consistent with normal pregnancy NO
system activity. Human studies have demonstrated NOS and cGMP levels are at their
highest during pregnancy, are down-regulated at term and in labouring women (526-528).
This would equate with uterine quiescence during pregnancy and the initiation of labour at
term.

Alternatively the decrease in FMD may indicate the NO system is less responsive to shear
stress in late pregnancy due either to the increase in vessel size or the brachial artery
reaching maximum dilatation. The decrease in FMD with large arteries shown by us
(Figure 2.14) and others (16, 107, 207, 208, 535, 540) by the negative correlation between
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FMD and artery diameter occurs because of differences in shear stress, not because of
endothelial dysfunction (108). This would make the reporting of the shear stress stimulus
(usually by reporting volume flow) an important factor. This was not done in a number of
studies assessing FMD in normal pregnancy (532-535, 540).

Consideration of artery size should be made when interpreting the results as it impacts on
FMD. As obese people have larger arteries (348) and obesity correlates negatively with
FMD in non-pregnant people (192, 193) and pregnant women (350-352) the subjects‟ size
could also be a confounder. In our study the women were not in the obese range.

The decrease in peripheral vascular resistance in pregnancy is thought to be mediated by
NO. The measurement of NO levels in pregnancy has produced conflicting results with no
change (522-525) or increases (520, 521) in nitrate and nitrite levels reported. This may be
due to variability in technique and maternal diet when measuring metabolites (522). Our
study showed a progressive increase in basal volume flow throughout normal pregnancy
which would result in increased shear stress on the endothelial cells and would augment
basal NO release. Similar results were demonstrated in two other studies (207, 208).
Using the technique of plethysmography basal blood flow to the hand was significantly
greater in the third trimester of pregnancy compared to first trimester and non-pregnant
women. This was thought to be due to NO release because infusion of the NOS inhibitor
L-NMMA resulted in a greater reduction in flow in pregnancy (7). This work was later
replicated by others (531). Normal pregnancy results in profound changes in the
cardiovascular system (484). The increase in heart rate and alterations in blood pressure
demonstrated in our study, especially the nadir in diastolic BP in the early second trimester
(Table 2.1) are consistent with these changes.
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Other studies assessing FMD in normotensive pregnancy have demonstrated either no
difference between pregnant and non-pregnant women (535, 536) similar to our results or
an increase in FMD in pregnancy (208, 532-534, 540). Most studies have been crosssectional with only two using a longitudinal design (Table 1.1). The two longitudinal
studies were small in number, with one study combining the whole of the third trimester as
one group (207). The other work recruited until 32 weeks gestation (533). Thus neither
study appreciated the fall in FMD in late pregnancy. Savvidou et al. (208) in a crosssectional study reported similar results to our own with FMD increasing until 30 weeks and
then decreasing although they only reported mean FMD values up to 30 weeks in their
analysis.

Cross-sectional studies assessing FMD over the three trimesters also had varied results
with two demonstrating an increase compared to non-pregnant women (207, 540) and one
showing no difference (535). Other cross-sectional studies assessed FMD at only one
point in time in pregnancy (532, 534, 536).

As previously reviewed differences in the results may be due to variations in methodology
such as cuff placement (532, 534), recruitment of smokers (535) and PO vessel diameter
measured at different times (Table 1.1). At the time most of these studies were performed
and designed (including our own) the recommended time for measuring PO diameter was
between 45-60 seconds (16, 96).

A potential limitation of this study is the small number of non-pregnant women recruited
(n=18) as many young women are either using contraceptives or pregnant. As not all the
women returned for the postpartum visit this limited the statistical analysis and may have
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contributed to the non-significant result when comparing FMD during pregnancy and
postpartum. We also did not use an endothelial independent dilator such as sodium
nitroprusside or nitro-glycerine to assess differences in endothelial dependent and
independent dilatation or a NOS inhibitor such as L-NMMA. We did not think this
appropriate due to the multiple studies performed on each pregnant woman. In pregnancy
endothelial dependent FMD and smooth muscle vasodilatation were demonstrated to be
independent of each other using nitro-glycerine (207).

True volume flow is difficult to measure and can present a number of sources of error. To
calculate volume flow a constant angle of 60 degrees and a circular cross section of vessel
is assumed which cannot be guaranteed. A small sample gate was used and sampling
occurred from the centre of the vessel. This would increase the calculated volume flow.
However we were interested in looking at relative changes over time in our normal range
study. While the volume of blood flowing through the brachial artery may not be absolute,
the trend did show a statistically significant increase in volume blood flow throughout
pregnancy.

In conclusion, this technique was well tolerated by all the participants and is a safe, noninvasive test for the pregnant woman and her fetus. This large longitudinal study on a
healthy pregnant population will provide a foundation for future studies assessing FMD in
pre-eclampsia and gestational hypertension in pregnancy. This study has demonstrated
that FMD in normal human pregnancy does not differ to the non-pregnant state. In
pregnancy there is no change in FMD up to 32 weeks gestation then it decreases
significantly at 36+weeks.
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Chapter 3
The relationship between cigarette smoking, endothelial function
and intrauterine growth restriction in human pregnancy.
3.1 Introduction.
Nearly a fifth of Australian women continue to smoke in pregnancy (686) despite the
known dose dependent increased risk of vascular complications in otherwise low risk
women (608, 632). Smoking in pregnancy results in complications at all stages. In early
pregnancy, smoking amplifies the incidence of miscarriage (621, 624). These early
miscarriages may occur because of apoptosis and decreased invasion of the cytotrophoblast
with a resulting increase in placental dysfunction (620). Once a pregnancy is ongoing,
smoking increases the risk of preterm birth (608), placental abruption (601) and placenta
praevia (602). Women who smoke in pregnancy are also at increased risk of delivering
babies with IUGR (603, 627) and increased perinatal morbidity and mortality (601, 603).
All these complications are thought to result from a reduction in blood flow and decreased
perfusion to the placenta with resultant placental injury. Indeed, epidemiological research
suggests that smoking in pregnancy induces vascular dysfunction in the uterus (620).

Even though smoking has numerous deleterious effects on pregnancy it has been shown to
have a protective effect for pre-eclampsia (602) with a 32% dose dependent reduction in
risk (519). This is despite the fact that pregnant smokers who develop pre-eclampsia have
a poorer outcome with increased rates of perinatal mortality, SGA and placental abruption
(601). Smoking in pregnancy is also known to induce endothelial cell injury (651) and
results in reduced NO levels (687). This presents an interesting conundrum on the effects
of smoking on the vascular endothelium in pregnancy, whether it affects endothelial
function and whether endothelial function would differ after chronic or acute cigarette
smoke exposure.
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In non-pregnant people smoking results in reduced dilatation of the vascular endothelium,
that is endothelial dysfunction (177). Other studies have demonstrated no difference in
endothelial function between chronic smokers and non-smokers, but after acute cigarette or
nicotine product use reduced FMD occurred (183, 184). As pre-eclampsia is hypothesised
to result in endothelial dysfunction (2) and smoking decreases the risk of pre-eclampsia it
would seem reasonable to suggest that chronic or acute smoking in pregnancy may
improve endothelial function.

We therefore hypothesised that smoking in pregnancy may provide a protective effect on
the vascular endothelium by demonstrating no difference in vasodilatory endothelial
function when compared to non-smoking pregnant women. The aim of this work was to
compare the chronic and acute effects of cigarette smoking on endothelial function in
pregnant women with non-smoking pregnant women.

3.2 Methodology.
This study recruited pregnant women who stated they smoked 10 or more cigarettes a day
and compared them to pregnant women who did not smoke. The women were studied
between 28-32 weeks gestation. All women were asked to have a low fat breakfast and
refrain from caffeine drinks. Pregnant smokers were asked to abstain from cigarettes from
midnight. Women with any existing medical conditions were not recruited.

Endothelial function was assessed by the ultrasound technique of flow-mediated dilatation
(FMD) as described in chapter 2. The women had a third trimester fetal well-being
ultrasound immediately before the study and their FMD test commenced at 9am. At the
completion of the first test the women had a 10-15 minute break during which time the
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smokers could choose to have none, one or two cigarettes. All the participants could have
a non-caffeine drink. The FMD test was then repeated in the same manner on all
volunteers after 10 minutes of rest to allow for acclimatisation. The break and the repeat
test for the non-smoking women were to measure test-retest reliability. Height, weight and
blood pressure measurements were taken prior to testing with blood pressure re-measured
after the break. All studies and measurements were done by the author (AEQ). Approval
for this project was given by both the Area Health Service and University Ethics
Committees and written informed consent was obtained for enrolment.

3.3 Statistical analysis.
Statistics were performed using the statistical package SPSS 15.0 (SPSS Inc., Chicago, IL).
For normally distributed data, independent t-tests were used with data reported as mean ±
standard deviation (m ± SD). A Mann-Whitney U analysis was used for continuous, nonnormal variables and results reported as median and interquartile range (m [IQR]). For
analysis of the test-retest in the two groups, a mixed between-within subjects analysis of
variance was performed. Categorical data were analysed using Chi-square or a Fishers
Exact Test if cell size was <5. A significance value of P≤ 0.05 was used.

3.4 Results.
Twenty-two women who smoked in pregnancy and 20 non-smoking pregnant women were
enrolled. One woman who smoked was excluded from analysis as she chose not to have a
cigarette in the break. All participants stated no alcohol intake during pregnancy and only
one woman (a smoker) used marijuana occasionally. Women confirmed their consumption
of a caffeine free low fat breakfast. The smoking group also confirmed their smoking
abstention, with several women commenting they had remained awake to have a cigarette
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and coffee at midnight. There was no financial or other incentive for the women to
participate in this study.

There were no significant differences in participant characteristics, including physiological
parameters, at enrolment between the women who smoked (n=21) and the women who did
not smoke (n=20) except for parity (Table 3.1). There were less nulliparous women in the
smoking group. In all, six women who smoked had complications in a previous pregnancy
(Table 3.1). There were no significant differences in the fetal parameters of head
circumference, abdominal circumference and umbilical artery Doppler waveforms at the
time of study (Table 3.1). The self-reported mean number of cigarettes smoked per day
was 15.7 ± 4.9 (range 10-30), with 19 of the women choosing to smoke one cigarette in the
break, and two choosing to smoke two cigarettes.
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Table 3.1: Basal participant characteristics in smokers and non-smokers. Values are reported as m ± SD or median [IQR].
Smoker (n=21)
Non-smoker (n=20)
P-value
26.6 ± 5.8
27.5 ± 5.1
ns
Maternal Age
7/21 (33%)

15/20 (75%)

0.007

Pre-eclampsia (PE)

3/14 (21%)

0

ns

IUGR#

4/14 (29%)

0

ns

Fetal death in-utero (FDIU)†

2/14 (14%)

0

ns

Body Mass Index

28.9 ± 5.9

29.8 ± 5.6

ns

Basal brachial artery diameter (mm)

3.5 ± 0.4

3.4 ± 0.4

ns

Maternal heart rate (bpm)

83 ± 9.2

79 ± 9.3

ns

Systolic BP (mmHg)

113 ± 11.0

111 ± 9.9

ns

Diastolic BP (mmHg)

70 ± 9.5

71 ± 8.3

ns

Gestational Age (weeks)

29.3 ± 1.3

29.1 ± 1.0

ns

Basal volume flow (mL/min)

346 [171-512]

252 [152-385]

ns

Umbilical artery Doppler Pulsatility Index

1.1 ± 0.2

1.1 ± 0.1

ns

Fetal head circumference (mm)

276 ± 26

273 ± 11

ns

Fetal abdominal circumference (mm)

250 ± 14

257 ± 15

ns

Nulliparous
Past obstetric history:

# two fetuses IUGR plus PE. †one fetus FDIU plus IUGR plus PE.
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In the women who smoked the baseline study FMD was significantly lower compared with
the women who did not smoke (P<0.001) (Table 3.2). At the retest, after the women in the
smoking group had a cigarette/s, this significant difference in FMD persisted (P<0.001)
(Table 3.2). The initial FMD calculated when the women abstained from cigarettes for
nine hours displayed no significant difference compared with the FMD after smoking 1-2
cigarettes (Table 3.2). There was also no significant difference in FMD in the nonsmokers between the baseline study and after a 15 minute break (Table 3.2). Smoking a
cigarette significantly increased the maternal physiological variables of heart rate and
systolic blood pressure (Table 3.3). There was no significant difference in heart rate or
blood pressure after the break in the non-smoking group (Table 3.4).
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Table 3.2: FMD (m ± SD) in pregnant women who smoke versus pregnant women who are nonsmokers.

FMD %

Smokers

Non-smokers

P value

(n=21)

(n=20)

Test

4.0 ± 2.3

9.7 ± 4.0

<0.001*

Retest

4.4 ± 2.5

9.6 ± 3.8

<0.001*

P-value

ns#

ns#

* Denotes between groups main effect. # denotes within group interaction effect.

Table 3.3: Maternal physiological variables before and after cigarette smoking (m ± SD).

Maternal characteristics

Baseline (test)

Post cigarette (retest)

P-value

Heart rate (bpm)

83 ± 9.2

94 ± 10.5

<0.001

Systolic BP (mmHg)

113 ± 11.2

117 ± 11.9

0.009

Diastolic BP (mmHg)

70 ± 9.5

73 ± 11.6

ns

Table 3.4: Maternal physiological variables in non-smokers before and after break (m ± SD).

Maternal characteristics

Baseline (test)

Post break (retest)

P-value

Heart rate (bpm)

79 ± 9.3

78 ± 10.5

ns

Systolic BP (mmHg)

111 ± 9.9

111 ± 10.0

ns

Diastolic BP (mmHg)

71 ± 8.3

70 ± 8.0

ns

218

At delivery there was no significant difference in gestational age between the two groups
(smokers: 39.2 ± 1.6 versus non-smokers: 39.9 ± 1.2 weeks). However, birth weight was
significantly decreased in the smoking group (3090 ± 596g) compared to the non-smoking
group (3501 ± 396g) (P=0.014). Growth restriction was evident in the babies of smokers
with 38% (8/21) less than the 10th percentile (P=0.003; Fishers Exact) and 24% (5/21) less
than the 5th percentile (P=0.048; Fishers Exact). Of particular interest, babies whose birth
weight was less than the 10th percentile were born to mothers with a significantly lower
FMD of 4.7 ± 2.2 compared to those whose birth weight was greater than the 10th
percentile (maternal FMD 7.3 ± 4.6 (P=0.03)). There were no small for gestational age
babies in the non-smoking group. Only one woman (a smoker) developed gestational
hypertension at term.

3.5 Discussion.
This study clearly demonstrates that smoking in pregnancy results in significantly reduced
FMD indicating endothelial dysfunction. We believe this is the first study to use the
technique of FMD to report the effects of smoking on endothelial function in pregnant
women. Flow-mediated dilatation in the non-smoking women was the same as reported in
the normal range study (Chapter 2).

The endothelium has many functions including control of vascular homeostasis by
modulating vascular tone, vessel size and the regulation of blood flow. The endothelium
also inhibits inflammation, counteracts the activation of platelets and inhibits proliferation
of the vascular smooth muscle (26). The work in our study has concentrated on endothelial
function in relation to regulation of vascular tone. Endothelial dysfunction occurs when
there is a loss of the functional integrity of the endothelium with a reduction in NO
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production. When this occurs, there is reduced vasodilatation, an increase in the vascular
wall inflammatory response and an increase in thrombotic events (26).

Endothelial dysfunction can result from reduced availability of NO because of altered
eNOS expression, or accelerated consumption of NO by ROS or RNOS (688). Reduced
NOS (647) and eNOS levels (648) have been found in the placentas and umbilical veins
taken from pregnant smokers respectively. The concentration of nitrite and nitrate,
measured as an indicator of NO production was also found to be reduced in pregnant
smokers compared with pregnant non-smokers (687).

A small number of studies have assessed the effects of smoking in pregnancy on the
endothelium. Decreased endothelial dependent dilatation occurred in the aorta of rat pups
after they were exposed to cigarette smoke in utero (652). Smoking was found to be
harmful to the vascular endothelium in a pathological study of human umbilical arteries
(651) and caused degeneration of villous capillary endothelial cells in human placentas
(655). All these studies and our own demonstrate that smoking in pregnancy has a
deleterious effect on the vascular endothelium.

Studies on non-pregnant individuals have demonstrated differing results. One study
assessed the effect of smoking on endothelial function and demonstrated significantly
reduced FMD, indicating endothelial dysfunction with similar FMD results to our work
(FMD = 4.0 ± 3.9) (177). Two studies have assessed the chronic and acute effect of
cigarette smoking by using the test-retest method on non-pregnant participants. The first
study demonstrated no difference in FMD between smokers and non-smokers (both
genders) at baseline after an eight hour break from smoking. A reduced FMD was
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recorded after both smokers and non-smokers smoked a cigarette. This study used a mixed
study group and had small numbers (n=27) which were divided into four groups for
analysis (183). The second study (184) also had small numbers to assess the effects of
smoking a cigarette or using nicotine nasal spray on healthy smoking men (n=8) and
women (n=8). This study demonstrated no effect from the chronic use of cigarettes on
baseline FMD, with the FMD from smokers almost twice that of other studies (FMD =
10.2 ± 4.4 (nasal spray group) and 9.4 ± 3.8 (cigarette group)). A significant reduction in
FMD after both treatments was reported. In this study, the BP cuff was placed on the
upper arm (184) and this has been shown to reflect ischaemia (130), not solely NO
mediated endothelial function.

Since the results of our study were reported other work has been published which is in
agreement. A recent experiment (689) assessed vascular function in pregnant mice
exposed to cigarette smoke and compared them to smoke exposed virgin mice. Both
pregnant and virgin mice not exposed to cigarette smoke were controls. The endothelial
dependent vasodilator metacholine was used to assess endothelial function in uterine,
mesenteric and renal arteries in the pregnant and virgin mice. Fetal weight was
significantly reduced in the mice exposed to cigarette smoke. Endothelial dependent
vasodilatation was significantly reduced in the uterine and mesenteric but not renal arteries
of pregnant mice. This work demonstrates endothelial dysfunction in pregnant mice
exposed to smoke which varies according to the vessel studied.

Other recent work (673, 690) determined the effect of smoking on endothelial function
using FMD in pregnant and non-pregnant women. The study group was comprised of 33
pregnant smokers and 47 pregnant non-smokers, 19 non-pregnant smokers and 34 non-
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pregnant non-smokers. The brachial artery was scanned after lower arm cuff occlusion for
five minutes at 200mmHg. Brachial artery was measured at rest, 30, 60, 90 and 120
seconds post cuff release and FMD calculated as the percentage increase in diameter from
the basal and maximum artery diameter. The pregnant women were scanned between 2428 weeks gestation and pregnant and non-pregnant women were of comparable age
(between 20-30 years old) and size with none in the obese range (BMI between 24 and 25
for all groups). Smoking women were asked to not eat and refrain from smoking from
22:00 the night before. The time of day when they were assessed was not stated. There
was no significant difference in diastolic BP and basal artery diameters between the four
groups. Heart rate was significantly increased in both pregnant groups compared with nonpregnant groups. Systolic BP was significantly increased in the pregnant non-smokers
compared with non-pregnant non-smokers and in non-pregnant smokers compared with
non-pregnant non-smokers. A significant reduction in FMD was recorded in pregnancy in
smokers compared with the non-smokers (8.74 ± 4.83 versus 11.5 ± 5.77; P=0.03). In the
non-pregnant groups FMD was also significantly decreased in the smokers compared with
the non-smokers (7.21 ± 5.57 versus 10.522 ± 4.76; P=0.03). There was no significant
difference in FMD between pregnant and non-pregnant non-smokers (P=0.42) and
pregnant and non-pregnant smokers (P=0.30). Maximum post occlusion arterial diameter
was reached at 60 seconds in all groups (673, 690). This work agrees with the finding
from our study demonstrating endothelial dysfunction in the form of reduced
vasodilatation in pregnant women who smoke.

Cigarette smoke contains many compounds that damage the endothelium (177, 659, 691).
Of these, nicotine the addictive component of cigarettes has been well studied (660, 661).
Acute nicotine infusion has been shown to cause vasoconstriction and endothelial
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dysfunction in hamster cheek arterioles with decreased dilatation noted at low nicotine
levels and vasoconstriction at high levels (668). Nicotine exposure also results in uterine
artery contractions in pregnant ewes (692). This vasoconstrictor effect is via inhibition of
the NO pathway (671, 674, 692). As FMD is a NO mediated technique (17), the above
studies suggest that the decreased dilatation seen in our and the other studies may be via
the effect of nicotine on the NO pathway.

Nicotine also increases heart rate and BP in humans, with heart rate increasing maximally
after the first cigarette of the day. Heart rate then plateaus as tolerance develops (663,
664). A study during pregnancy demonstrated nicotine but not carbon monoxide increased
heart rate and BP after 12 hours of abstinence from smoking (665). Our study
demonstrated no difference in basal BP or heart rate between smokers and non-smokers
after smokers‟ abstinence from cigarettes. Consistent with the literature an increase in
maternal heart rate and diastolic BP occurred after the women smoked their first cigarette
of the day.

Nearly 40% of the babies of women who smoked in this study were growth restricted.
Whilst this number may seem excessive, we did limit the study group to heavy smokers
which could increase the incidence of IUGR. Of particular importance is our finding of a
significant relationship between endothelial dysfunction and IUGR in the women who
smoked. This supports the hypothesis that IUGR is related to endothelial dysfunction
(355). Women who deliver an IUGR baby also have an increased risk for coronary artery
disease in later life further substantiating the link with endothelial dysfunction (355, 693).
Pregnant smokers who delivered a SGA baby have a dose dependent decrease in eNOS
levels in human umbilical vein endothelial cells (648, 649). A quarter of the reduction in
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weight in babies was attributed to the decrease in eNOS (649). These studies suggest
reduced eNOS levels in fetal vessels from maternal smoking may result in vasoconstriction
and partly explain the reduced fetal size.

To obtain ethical approval for this work, limitations were placed on the study design. The
women could not be recruited until 28 weeks gestation because it was considered
necessary to allow them time to quit or reduce their smoking. Recruitment was also
limited to heavy smokers, defined as 10 or more cigarettes a day to ensure we were not
asking the women to smoke more than they normally would. Women were also given the
choice about whether to smoke or not at the break. Smoking status was known at the time
the study was performed and could only have been blinded if someone else recruited the
women. After the break, cigarette smoke was always evident on those who smoked. Bias
regarding smoking status was reduced by measuring the brachial artery offline without
smoking status being known. There was a significant difference in the number of
nulliparous women in each group. In total, four women had a previous adverse pregnancy
outcome (Table 3.1). Persistent endothelial dysfunction cannot be excluded from these
pregnancies. Further studies should compare nulliparous smokers with nulliparous nonsmokers.

Pregnant women who smoke have decreased nitrite and nitrate levels (687), decreased
eNOS levels (692), and as NO is involved in the vasodilatation that occurs in normal
pregnancy (7), a decrease in NO in pregnant smokers would most likely result in decreased
vasodilatation and endothelial dysfunction (543, 612). This was demonstrated in our study
as well as animal (668, 689) and other human studies (673, 690). With endothelial
dysfunction in pregnant smokers, an increased risk of pre-eclampsia would be expected
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(612). Endothelial dysfunction from cigarette smoking may be why pregnant smokers get
worse disease when they do develop pre-eclampsia (601, 603). Women with chronic
hypertension who smoke also have an increased risk of pre-eclampsia (superimposed)
(694) and this may be because of pre-existing, underlying endothelial dysfunction. Our
study, however does not answer the decreased risk of pre-eclampsia from smoking enigma.
Recent work has suggested that carbon monoxide and angiogenic factors may play a role in
this (612, 615, 683).

In conclusion this work has three significant findings. First, it demonstrates pregnant
women who smoke have endothelial dysfunction. Second, using this test-retest method,
this endothelial dysfunction was shown to be persistent. Specifically, FMD in the women
who smoked was the same after a nine hour abstention from smoking as it was after
smoking one or two cigarettes. Third, this work provides evidence of the relationship
between endothelial dysfunction and IUGR. Finally, this study does not support the
concept of smoking in pregnancy providing a protective effect on the vascular
endothelium.
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Chapter 4
Flow-mediated dilatation assessment in women with preeclampsia compared to women with gestational hypertension.
4.1 Introduction.
Pre-eclampsia is a serious disorder of pregnancy with an incidence of between 5-11% (594,
595). Even though pre-eclampsia results in increased morbidity and mortality to the
mother and baby (272) the only treatment remains delivery (596). In Australia, the current
consensus regarding hypertensive disorders of pregnancy is pre-eclampsia and gestational
hypertension are different diseases (249, 251). The alternative hypothesis is that preeclampsia and gestational hypertension are similar diseases sharing a joint pathophysiology
with pre-eclampsia being the more serious progression of the hypertensive disorder (236).
Whilst the diagnosis of pre-eclampsia can be made on the basis of maternal hypertension
and significant proteinuria or hypertension with certain other multi-system disorders (249)
the diagnosis of gestational hypertension is often not made until after delivery when preeclampsia has been excluded. A recent systematic review demonstrated both preeclampsia and gestational hypertension result in long term sequelae in later life in the form
of an increased risk of CVD and hypertension (262).

Pre-eclampsia is thought to be a two stage disorder which originates with the normal
pregnancy specific inflammatory response. This then interacts with an abnormal maternal
constitution where there are risk factors for pre-eclampsia. These risk factors result in or
cause abnormal placentation and placental ischaemia (286). Alternatively normal
placentation may occur and the interaction with maternal risk factors results in altered
placental vascular remodelling (429). Factors are then released from the hypoxic placenta
into the maternal circulation. These proposed factors which target the endothelium
resulting in endothelial dysfunction and/or activation include cytokines (431, 432), STBM
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(407), lipoproteins (433) or the anti-angiogenic factors sFlt-1 and sEng (444). Changes in
the coagulation cascade and/or alterations in the amount of vasoregulators such as NO then
occur resulting in the clinical picture of pre-eclampsia (444). The sub-classification of preeclampsia into early/late disease (265) or placental/maternal disease (415) to define
severity of the syndrome or to explain its heterogeneity has been proposed.

A previous study reported endothelial dysfunction in pre-eclampsia when flow induced
shear stress failed to produce vasodilatation (263). Others have shown increased vascular
activity in women with pre-eclampsia (556). The inconclusive nature of these results could
stem from the small numbers that have been recruited, the methodology used or the
heterogeneous nature of pre-eclampsia. Interestingly, non-pregnant hypertensive adults
have been shown to have endothelial dysfunction in the form of reduced vasodilatation
(10).

Flow-mediated dilatation is a non-invasive method for assessing stimulated NO mediated
endothelial function. Reduced FMD represents decreased vasodilatation and is considered
an indicator of endothelial dysfunction (16). The basal release of NO is involved in the
regulation of blood pressure and SVR. Endothelial dysfunction can occur when there is
decreased availability of NO. Blood pressure has been shown to increase when NO
synthesis is inhibited (44).

The technique of FMD has evolved since its inception by Celermajer and colleagues in
1992 when it was recommended that “peak” arterial dilatation be measured 45-60 seconds
after cuff release (16). Although more recent work has established the validity of the
basics of Celermajer‟s work (such as scanning the brachial or radial artery, lower arm BP
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cuff placement and five minutes occlusion time) in reflecting a mechanism that is primarily
nitric oxide mediated (17), new parameters have been incorporated into the technique.
These include measuring time to maximum dilatation for 90 seconds and normalising FMD
to the shear stimulus response using shear rate (17) and haematocrit (105). Nevertheless,
as with all new techniques, knowledge has evolved regarding the methodology with
complete agreement still to be reached on what is considered best practice.

A study was designed to assess if women with pre-eclampsia have endothelial dysfunction
in the form of reduced vasodilatation. We hypothesised that if women with gestational
hypertension were also found to have endothelial dysfunction, similar in fact to the women
with pre-eclampsia, then it would add further evidence to the theory that pre-eclampsia and
gestational hypertension are related disorders. However, if endothelial function between
the two groups proved to be different, a test that differentiates between pre-eclampsia and
gestational hypertension could prove clinically useful. Therefore the aims of this work
were, one to establish if women with pre-eclampsia have endothelial dysfunction
presenting as vasoconstriction and if women with gestational hypertension have the same
or different endothelial function as women with pre-eclampsia. A secondary aim was to
determine if the FMD results would vary with the addition of the revised techniques.
These revised techniques include measuring time to maximum dilatation for up to 90
seconds and normalising FMD using shear rate and haematocrit.

4.2 Methodology.
This was a prospective cross-sectional study of pregnant women who were recruited on
admission to hospital with a hypertensive disorder of pregnancy. The women were
classified as either having pre-eclampsia or gestational hypertension by the research
criteria published in the ASSHP consensus statement. Hypertension was defined as blood
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pressure ≥140/90mmHg. Women with the additional finding of proteinuria ≥300mg/24
hours were defined as pre-eclampsia and the non-proteinuric group (proteinuria
<300mg/24 hours) as gestational hypertension (249). Self-reported smoking status was
recorded. Treatment with, and type of hypertensive medication at the time of study was
documented. Exclusion criteria were pre-existing medical conditions and multiple
pregnancy. All women were asked to refrain from caffeine and high fat foods and as they
were all hospital inpatients, exercise was kept to a minimum.

The FMD technique that reflects mainly NO dependent endothelial dilatation was used (16,
17) as described in chapter 2. A pressure of 200mmHg was used for BP cuff inflation
unless BP was >180mmHg when the cuff would be inflated to 20mmHg above systolic
pressure. Flow-mediated dilatation which is the percentage difference in basal and PO
brachial artery diameter was calculated. Post occlusion diameter was measured at 45-60
seconds post cuff release as originally described (16) and FMD-original (FMDo)
calculated. No normalisation of results was done for FMDo in line with previous work
(16, 534, 573-576). According to the most recent guidelines, PO brachial diameter was
measured up to 90 seconds (17) with additional diameters averaged from four
measurements at 60-75 seconds and 75-90 seconds post cuff release respectively. The
FMD-maximum (FMDmax) was calculated using the maximum diameter obtained from
between 45-90 seconds.

Pulsed Doppler was used to obtain a VTI at rest and post cuff release. Basal volume flow,
PO volume flow and reactive hyperaemia were calculated as described in chapter 2.
Current literature dictates normalising FMD to the shear stimulus. This is done using
variations of Poiseuille‟s formula to calculate shear rate or shear stress. Shear rate (an
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estimate of the shear stress placed on the endothelial cells from blood flow) was calculated
by the formula: shear rate = velocity/diameter (17). Basal artery diameter was used to
calculate basal and peak shear rates (215) as the artery does not begin to dilate during the
shear stimulus period until approximately 45 seconds post cuff release. By this time the
shear stimulus is decaying (223). Basal VTI and peak VTI were used to calculate basal
and peak shear rates respectively. Shear stress was not calculated as it requires
measurement of viscosity, however haematocrit which is the most significant “determinant
of whole blood shear-dependent viscosity” (219) was obtained from a whole blood screen
taken either on the day of FMD assessment or the preceding day and used to normalise
FMDmax. Ethics approval was obtained from the local Area Health Ethics Committee and
each woman provided written informed consent for enrolment. Recruitment of volunteers,
all studies and measurements were performed by the author (AEQ).

Prior to the FMD test, uterine artery Doppler study was performed. This involves using a
3.5MHz curve linear transducer and the Philips Medical System HDI 5000 ultrasound
machine (Philips Ultrasound, Bothell, WA, USA). With the woman lying in a semi-supine
position, the ultrasound transducer was placed in the right iliac fossa at approximately 45
degrees. Colour Doppler imaging was activated. The maternal iliac artery and vein was
visualised where the uterine artery appears to cross over the iliac vessels (Figure 4.1). The
uterine artery was sampled at this point with pulsed Doppler ultrasound. Pulsed Doppler
velocity was set at 60-80cm/s, the range gate at 5mm and a corrected Doppler angle
between 0-60 degrees was used. Pulsatility index was measured and the absence (Figure
4.2) or presence (Figure 4.3) of diastolic notching was recorded. The process was repeated
in the diametrically opposed left iliac fossa to assess the left uterine artery (695).
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Figure 4.1: Colour Doppler image illustrating the uterine artery where it appears to cross
the iliac vessels.

Figure 4.2: Uterine artery Doppler waveform demonstrating low resistance flow and no
diastolic notch.
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Figure 4.3: Uterine artery waveform demonstrating high resistance flow with increased PI
and diastolic notch.

4.3 Statistical analysis.
Statistical analysis was performed using the Statistical Packages for Social Sciences SPSS
17.0 (SPSS Inc., Chicago, IL). Normally distributed data were analysed using independent
sample t-tests or ANOVA with data reported as mean ± standard deviation (m ± SD). A
factorial analysis of variance was performed for both FMDo and FMDmax. Covariates
added to the FMDo and FMDmax models and removed in a stepwise fashion because of
non-significance were systolic BP, diastolic BP, maternal age, BMI and gestational age at
time of study. The FMDmax was analysed with the significant covariates of peak shear rate
and haematocrit. A post hoc comparison was performed as appropriate. A chi-square test
was used to analyse categorical data. A Mann-Whitney analysis or Kruskal-Wallis test
was used for continuous, non-normal variables and results reported as median and
interquartile range (m [IQR]). Correlation analysis was performed using Pearson
Correlation test. The calculated P-values were 2-tailed and significance was assumed
when P ≤0.05. A Bonferroni correction was made when analysis was done across four
groups with P≤ 0.0125 considered significant.

232

4.4 Results.
Ninety-two women were enrolled. We excluded 16 women, four for existing maternal
disease (type 1 diabetes (n=2), antiphospholipid syndrome (n=1) and pre-existing renal
disease (n=1)) and a further two, who, after review of their records did not meet the criteria
for hypertension. Ten women who smoked were excluded because of small numbers and
because we have shown pregnant women who smoke have endothelial dysfunction
(Chapter 3). Of the 76 remaining women, 38 met the criteria for pre-eclampsia and 38 for
gestational hypertension.

There were similar numbers of women with pre-eclampsia (25/38 (65.8%)) and gestational
hypertension (23/38 (60.5%)) treated with hypertensive therapy at the time of study
(P=0.41). Eighty-five percent (41/48) were solely prescribed methyldopa (a centrally
acting anti-adrenergic); the remainder were treated with methyldopa combined with
labetalol (an alpha-blocker and nonselective beta-blocker), oxprenolol (a beta-blocker) or
hydralazine (a smooth muscle peripheral vasodilator). There was no difference in the
number of nulliparous women in the pre-eclampsia (17/38 (44.7%)) and gestational
hypertension (19/38 (50%)) groups (P=0.41). The participants in the two groups were
evenly matched in baseline characteristics (Table 4.1). In particular there was no
significant difference between the women with pre-eclampsia and gestational hypertension
in BMI and gestational age at time of study. Proteinuria was significantly increased in the
pre-eclampsia group as expected (Table 4.1).
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Table 4.1: Participant characteristics (m ± SD) or median [IQR]) in pre-eclampsia and
gestational hypertension women.

Characteristics

Pre-eclampsia

Gestational

(n=38)

Hypertension

P-value

(n=38)
Gestational age at study

33.9 ± 3.2

35.0 ± 3.0

0.13

Maternal age

28.8 ± 7.2

29.0 ± 4.4

0.86

BMI

32.4 ± 6.6

34.3 ± 6.7

0.22

Proteinuria

850 [435-1170]

155 [0-223]

<0.0001

Highest recorded systolic

158 ± 15.9

155 ± 11.8

0.36

102 ± 10.0

100 ± 8.4

0.46

Basal heart rate (bpm)

81.6 ± 16.7

83.8 ± 14.4

0.53

Basal artery diameter

3.7 ± 0.4

3.9 ± 0.5

0.11

395 [284-517]

472 [275-730]

0.11

2008 [1440-2480]

0.36

371 [220-501]

288 [205-440]

0.21

Basal shear rate (s )

63.0 ± 25.0

65.2 ± 30.4

0.73

Peak shear rate (s-1)

249 ± 67

250 ± 79

0.95

Haematocrit (%)

34.9 ± 2.8

35.6 ± 2.2

0.25

BP (mmHg)
Highest recorded diastolic
BP (mmHg)

(mm)
Basal volume flow
(mL/min)
Post occlusion volume flow 1840 [1533-2116]
(mL/min)
Reactive hyperaemia (%)
-1

For FMDo, there was a significant interaction between pre-eclampsia and gestational
hypertension and medication (P<0.0001), so the diseases were compared separately in the
medication and no medication groups. There was a significant difference at the P<0.0001
level for the four groups. Post hoc comparisons using Tukey HSD test indicated FMDo
was similar in the gestational hypertension-no medication and pre-eclampsia-no
medication (P=0.83) groups (Table 4.2). FMDo was significantly reduced in the
gestational hypertension-medication versus the pre-eclampsia-medication (P<0.0001)
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groups (Table 4.2). All participant characteristics (except proteinuria) were similar when
analysed across four groups (Table 4.3).

For FMDmax the interaction was not significant (both P=0.08) in either unadjusted analysis
or analysis adjusted for the covariates haematocrit (P=0.023) and shear rate (P=0.007).
Therefore means averaged over medication are presented. The FMDmax was significantly
reduced in the gestational hypertension group compared to the pre-eclampsia group
(P<0.0001) (Table 4.2). Seventy nine percent (30/38) of the pre-eclamptic women reached
maximum dilatation by 90 seconds compared to 63% (24/38) of gestational hypertension
women (Chi-square, P=0.16). Dilatation was considered to have peaked at the
measurement before the artery diameter began decreasing. This was seen in all but 8/38
(21%) of pre-eclampsia women and 14/38 (37%) of gestational hypertension women
(Figure 4.4). A significant negative correlation between FMDmax and basal artery diameter
in the pre-eclampsia (r = -0.5; P=0.001) and the gestational hypertension women (r = 0.368; P=0.023) was demonstrated.

Uterine artery Doppler studies were performed on 27 women with pre-eclampsia and 24
with gestational hypertension. Twenty-two percent (6/27) of pre-eclamptic women and
21% (5/24) of gestational hypertension women had bilateral uterine artery notching (Chisquare, P=0.9). There was no significant difference in uterine artery PI in the preeclampsia (1.1 ± 0.5) versus gestational hypertension (1.1 ± 0.4) groups (P=0.69). There
was no correlation between uterine artery PI and FMDmax in the pre-eclamptic (r = 0.023;
P=0.915) or gestational hypertension women (r = 0.2; P=0.333).
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Birth outcomes were available for 34 women with pre-eclampsia and 35 women with
gestational hypertension. The remaining women were lost to follow-up. Babies of
mothers with pre-eclampsia were born significantly earlier than babies of mothers with
gestational hypertension (36.3 [33-38] versus 37.9 [37-39] weeks) (P<0.0001) and were
significantly smaller (2428 [1702-2880] versus 3305 [2690-3545] grams) (P=0.001).
However when individual birth weight percentiles, corrected for sex and gestational age at
delivery were calculated, there was no significant difference (33.2 [13-57] versus 61.4 [2078]) (P=0.12). There were 12 babies (six in each group) with birth weights <10th
percentile. Birth weight percentile and uterine artery Doppler PI correlated significantly
and negatively in the gestational hypertension group (r = -0.553; P=0.014) but not in the
pre-eclamptic women (r = -0.232; P=0.286). Birth weight percentile correlated
significantly with maternal BMI in the pre-eclampsia women (r = 0.339; P=0.05) but not in
the gestational hypertension women (r = 0.308; P=0.072).
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Table 4.2: Comparison of FMDo and FMDmax in pre-eclampsia versus gestational hypertension
(m ± SD).

Pre-eclampsia

Gestational

P value

Hypertension
FMDo, No medication (n)

6.5 ± 4.1 (13)

5.3 ± 3.2 (15)

0.83†

FMDo, Medication (n)

8.8 ± 4.3 (25)

3.7 ± 2.8 (23)

<0.0001†

FMDmax , crude means (n)

9.2 ± 4.0 (38)

5.7 ± 4.0 (38)

<0.0001#

FMDmax, adjusted means (n)

9.3 ± 4.1 (36)

5.7 ± 3.4 (37)

<0.0001#†

FMDo, peak dilatation measured at 45-60 seconds. FMDmax, peak dilatation measured up
to 90 seconds. †Tukey HSD post hoc analysis. #ANOVA. †adjusted for haematocrit and
shear rate.
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Table 4.3. Participant characteristics across the four groups, (m ± SD) or median [IQR]).

Characteristics

Pre-eclampsia &
medication (n=25)

Pre-eclampsia & no
medication (n=13)

33.8 ± 2.9

Gestational
Hypertension &
medication (n=23)
33.8 ± 3.6

P-value

34.7 ± 3.2

Gestational
Hypertension & no
medication (n=15)
36.4 ± 1.9

Gestational age at study
Maternal age

26.8 ± 7.5

29.0 ± 4.1

32.2 ± 5.5

29.1 ± 4.8

0.061

BMI

31.1 ± 5.9

35.2 ± 7.6

34.6 ± 7.7

33.0 ± 4.8

0.165

Proteinuria

900 [420-1260]

145 [0-220]

810 [420-1025]

100 [0-230]

< 0.0001

Highest systolic BP (mmHg)

159 ± 15.5

159 ± 14.7

152 ± 11.5

152 ± 11.2

0.260

Highest diastolic BP (mmHg)

103 ± 9.3

102 ± 9.5

99 ± 10.7

97 ± 5.3

0.273

Basal heart rate (bpm)

77 ± 11.6

79 ± 13.7

90 ± 22.1

91 ± 12

0.008

Basal artery diameter (mm)

3.7 ± 0.4

3.8 ± 0.6

3.7 ± 0.5

4.0 ± 0.4

0.284

Basal volume flow (mL/min)

445 [289-525]

421 [256-625]

368 [262-502]

529 [406-783]

0.188

Post occlusion volume flow

1895 [1563-2111]

1772 [1261-2452]

1641 [1343-2116]

2054 [1698-2481]

0.520

Reactive hyperaemia (%)

382 [254-482]

358 [218-512]

338 [211-522]

256 [195-391]

0.474

Basal shear rate (s-1)

63.9 ± 26.7

66.2 ± 28.1

59.7 ± 22.6

64.8 ± 34.0

0.929

Peak shear rate (s-1)

250 ± 60

272 ± 85

237 ± 73

223 ± 65

0.203

Haematocrit (%)

35.0 ± 0.02

36.2 ± 0.02

34.2 ± 0.03

34.9 ± 0.02

0.117

0.044

(mL/min)
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Figure 4.4: Number of pre-eclampsia and gestational hypertension women to reach
maximum dilatation between 45-90 seconds.
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4.5 Discussion.
This study demonstrates how variations in technique can produce different results. FMDo
was similar in the no medication pre-eclampsia and gestational hypertension groups (Table
4.2). Reduced FMD in this pre-eclampsia group is similar to others who have reported low
FMD as reflecting reduced NO bioavailability and endothelial dysfunction (53, 532, 534,
573-576, 578, 579). The methodology used in these studies varies considerably. Many
used upper arm cuff placement (53, 534, 573, 575, 576, 579) which reflects an ischaemic
effect and is not wholly NO mediated (130). Three studies used an occlusion time of less
than five minutes (574-576) which is insufficient to produce significant dilatation (129).
This demonstrates how the use of a technique that is still evolving can result in differing
interpretations of data.
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We found FMDo was significantly reduced in the medication gestational hypertension
group compared with the medication pre-eclampsia group (Table 4.2). It is difficult to
know if this result could be attributed to the effects of vasoactive medication. Best practice
would involve studying the women before treatment was commenced although this was not
always possible. To my knowledge there are no reported studies examining the effect of
vasoactive medication on FMD in pregnancy. Some work has been done using different
measures of endothelial function. No effect from medication was reported on the stable
NO metabolites nitrate or nitrite in pre-eclamptic women (186). Methyldopa did decrease
sFlt-1 and sEng levels in pre-eclamptic but not gestational hypertensive women. An effect
of medication on the endothelium could not be excluded in this study (187). The FMD
guidelines (96) state that vasoactive medication “be withheld for at least four half-lives, if
possible”. Observational studies should collect data on the type of medication taken.
Medication has been shown to have variable effects (none, increased or decreased FMD)
on the endothelium in non-pregnant people (146, 188-191). The addition of medication
into the FMD picture appears to add another layer of confounding information especially
as it did not have a significant interaction in the FMDmax analysis. This would need to be
addressed in any future studies undertaken.

The FMDmax demonstrated no interaction from the medication between pre-eclampsia and
gestational hypertension women and altered the data interpretation. A significant reduction
in FMDmax in the gestational hypertension group compared to the pre-eclampsia group
(Table 4.2) was found. Both groups of women in our study were obese with the majority
representing late onset disease (Table 4.1). Pre-eclampsia is a disease of contradictions
and theories with endothelial dysfunction being the end point of a two stage hypothesis (2).
Even though one of the functions of the endothelium is the control of vascular reactivity by
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NO production (16), it is unclear whether NO deficiency actually occurs in pre-eclampsia
with several studies demonstrating increased levels of nitrate and nitrite (67, 68, 186, 520,
524, 548) and others demonstrating decreased levels (449, 521, 549, 550) or no difference
(433, 522, 523, 525, 551). The majority of studies using the FMD technique have reported
reduced FMD before the clinical picture of pre-eclampsia becomes evident (Table 1.3)
(353, 588-590, 592). All but one of these studies (589) recruited women who smoked and
two recruited women with risk factors for pre-eclampsia and/or pre-existing medical
conditions (589, 592). These factors may influence these results.

Reduced FMD was also observed in all the studies comparing pre-eclamptic women with
normotensive pregnancy (Table 1.2) (53, 532, 534, 573-576, 578, 579). Direct comparison
of these studies is difficult due to the variations in FMD methodology used and because the
differences in pre-eclampsia definitions may result in women without pre-eclampsia being
recruited. These studies also represent a mixed population sample with early (<34 weeks),
late (≥34 weeks) (265) and mixed gestational age women recruited. Other studies using
different techniques have had similar results to ours, with women having an increased
micro-vasodilatory response before pre-eclampsia develops (557) and when the disease is
present (556). The women recruited by Davis et al. were larger women (BMI 30 ± 2.0)
and late pre-eclamptics (gestational age at delivery 35.6 ± 1.0) (556) and very similar in
demographics to our group. The increased vasodilatation (FMDmax) in our pre-eclamptic
women, similar to the normal range women (Chapter 2) may represent a compensatory
vascular response of the endothelium as a rescue mechanism. Alternatively, the
heterogeneity of the aetiology and multiple risk factors for pre-eclampsia may contribute to
these differing results (3).
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Most work has compared pre-eclampsia with normal pregnancy with very few studies
assessing other hypertensive disorders of pregnancy (gestational hypertension,
superimposed pre-eclampsia, chronic hypertension) using the FMD technique. The
evaluation of FMD in chronic hypertension in pregnancy found reduced endothelial
function, although to a less extent compared with pre-eclampsia (Table 1.2) (573).
Another study could not differentiate between pre-eclampsia and superimposed preeclampsia probably due to small numbers as the pre-eclampsia FMD was more than double
the superimposed pre-eclampsia FMD. Of interest, the women in this study were obese
late pre-eclamptics (Table 1.2) (577) similar to our study.

The only other study that compared FMD in pre-eclampsia and gestational hypertension
(prior to clinical disease) reported opposite findings to our study, that is increased FMD in
gestational hypertension and reduced FMD in pre-eclampsia. None of these women were
obese (Table 1.3) (592) and may therefore represent a different group of pre-eclamptic
women to our study. Normal pregnancy results in increased cardiac output and decreased
SVR (484). The endothelial dysfunction of pre-eclampsia is characterised by vasospasm,
microthrombi and vascular permeability (542) which should result in decreased cardiac
output and increased SVR as demonstrated in the study by Vasapollo et al. (497). The
work by Easterling et al. (491) and Bosio and colleagues (496) demonstrated increased
cardiac output and decreased SVR in pre-eclampsia. Closer inspection reveals the women
in these studies were heavier late pre-eclamptics. The differences in these studies was
explained when it was discovered that in early pre-eclampsia a low cardiac output high
SVR state exists with the opposite occurring in late pre-eclampsia (499).

242

In our study the majority of pre-eclamptic women were obese late pre-eclamptics, most
had normal uterine artery Doppler studies with no correlation between FMD and uterine
artery Doppler PI. Persistent uterine artery notching at 23-24 weeks gestation has been
associated with pre-eclampsia and growth restriction (695, 696) and is associated with an
increased number of ischaemic lesions in the placenta which may represent a placental
ischaemic form of pre-eclampsia (576). We suggest our study represents a different group
of pre-eclamptics to the previously reported decreased FMD studies (Tables 1.2 and 1.3),
similar in fact to the pre-eclamptic women in the studies by Easterling et al. (491), Bosio et
al. (496), Davis et al. (556) and Filho et al. (577) and the pre-eclamptic women without
uterine artery notching in Brodszki and colleagues study (576) (Table 1.2). The risk of
pre-eclampsia increases linearly with increasing BMI (360) and metabolic syndrome is
also a risk factor for pre-eclampsia (371). Our study adds further evidence to the
hypothesis that different forms of pre-eclampsia exist. These results also suggest that late
onset, obesity related pre-eclampsia may not be exclusively an endothelial disease resulting
in reduced vasodilatation.

Reduced FMDmax in the gestational hypertension women suggests possible underlying,
early stage or pre-existing hypertension and endothelial dysfunction. This may explain
their increased risk of later developing CVD and hypertension (262). Our study suggests
that endothelial dysfunction in the form of reduced FMD is not essential for the
development of pre-eclampsia.

The difference between FMDo and FMDmax analysis is due to the pre-eclampsia and
gestational hypertension women taking longer than 60 seconds to reach maximum
dilatation. The FMD technique is still evolving. The latest literature recommends
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continuous recording of post occlusion arterial diameter for 180 seconds (100, 134). A
number of pre-eclampsia studies measured PO arterial diameter for greater than 60 seconds
with two reporting maximum mean dilatation at 60 seconds (534, 576) and others only that
maximum dilatation was measured (573-575). Evaluating TTP dilatation as an adjunct
measure to FMD is also suggested, not only because the endothelium has been shown to
have two separate dilatory periods in normal healthy people (224) with two distinct
mechanisms (endothelial and smooth muscle cell response) (224, 228), but also because
TTP dilatation responds differently in pathological conditions with both early and late
responders demonstrating endothelial dysfunction. The late responders may have later
acting vasodilators other than NO acting as a “compensatory mechanism” when NO
availability is reduced (230).

The FMDmax results may not be definitive as maximum dilatation was not reached in all
women in either group although this was not significantly different. With longer
monitoring, arterial diameter may continue to rise in the gestational hypertension group
negating the significant difference in FMDmax between the pre-eclampsia and gestational
hypertension women. As fewer women had reached maximum dilatation in the gestational
hypertension group by 90 seconds (Figure 4.4), this could result in a longer TTP dilatation
in this group indicating that pre-eclampsia and gestational hypertension are different
disorders. Alternatively, if the significant difference remains, this would also indicate a
different response to NO mediated dilatation in the two groups. We therefore hypothesise
that pre-eclampsia may be a different disorder to gestational hypertension.

Although there is no consensus on normalising shear stimulus to FMD (222), in line with
current literature we also “normalised” our data for the shear stimulus response in the
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FMDmax analysis, that is we adjusted the FMD values to a common value of shear stress
and haematocrit. This did not change the results (Table 4.2). Early work reported volume
flow as an indicator of endothelial shear stimulus although this gives no indication of
frictional force. However, if volume flow and artery diameter are similar (Table 4.1), then
shear rate will be similar (17) as demonstrated by our results.

Limitations of this study are that PO artery diameter was not measured for three minutes.
It is now recommended that continuous simultaneous Doppler velocity and artery diameter
monitoring is done PO so that peak diameter and shear rate AUC can be measured for
FMD normalisation (17). Even so the latest FMD technique consensus statement could not
endorse this as the definitive method (100). Normalisation of FMD by this technique
requires dedicated computer software (135) which our laboratory does not have. Studies
are also needed to assess FMD longitudinally, before pre-eclampsia is evident and when
the clinical diagnosis is made to ascertain when and if FMD changes. Future studies need
to ensure pre-eclamptic women are divided into early and late groups and maternal
demographics such as BMI are reported.

In conclusion this study demonstrates reduced FMD in gestational hypertension women
compared to pre-eclamptic women. Strengths of this study are we excluded women with
medical conditions and smokers, used strict criteria for the diagnosis of pre-eclampsia and
used a NO mediated technique. We hypothesise that pre-eclampsia and gestational
hypertension are different disorders based on the significant difference in FMDmax. We
have assessed variations in the FMD technique in hypertensive pregnant women.
Monitoring PO arterial diameter for more than 60 seconds has resulted in a difference in
FMDo and FMDmax. Previous work assessing FMD in pre-eclamptic women may not be
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definitive due to recent changes in an evolving technique. This study reinforces the
multifactorial nature of pre-eclampsia adding further evidence to the hypothesis that preeclampsia due to maternal metabolic syndrome/obesity is different to the early/placental
disorder.
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Chapter 5
5.0 Conclusion.
5.1 Introduction.
The endothelium is a complex organ that is influenced and responds to differing factors in
a variety of ways. The role of the endothelium in the physiology of pregnancy is now
better understood. Nevertheless the relationship between endothelial function and
pregnancy and hypertensive disorders of pregnancy continues to be a complicated one. A
simple answer to the complex problem of the pathophysiology of pre-eclampsia is unlikely
to be found in the near future.

When this work was commenced the aetiology of pre-eclampsia was unknown and this
remains the status quo although enormous advances have been achieved in the last few
years. Promising advances include the recognition of possible different types of preeclampsia. These different types are the differentiation of pre-eclampsia into early (<34
weeks) and late (≥34 weeks) syndromes. Other types are placental pre-eclampsia and
maternal pre-eclampsia with the recognition of the involvement from underlying risk
factors. These risk factors include the effect of obesity and cigarette smoking on the
endothelium. This has enabled a better understanding of the often conflicting results
reported in the pre-eclampsia literature. Scant literature exists on gestational hypertension.
This may be because earlier literature tended to combine all hypertensive disorders of
pregnancy into a single group called PIH (697). The recognition that gestational
hypertension is not necessarily a benign disease and also results in long term morbidity
may increase the number of studies performed.
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5.2 Summary of this work.
5.2.1 Normal range study.
The first study developed normal range parameters of endothelial function as pregnancy
progressed. Flow-mediated dilatation as a marker of stimulated endothelial function,
changes in basal vessel diameter, brachial artery volume flow and reactive hyperaemia
were measured in 47 healthy pregnant women and 18 non-pregnant healthy women.
Endothelial function demonstrated no change from 11-32 weeks gestation. A significant
decrease occurred at 36+ weeks gestation. There was no significant difference between
pregnancy and postpartum values and non-pregnant values.

5.2.2 The effect of cigarette smoking in pregnancy on endothelial
function.
The acute and chronic effects of tobacco cigarette smoking on endothelial function were
assessed in 21 pregnant women who smoked and compared to 20 non-smoking pregnant
women using a test-retest design. This study demonstrated that both chronic and acute
smoking resulted in endothelial dysfunction compared with the non-smoking controls. The
women who smoked in pregnancy and had growth restricted babies had decreased FMD
compared with women who delivered babies weighing >10th percentile.

5.2.3 The assessment of endothelial function in women with preeclampsia and gestational hypertension.
This study on the hypertensive disorders of pre-eclampsia and gestational hypertension
examined 38 women in each group. Women with gestational hypertension had decreased
FMD which is considered indicative of endothelial dysfunction. The women with preeclampsia had FMD similar to the women in our normal range group. Both groups of
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pregnant hypertensive women were in the obese range, the majority had normal uterine
artery Doppler studies and were late gestational age pre-eclamptics.

5.3 Discussion.
The work in this thesis has concentrated on assessing endothelial function in pregnancy as
measured by the ultrasound technique of FMD. The endothelium exerts control over
vascular homeostasis by the production of numerous vasoconstrictors, vasodilators and by
the various haemodynamic forces that occur. The normal range study demonstrated that
whilst basal brachial artery vessel size increased progressively throughout pregnancy,
endothelial function remained constant until the late third trimester when FMD decreased.
The decrease in FMD in late pregnancy may be consistent with the decrease in eNOS and
cGMP that occurs in the third trimester of pregnancy. The failure of FMD to increase
throughout pregnancy may also be due to the relationship between vessel size and the shear
stress placed upon the endothelium. The degree of FMD that occurs is inversely correlated
with vessel size. Therefore the increase in basal artery diameter with increasing gestation
would result in decreased shear stress and less dilatation of the artery.

Both chronic and acute smoking in pregnancy was shown to have a deleterious effect on
the vascular endothelium in normal pregnancy in the form of reduced dilatation. Pregnant
women with the lowest FMD also had smaller babies. The original hypothesis was that
smoking may provide a protective effect on the vascular endothelium. This has been
disproved. Although smoking reduces the risk of pre-eclampsia the results of this study
demonstrate tobacco cigarettes do not protect the vascular endothelium. This further
reinforces the message that smoking is harmful to both mother and baby and should be
discouraged. None of the pregnant women in this study who smoked developed pre-
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eclampsia. This suggests large vessel endothelial dysfunction in the form of reduced
vasodilatation is not an essential precursor to pre-eclampsia.

The final study has demonstrated that women with gestational hypertension have
endothelial dysfunction and this may explain the increased risk of future CVD in these
women. These results suggest these women may be presenting with underlying, early
stage or pre-existing hypertension. My study could not differentiate between obese women
with a late form of pre-eclampsia and normal pregnancy. A careful review of the literature
found similarities between the women in my study and in studies with previously
unexplained findings such as decreased SVR and increased cardiac output or increased
microvasodilatory response in pre-eclampsia. My study and others have demonstrated that
late onset obesity related pre-eclampsia does not result in reduced FMD. The important
effect of maternal characteristics such as obesity and metabolic syndrome and the
differences made by gestational age are becoming apparent. The multifactorial nature of
pre-eclampsia may contribute to these results. It has been suggested that the FMD test may
be a useful predictive test for pre-eclampsia. My work would suggest this would not be the
case in obese late onset pre-eclampsia.

5.4 Future directions.
Flow-mediated dilatation is an evolving technique with complete agreement on
methodology still to be reached. Future studies should concentrate on using a NO
dependent technique (monitoring of the brachial or radial artery with five minute lower
arm cuff occlusion). The reporting of shear stress to ensure any differences found are not
due to differences in the shear stimulus should occur. Monitoring of post occlusion
dilatation also needs to be done for at least 180 seconds to ensure that maximum dilatation
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is reached. Adherence to these principles would remove extraneous variables that may
confound the results.

Further studies to determine if endothelial dysfunction persists in pregnant women who
have ceased smoking prior to pregnancy or who have reduced their level of smoking to less
than five cigarettes a day during pregnancy would be informative. A positive effect on the
vascular endothelium in women who reduce or cease smoking would provide positive
reinforcement to the public health message about the benefits of ceasing smoking.
Nicotine patches are used in pregnancy (698). A study assessing whether nicotine patches
affect endothelial function in pregnancy may provide more information regarding the
effect of nicotine on endothelial function in pregnancy.

It has become evident that many factors play a part in the hypertensive disorders of
pregnancy. The hypertensive population in the Greater West area of Sydney appear to be
distinctive due to their size. This could provide opportunities to study in more detail the
effects of obesity and metabolic syndrome on the hypertensive disorders of pregnancy.
The comparison of obese women with normal weight women in both normal and
hypertensive pregnancy would be educational. It would also be interesting to know what is
occurring to their biochemical profiles (adiponectin, other adipocytokines and angiogenic
factors) and correlate this with FMD. As pre-eclampsia is also thought to be a
placental/early gestational age disorder or a late gestational age/maternal disorder, the
effect on fetal growth, fetal Dopplers and maternal uterine arteries and the correlation with
placental histology and FMD would be of interest.
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In conclusion, more research is required regarding endothelial dependent vasodilatation in
pregnancy. The work in this thesis supports the concept of pre-eclampsia being a
multifactorial disease. This work also demonstrated that women with gestational
hypertension may present because of underlying endothelial dysfunction. Although
smoking provides a protective effect for the development of pre-eclampsia, it does not
protect the endothelium from the deleterious effects of cigarette smoking.
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Appendix.
Adventitia (zone 1)
Media (zone 2)
Intima (zone 3)

Lumen (zone 4)
Intima (zone 5)
Media (zone 6)
Adventitia (zone 7)
Figure: Schematic diagram of an artery demonstrating the layers of the vessel wall and
lumen as seen by ultrasound. To measure the lumen diameter of a vessel (double head
arrow), it is necessary to measure from the leading edge of echo zone 3 (thick arrow) to the
leading edge of echo zone 5 (thin arrow), that is from the media–intima interface to the
intima–media complex.
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