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ABSTRACT

BACKGROUND

Hypertensive disorders of pregnancy are the second commonest cause of morbidity and mortality in
pregnancy. Severe pre-eclampsia is a hypertensive emergency with a high mortality rate. Even in
survivors of pre-eclampsia, the lifelong risk of cardiac events is increasedUntreated hypertension results
in target organ damage in organs which are supplied by a pulsatile blood flow, such as the kidneys and
the brain.

AlM

Although blood pressure (BP) reduction in severe pre-eclampsia is well recognised as preventing the
complications thereof, the impact of BP reduction on central arterial pulsatile load mediated by wave
reflection, which is not detected at the brachial pulse, is unknown.

METHODS

Using non-invasive tonometric approaches and wave separation analysis (SphygmoCor software) the
impact of BP reduction using standard pharmacological approaches on central arterial pressure waves
was determined in 19 women with a de novo diagnosis of severe pre-eclampsia.

RESULTS

Whilst brachial BP was markedly reduced (p<0.0001), brachial pulse pressure (PP) failed to show
significant decreases (p=0.10) with therapy. In contrast, even after adjustments for steady component
pressures (mean arterial pressure) central arterial PP (PPc) decreased (p<0.01) and this change was
attributed to an attenuation of reflected (backward wave, Pb) (p<0.05), but not forward (p=0.64) wave
pressures. Although pharmacological reduction in BP was strongly associated with decreases in
arteriolar tone (as indexed by mean arterial pressure, MAP), the strong relations between decreases in
Pb and PPc (p<0.0001) were unaffected by adjustments for MAP.

CONCLUSION

This study is the first to assess the effect of antihypertensive therapy on central aortic pressures in a
hypertensive emergency. Central arterial pulsatile load is decreased by standard pharmacological
approaches to managing hypertensive emergencies in pre-eclampsia. Importantly, this effect is through
an impact of therapy on wave reflection independent of arteriolar function and no peripheral BP

measure adequately indexes this beneficial effect.
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INTRODUCTION

Globally, hypertension is a major cause of morbidity and mortality in pregnancy(Deaths, 2015
#30;Pattinson, 2006 #6;Say, 2014 #7;Theron, 2011 #31). As noted in the last four confidential enquiries
into maternal deaths, hypertension is the second commonest cause of maternal death in South Africa
(1, 4-6) and was identified as the cause of greatest concern in the last enquiry (6). Hypertensive disorders
of pregnancy are diagnosed after 20 weeks’ gestation and are classified according to changes in
biochemistry, haematology and the presence or absence of proteinuria (7, 8). Pre-eclampsia is
characterised by a blood pressure (BP) between 140-159mmHg systolic and/ or 90-109 mmHg diastolic
BP and is associated with at least 1+ proteinuria on a midstream urine sample measured with a standard
reagent strip or a urine protein: creatinine ratio greater than 30mg/mmol without target organ damage
(7, 8). Pre-eclampsia is further classified in terms of its’ onset during gestation, where early and late
onset occur before, and after 34 weeks’ gestation, respectively. Pre-eclampsia may progress to severe
pre-eclampsia, which is defined as pre-eclampsia with a systolic BP greater than 160mmHg or a diastolic
BP > 110mmHg or with signs of organ dysfunction, such as renal, hepatic or central nervous system
dysfunction. Pre-eclampsia may subsequently progress to become eclampsia, which is characterised by
raised intracranial pressure, resulting in seizures. Pre-eclampsia may also be accompanied by a
syndrome characterised by the presence of hypertension, elevated liver enzymes and low platelet
counts (HELLP syndrome), the consequences of which are organ dysfunction and a higher risk of
morbidity and mortality (7).Thus, several pathophysiological changes may occur in pregnancy-

associated hypertension which ultimately lead to advanced clinical complications in pre-eclampsia.

Cerebrovascular changes are the major cause of death from pre-eclampsia, with intracranial
haemorrhage accounting for most deaths(9-12). For a number of reasons women of African ancestry
are three times more likely to die from intracerebral haemorrhage than any other group (13). Data to
show the importance of intracranial haemorrhage as the major cause of death from pre-eclampsia came
from the MAGPIE trial conducted prior to the worldwide acceptance of magnesium sulphate as a
treatment for the prevention of target organ damage associated with pre-eclampsia (14). The MAGPIE
trial marked a significant shift in treatment of eclampsia and subsequently the incidence of
cerebrovascular haemorrhage decreased in economically developed countries(14). Other causes of
death have subsequently emerged, with multi organ damage including renal and hepatic failure and
pulmonary oedema (15) occurring more frequently than before. However, cerebrovascular
haemorrhage remains the primary cause of death in pre-eclampsia in the developing world (12, 16).

As shall be discussed later in this chapter, the cause of organ failure in severe pre-eclampsia is

recognised as being a consequence of several changes at a cellular level. However, these changes are
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associated with an increased susceptibility to damage produced by a raised pressure load (hypertension)
and an increase in blood pressure per se. Thus, treating BP levels to target is well recognised as
preventing the complications of pre-eclampsia. Despite recent advances in guidelines regarding the
treatment of pre-eclampsia (7, 17), the haemodynamic management of pre-eclampsia nevertheless
remains a challenge for the obstetrician and the peri-operative physician. Importantly, what has not
been given significant attention is the relative role of different components of central as opposed to
peripheral arterial BP load in mediating the adverse effects of BP in pre-eclampsia; whether changes
noted in the central arterial pulse are adequately managed by current approaches to treating pre-
eclampsia; and from peripheral arterial BP measurements how best to identify whether these central
arterial effects have indeed occurred. In the present chapter | will therefore describe the contemporary
view of the haemodynamic components of BP that cause cardiovascular damage; explain how the
peripheral arterial pulse is in-part limited in the ability to detect these central arterial loading conditions

and in so doing, identify the importance of the question addressed in the present dissertation.

1.1 Steady-state versus pulsatile pressure load

The adverse effects of hypertension are currently viewed as being mediated by increases in a steady-
state or a pulsatile pressure load. While steady-state pressure loads are best indexed by mean arterial
pressure (MAP), for convenience, diastolic BP (DBP) is generally employed as a surrogate thereof. In
contrast although pulsatile load is best indexed by pulse pressure (PP=Systolic BP-diastolic BP), for
convenience systolic BP (SBP) is employed as a surrogate thereof. The argument as to the relative
importance of steady-state and pulsatile loads as causes of cardiovascular damage has largely originated
from debate over the last century as to the importance of SBP versus DBP. For many years DBP was
considered the only BP component of hypertension that can be modified, and thus was considered as
being the primary target for antihypertensive treatment. In this regard, isolated increases in SBP
(isolated systolic hypertension, ISH) were initially thought to represent a benign adaptation to
progressive arterial vessel stiffening associated with old age (18). The Framingham Heart Study, as well
as other studies, nevertheless demonstrated that SBP was an important determinant of morbidity and
mortality. Indeed, SBP has been shown to be a greater predictor of mortality than DBP (18) with SBP
showing a predictive value independent of the effects of DBP after the age of 50 years (19). Further
work has highlighted the importance of ISH as a key cause of cardiovascular events. Indeed, landmark
trials such as the Systolic Hypertension in the Elderly Program (1) and the SYST-EUR and SYST-CHINA
trials have demonstrated the importance of decreasing SBP and PP without necessarily modifying DBP

in those with largely increases in SBP and PP in cardiovascular risk reduction (21, 22). The therapeutic
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targets for antihypertensive therapy are therefore well accepted as including both systolic and diastolic
BP components. As such, steady-state and pulsatile pressure loads are presently considered as
modifiable and important targets for risk reduction in hypertension. However, as will be discussed the
pulsatile components of BP that cause cardiovascular damage are often not detected with a brachial BP

measurement.

1.2 Pulse pressure in central and peripheral arterial pulses

As highlighted in above discussion the deleterious effects of increases in SBP are largely accounted for
by PP effects (23, 24). In this regard, PP increases from the central aorta to the peripheral arteries, an
effect referred to as PP amplification. Pulse pressure amplification is the consequence of differences in
the characteristics of arteries in the central aorta as compared to the periphery. Thus, a decrease in
vessel diameter and in the elastin to collagen ratios characterise more peripheral as compared to more
central (aorta) arteries. The decreased elastin-to-collagen ratio generates a greater stiffness (less
compliance) in more peripheral vessels. In this regard, a fundamental functional role of the aorta is to
store elastic energy during ventricular ejection so that recoil of this normally compliant vessel maintains
forward flow in the diastolic period when the heart is relaxing. To generate elasticity, the aorta contains
a high proportion of elastin and a low proportion of the stiff collagen molecule. In contrast, peripheral
vessels do not contribute to the ability to maintain flow in diastole and hence contain far less elastin
and far more collagen, the consequence being that they are stiffer and less compliant than the aorta.
Thus, as a pulse wave generated in central arteries (proximal aorta) travels peripherally to the brachial
artery it encounters decreased diameter and stiffer (less compliant) vessels and thus an increased
resistance to forward flow in a pulsatile system (known as impedance) (25-27). The greater impedance
to flow generated from central to peripheral arteries (often called an impedance mismatch) therefore
amplifies the pulse as it travels outward resulting in a more pronounced peak of the pressure wave
(Figure 1.1). The peak of the peripheral pulse wave is obviously SBP. In contrast, DBP (or the trough of
the forward travelling pressure wave), which is not determined by the impedance to flow, but rather by
arteriolar function which generates systemic vascular resistance (SVR), is unaffected by differences in
central and peripheral arterial pressures (28). As the peripheral pulse is strikingly different from the
aortic pulse, over the past several decades it has been questioned as to whether non-invasively

determined central arterial
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Aorta Carotid Brachial Radial

Figure 1.1 Arterial pressure waveforms determined from central to peripheral vessels, illustrating the
increase in pulse pressure (pulse pressure amplification) which occurs from the central aorta to the

peripheral pulse. (Adapted from McEniery, 2014).
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pressures better index the adverse effects of BP than brachial BP measurements. In this regard, adverse
effects produced by several factors that influence central arterial loads have been demonstrated to
predict risk beyond brachial BP. What then are the factors which determine pulsatile load in central

arteries that may not be adequately detected at the peripheral pulse?

1.3 Components of central aortic pulsatile load (forward and backward waves).

The central arterial pulse wave which determines PP and hence SBP centrally, is comprised of both
forward and reflected (backward) travelling pressure waves (29) (Figure 1.2). During ventricular
ejection, the contracting left ventricle generates a forward travelling pressure wave that as with any
oscillating wave (such as a sound wave) is then transmitted throughout the systemic arterial tree. When
oscillating pressure waves reach areas of bifurcation, the impedance mismatch (change from a very
compliant aorta to less compliant peripheral artery) results in wave reflection and the oscillating
reflected pressure wave travels back up the arterial tree to the proximal aorta. Several points of
impedance mismatch occur along the arterial tree resulting in the generation of multiple oscillating
reflected waves. These oscillating reflected pressure waves travel sufficiently rapidly that they meet the
oscillating forward travelling pressure wave at various points along the arterial tree. As with any
oscillating wave, the forward and reflected waves are often timed so that at points where antinodes
overlap, summation of the two waves will occur . Although innumerable reflected pressure waves are
generated at multiple points in the arterial tree, many will return to the aorta and summate together to
generate what appears to be a single reflected wave (backward wave, the peak of which is designated

Pb) in the proximal aorta (Figure 1.2)(23).

Importantly, at a peripheral level, as reflected waves do not have far to travel before encountering
forward waves, reflected wave antinodes will occur close to forward wave antinodes, producing
maximal summation and generating a pressure wave which appears as a single pulsatile wave (30). In
contrast, closer to the proximal aorta reflected waves will have had further to travel before
encountering forward waves. Thus, the chances of reflected wave antinodes being synchronised with
forward wave antinodes decreases with significantly less summation occurring, generating a pressure
wave which appears as two pulsatile waves with a first and second systolic shoulder (Figure 1.2). In
children and adolescents, the reflected wave travels sufficiently slowly that it only summates with the

forward wave in diastole, an effect that enhances diastolic BP and thus coronary perfusion
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Figure 1.2 Aortic pressure wave (upper panel) and forward and backward travelling pressure
waves (lower panel) showing (arrows) peak aortic pulse pressure (PPc), peak forward (Pf) and
peak backward (2) pressures. Note that the forward and backward waves summate centrally to
produce an aortic pressure wave with a first and a second systolic shoulder (upper panel) where

the second systolic shoulder is the peak of aortic PP.
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pressures, contributing to increases in coronary flow during exercise (30). As the reflected wave occurs
in diastole at this age, it does not contribute to central arterial PP and SBP. However, from early
adulthood, reflected waves arrive sufficiently early in the central aorta that summation with the forward
wave markedly augments central arterial PP and SBP (Figure 1.2) (30). It is now recognised that wave
reflection is a major determinant of central arterial PP and SBP (30). As peripherally reflected wave
antinodes closely correspond with forward wave antinodes, one would expect that the impact of wave
reflection that occurs centrally is closely indexed by BP at the brachial pulse. However, as will be

discussed, this is indeed not the case.

1.4. Why do changes in the peripheral pulse not adequately index central arterial pulsatile
load?

In the aforementioned section | provide an important reason as to why brachial PP and SBP markedly
overestimate central arterial PP and SBP. To reiterate, while central arteries have a low stiffness and
high diameter, peripheral arteries have a low diameter and high stiffness, the consequence being an
impedance mismatch between central and peripheral arteries. However, the question is whether this is
a systematic error that can simply be corrected for and hence that changes rather than absolute values
of brachial PP and SBP closely index central arterial PP and SBP? In this regard, there are two reasons

why changes in brachial PP and SBP do not appropriately index changes in central arterial PP and SBP.

Increases in forward travelling wave pressures are generated by the product of peak aortic flow (Q) and
the impedance to flow in the proximal aorta (in the absence of wave reflection this is called
characteristic impedance, and is designated as Zc). Importantly, aortic Zc is determined by aortic
diameter and stiffness in the proximal aorta. As aortic stiffness increases (and hence forward wave
pressures increases), the stiffness of more distal arteries may remain unchanged. The impedance
mismatch between the aorta and more distal vessels decreases and while aortic forward wave pressures
and hence aortic PP and SBP increase when stiffness of the aorta increases, brachial PP and SBP increase
to a lesser extent. Thus, increases in forward wave pressures and hence central arterial PP do not
faithfully translate into increases in brachial PP and brachial PP changes do not closely index aortic

stiffness induced increases in central arterial PP and SBP.

The second reason why brachial PP and SBP do not adequately index changes in central arterial PP and
SBP is through the impact of reflection phenomena. As indicated in the aforementioned discussion,

peripherally reflected waves have a greater impact on PP and SBP than centrally reflected waves and
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hence one may infer that peripheral BP should closely index changes in wave reflection. However, it is
now recognised that variations in central arterial Pb are determined largely by variations in wave
reflection from the lower part of the body (30). In contrast, the impact of wave reflection of the brachial
pulse is derived from waves generated in the upper limb which contribute little to variations in central
Pb (30). As variations in wave reflection centrally are more closely related to central arterial than
peripheral PP and SBP, an assumption is that variations in wave reflection from the lower half of the
body differ markedly from those generated in the upper limb. Reflected waves generated from the
lower half of the body are transmitted outward, forming a second systolic shoulder on the peripheral
pulse, unlike the central arterial pulse where these reflected waves augment PP producing a second
systolic shoulder that is higher than the first. In the peripheral pulse they do not augment PP and thus
produce a second systolic shoulder that is lower than the first (31). Thus, increases in backward wave
pressures and central arterial PP do not faithfully translate into increases in brachial PP, similarly
brachial PP changes do not closely index reflected wave pressure-induced increases in central arterial

PP and SBP.

1.5 Determinants of the component waves of central arterial pulse pressure. Possible
changes in pregnancy

As indicated in the aforementioned sections, two pressure waves contribute to central arterial PP and
hence SBP, the forward travelling pressure wave and the backward or reflected pressure wave. What
are the determinants of the above pressure waves and how may these factors change in pregnancy-

associated hypertension?

1.5.1 Forward wave pressures

The forward travelling pressure wave is determined by the product of peak aortic Q and proximal aortic
Zc (26). Therefore, the forward wave is driven by the factors that determine stroke volume including left
ventricle (32) contractility and increases in blood volume which influence LV filling volumes (Frank-
Starling effects). Several additional factors determine peak aortic Q other than stroke volume including
ejection duration (stroke volume may increase without increasing peak aortic Q through a prolonged
ejection duration and hence a longer period for ejecting a higher volume of blood). However, the major
determinant of peak aortic Q is stroke volume and as shall be discussed, a major determinant of stroke

volume (33)(and thus possibly peak aortic Q) in
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Figure 1.3 Peripheral (radial) pressure trace (left panel) and central (aortic) pressure trace (right
panel) derived from a generalised transfer function incorporated in SphygmoCor software. Sp,
systolic blood pressure; Dp, diastolic blood pressure; MP, mean arterial pressure; PP, pulse
pressure. Note that while centrally the second systolic shoulder is higher than the first and
hence adds to PP, peripherally the second systolic shoulder is lower than the first and hence is

not a determinant of PP.
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pregnancy is an increased blood volume and the Frank-Starling effect. Therefore, pregnancy-associated
hypertension is likely to be related to an increased central arterial PP and SBP mainly through the impact

of an enhanced blood volume and hence peak aortic Q. What of changes in proximal aortic Zc?

As indicated above, proximal aortic Zc is determined by two factors: aortic diameter (a decreased
diameter will increase resistance to flow and hence Zc) and aortic stiffness. In this regard, aortic
diameter increases with aging (30), a change thought to occur as compensation for increases in aortic
stiffness, but a lesser degree of aortic dilatation may contribute to ISH (30). In contrast, through the
impact of risk factors (mainly constant pulsatile load produced by BP effects) aortic stiffness increases
with age. As a result, constant pulsatile load produces fragmentation and destruction of the aortic elastic
lamina and replacement with collagen fibres, diabetes mellitus (through advanced glycosylation
products) and oxidative stress (another risk factor) enhance collagen cross-linking and increase the
tensile strength of collagen, and calcification of the aorta produced by a variety of factors decreases
tissue elasticity (34). Although none of the aforementioned changes are likely to account for pregnancy-
associated increases in PP and SBP, an important factor often ignored is the impact of distending

pressures on aortic stiffness and hence on Zc and the forward travelling wave pressures.

Aortic stiffness is defined as the change in pressure that occurs for a given change in volume and the
relationship is exponential in nature (Figure 1.4). As indicated in figure 1.4, an increased aortic stiffness
produces a left shift in the pressure-volume relationship so that for a given change in volume, a greater
increase in pressure occurs. Increasing volume in the aorta will shift the point up the pressure-volume
curve so that it generates a similarly high pressure as that noted at a lower volume in an aorta that is
much stiffer (Figure 1.4). This effect is often referred to as a passive change in aortic stiffness, where
although the properties of the aortic wall are unchanged, stiffness is modified. What then determines
aortic volume? In this regard, distention of the aorta is driven entirely by mean arterial pressure (MAP)
and hence MAP is not only referred to as steady-state pressure, but also to distending pressures. As
MAP is determined by the product of systemic vascular resistance (SVR) and cardiac output (CO)
assuming right atrial pressure is 0 mm Hg, and CO is determined by SV and heart rate, through increases
in blood volume and hence SV (Frank-Starling effect), an increased forward wave pressure and hence
central aortic PP and SBP in pregnancy-associated hypertension may be increased not only by an
enhanced peak aortic Q, but also by distending pressure effects on aortic stiffness and hence Zc.

Moreover, as SVR may be increased in pregnancy associated hypertension (see later), further
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Figure 1.4 Alterations in the aortic pressure-volume relationship. Increases in aortic stiffness shift the
relationship to the left so that for a given volume in the aorta, pressures are higher (arrow with closed
lines). However, changes in volume will also shift the point of the relationship so that even if stiffness is
low (right curve) pressures will be high if volume is high (arrows with dashed lines). Thus, decreases in
volume, caused by reductions in distending pressures (mean arterial pressure, MAP) will reduce the

pressure in the aorta.
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increases in distending pressures and hence aortic stiffness and forward wave pressures may occur

further magnifying the impact on PP and SBP.

1.5.2 Reflected waves

For several years, the impact of wave reflection was seen more as a curiosity than an important clinical
concept. This was in part because reflected waves were so strongly driven by the impact of forward
wave pressures and also because through dampening effects as pressure waves travel through the
arterial tree, reflected wave pressures are always smaller than forward wave pressures (Figure 1.2).
With respect to the dependence of reflected waves on forward waves, through Newton’s Laws of
Motion (inertial effects and for every action there is an equal and opposite reaction), increases in
forward wave pressures usually result in increases in backward wave pressures. However, several lines
of evidence now show that wave reflection is driven by factors beyond forward wave pressures and that
the impact of wave reflection on end organs is often well beyond forward wave pressures. Indeed, age-
related increases in wave reflection are marked before and after 50 years of age while forward wave
pressures only begin to increase after 50 years of age(35, 36) (37, 38). Moreover, the impact of reflected
wave pressures on cardiovascular end organ damage and events is often well beyond that of forward
wave pressures (37, 39-43). Increases in wave reflection are attributed to alterations in the vasculature,
with increases in arteriolar tone and more proximal arterial vessel tone producing marked effects on
wave reflection. Through harmonic effects on oscillating waves, decreases in heart rate and the effects
of a lower frequency increase the amplitude of the reflected wave (44-47). Could pregnancy-associated
hypertension alter the magnitude of wave reflection? First, through Newton’s Laws of Motion
pregnancy-associated increases in forward wave pressures (associated with increases in Zc and peak
aortic Q) may enhance the magnitude of backward wave pressures and thus central arterial PP and SBP.
Second, as shall be discussed, SVR (arteriolar tone) may increase in pre-eclampsia and through arteriolar
effects wave reflection may thus also increase. Thus, there are several potential changes that may occur

in pregnancy-associated hypertension that cause an increase in central arterial pulsatile load.

1.6. The haemodynamic consequences of pregnancy

To understand the pulsatile pressure effects of pregnancy-associated hypertension, an understanding
of the haemodynamic changes which occur in a normal pregnancy and in hypertensive disorders of
pregnancy is required. Pregnancy is associated with a progressive increase in nutrient supply following

a greater demand as the body works to support a developing foetus (48, 49). Echocardiographic findings
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at gestational term include a greater SV, CO, as well as an increase in left and right ventricular chamber
sizes consistent with increases in filling volumes and a Frank-Starling effect (49, 50). These changes are
reversed after pregnancy (48). However, SVR is reduced in pregnancy (an impact of hormonal changes
such as progesterone), thus resulting in a progressive reduction in BP in pregnancy despite marked
increases in SV and CO and hence presumably peak aortic Q (49, 50). Consequently, decreases in SVR
will reduce MAP and hence aortic distending pressures, opposing the impact of increases in aortic Q on
forward wave pressures and PP or SBP or the effect of forward wave pressures on the magnitude of
reflected waves and hence central arterial PP and SBP. Inconsistent changes in indices of aortic stiffness
have been reported with no significant change throughout pregnancy or between pregnant and non-
pregnant controls in some studies (50, 51) whilst others report a reduction in aortic stiffness until the
third trimester(52, 53). Reductions in aortic stiffness would be through passive effects of aortic
distention mediated by decreases in MAP and would further contribute to reductions in Zc and hence

forward wave pressures and PP or SBP.

1.7.  Pre-eclampsia and associated cardiovascular risk

Several changes occur in pre-eclampsia that enhance the risk of a cerebrovascular events. These include
changes at a cellular level and in several haemodynamic factors beyond what is noted during a normal
pregnancy. In the following section | will discuss the pathogenesis of pre-eclampsia highlighting the
factors which may ultimately lead to cerebrovascular events. In so doing | will indicate how
pathophysiological changes in pre-eclampsia may translate into adverse effects in central arteries that

may not be detected at the peripheral pulse.

1.7.1 Pathogenesis of pre-eclampsia

Although the pathogenesis of pre-eclampsia is poorly understood, many theories have emerged,
including poor embryological trophoblast invasion, oxidative stress, endothelial cell dysfunction and
immunological dysfunction (54, 55). A two-stage model of pre-eclampsia has been proposed, with the
first stage resulting from an ischaemic placental condition and the second stage associated with a
pathological maternal condition, where placental ischaemia results in angiogenesis and the release of
multiple soluble substances into the bloodstream (56). In occurrence with the second stage, widespread
endothelial damage, as evidenced by a disrupted glycocalyx is believed to be a contributor to the
outcomes observed in pre-eclampsia (55). Despite the fact that a consensus regarding the pathogenesis

still needs to be reached, it is agreed that pre-eclampsia is associated with diseases where microvascular
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pathology occurs (for example, hypertension and diabetes mellitus) and in maternal conditions where

the placenta is enlarged (for example, multiple gestations and hydatidiform moles) (54).

The first of the two-stage model is supported by evidence from animal models. In this regard, during
normal embryological development, until 10 weeks of gestation, the implanted embryo exists in a
relative state of hypoxaemia until embryological trophoblast invasion occurs (57). The trophoblastic
invasion results in dilatation of the spiral arteries in the uterus which coalesce with the developing
placental bed. Incomplete remodelling of the uterine spinal arteries results in a narrower diameter of
these arteries, and hence a state of relative placental ischaemia. Therefore, placental perfusion and
oxygenation is impaired, resulting in apoptosis (54). The second stage is characterised by a poorly
understood maternal condition where soluble components of the placenta, syncytiotrophoblast
molecules (STBM), amongst others, are released into the bloodstream, resulting in a systemic
inflammatory response and endothelial dysfunction. The release of STBM is proposed to result from
apoptosis within the placenta. However, oxidative stress may also play a role. The evidence for the role
of oxidative stress is controversial, as lipid peroxidases (which are markers for oxidative stress) are
known to be modified independently of the effect of oxidative stress. Further, the administration of
anti-oxidants showed a significant reduction in the incidence of pre-eclampsia in only one study where
the sample size was small (58). Importantly, thrombin activation occurs consequent either to
endothelial dysfunction or the release of inflammatory cytokines such as TNF-a and IL-1B (59). Thrombin
activation results in fibrin deposition in multiple organs such as the liver, kidneys and brain, which is

linked pathogenetically to the progression of pre-eclampsia (59).

Endothelial dysfunction, noted to occur in the second stage of the two-stage model, results in
widespread physiological changes in multiple organ systems. The glycocalyx is the component of the
endothelium which is damaged. Evidence for glycocalyx destruction is found in target organs associated
with hypertension, such as the brain and the kidneys. Glomerular endothelial swelling consequent to
glycocalyx destruction results in capillary lumen occlusion, a finding which is not found in other forms
of hypertension (55). Few studies have attempted to link the endothelial dysfunction seen in pre-

eclampsia to mortality outcomes (60, 61).

1.7.2 Pre-eclampsia and the disrupted glycocalyx

The glycocalyx is a layer of proteoglycans lining the endothelium of all blood vessels. In the

cerebrovascular and renal (glomerular) systems, the glycocalyx forms a selective permeable barrier,
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controlling the movement of substances entering the blood brain barrier (BBB) and the glomerular
filtration barriers (GFB), respectively (62). Evidence supporting glycocalyx destruction is found in non-
invasive measurements of glycocalyx permeability and high levels of circulating components of the
glycocalyx in women with pre-eclampsia (63). Glycocalyx destruction at the level of the placenta is
evidenced by the presence in the bloodstream of components of the placenta as well as circulating
inflammatory markers, such as TNF-a, IL-1, IL-17 and IL-6 and intracellular cell surface adhesion
molecules (64). Using non-invasive measurements of glycocalyx permeability to red blood cells (a known
marker for glycocalyx destruction), it was noted that pre-eclampsia is indeed associated with glycocalyx
destruction (63). Consequent to glycocalyx destruction, oedema, inflammation, loss of vascular
responsiveness and hypercoagulability occurs (65). Indeed, 100% of subjects who later developed pre-
eclampsia were found to have early evidence of abnormal endothelial function, as evidenced by platelet
aggregation to endothelial collagen (66),(63). The disrupted glycocalyx therefore has important
implications for further clinical management in terms of fluid choice and consideration of altered

rheology in women with pre-eclampsia. (61).

1.7.3 Cerebrovascular changes in pre-eclampsia

How does pre-eclampsia cause intracranial haemorrhage? The extent of the BP change associated with
intracranial haemorrhage in pre-eclampsia and the duration over which the BP is elevated to cause
intracranial haemorrhage is often not as remarkable as one would expect. Thus, the cerebral vasculature
is likely to be predisposed to the adverse effects of increases in BP. How may this occur? Pre-eclampsia
is associated with a dysregulated cerebrovascular system and hence an elevated lifelong risk of stroke
(60, 61). Although it is accepted that the disruption of the glycocalyx and BBB are involved in the
pathogenesis, the exact mechanism by which cerebrovascular dysregulation occurs is still under debate.
It is proposed that cerebral perfusion pressure, cerebral blood flow or cerebral resistance are
compromised, but the evidence is mixed (60). Nevertheless, pre-eclamptic women have increased
baseline cerebral perfusion pressures and impaired vasodilatory function (as assessed by transcranial
doppler) compared to pregnant women without hypertension (67),(68),(69). Moreover, in an animal
model of pre-eclampsia, mechanically induced placental ischaemia resulted in impaired cerebral
perfusion (70) and cerebral oedema persisting for 2 months into the postpartum period (71).
Importantly, infusions of magnesium, a treatment known for neuroprotective effects that prevent the
progression from pre-eclampsia to eclampsia, into rat models of placental ischaemia, resulted in a

reduction in cerebral oedema (72).
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Disruption of cerebral autoregulation has been demonstrated in pre-eclampsia (73, 74), a change that
may result in an increased cerebral flow at lower perfusion pressures, thus contributing toward vascular
damage (75). The combination of a raised cerebral perfusion at BP values that although elevated would
not normally be considered to require immediate attention, with consequent increases in pulsatile
pressures in the microcirculation and a disrupted BBB and endothelial integrity may thus result in a
higher propensity for an intracranial bleed (61). Indeed, in a case report of 28 women who died from
intracranial haemorrhage consequent either to pre-eclampsia or eclampsia, the vast majority (75%) of
subjects had mean systolic blood pressures reaching 175mmHg, which in isolation is unlikely to be
sufficient to exceed the limits of autoregulation (76). Therefore, it is possible that the combination of a
disrupted glycocalyx and a higher blood pressure associated with an impaired cerebral autoregulatory

capacity, results in a greater propensity for intracranial haemorrhage (61).

1.7.4 Posterior Reversible Encephalopathy Syndrome (PRES) and Reversible Cerebral
Vasoconstriction Syndrome (RCVS)

In addition to an increased propensity for intracranial bleeding, the disrupted glycocalyx may result in
oedema. Posterior Reversible Encephalopathy Syndrome (PRES) and Reversible Cerebral
Vasoconstriction Syndrome (RCVS) are cerebrovascular complications of pre-eclampsia. PRES is a
syndrome occurring as a consequence of an increased capillary permeability, combined with impaired
cerebral autoregulation, resulting in oedema affecting mostly occipital and parietal regions of the brain
and may occur in patients with pre-eclampsia or other conditions, such as renal failure. The location of
the oedema accounts for the symptoms associated with severe pre-eclampsia, including visual
disturbances, seizures and coma. A significantly high proportion (as high as 98%) of women with
eclampsia have radiological evidence of PRES (16, 77). RCVS is a vasospastic condition of the cerebral
arteries resulting in stroke, cerebral oedema, haemorrhage and seizures. RCVS shares many radiological
and clinical features with PRES, leading some to believe that the two pathologies are possibly linked

(77).

1.7.5 Renal consequences of pre-eclampsia

The association between pre-eclampsia and renal dysfunction, including a lifelong risk of renal failure is
well established (78). The endothelial damage found in pre-eclampsia is not only isolated to the
cerebrovascular system. Indeed, as indicated in the aforementioned sections, the disrupted glycocalyx

results in a dysregulated glomerular filtration barrier (GFB). The GFB is composed of the glomerular
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endothelium, podocytes and the glomerular basement membrane. It is believed that a component of
the placenta, soluble fms-like tyrosin kinase-1 (sFLT-1) binds to circulating vascular endothelial growth
type factor A (VEGF-A), resulting in endothelial dysfunction (79),(80),(81). In the glomeruli, VEGF-A is
responsible for podocyte function and therefore alterations in VEGF-A results in structural changes to
the endothelium and podocyte, causing a disruption of the GFB (82),(83). The endothelial cells of the
podocytes swell and the fenestrations are lost, resulting in proteinuria (83) as well as loss of podoyctes
in the urine (podoycturia) (84). Podocyturia is found to predate the onset of pre-eclampsia after 20
weeks of gestation (84) and is found in pre-eclampsia where subjects have not met the haemodynamic
criteria for severe pre-eclampsia (81). Thus, similar to the changes noted in the cerebrovascular
architecture, it is possible that a disrupted glycocalyx combined with higher pulsatile pressures delivered

to the kidney may result in endotheliosis, or endothelial scarring.

1.7.6 The haemodynamic changes in pre-eclampsia

Although the placental cellular alterations that account for pre-eclampsia have been reasonably well
defined, the mechanisms responsible for increases in BP are less well described. Indeed, the exact
reasons for the haemodynamic changes that accompany increases in BP in pre-eclampsia are uncertain.
Pre-eclampsia is an abnormal response to pregnancy, with a high CO in response to greater
cardiovascular demands, but paradoxically accompanied by a higher SVR (85) and debatable changes in
central aortic stiffness. The classification of pre-eclampsia according to its’ onset is associated with
different cardiovascular changes. For example early-onset pre-eclampsia is associated with endothelial
glycocalyx destruction (63) and greater MAP and CO, and possibly also an increased SVR (86, 87). The
echocardiographic findings of late-onset pre-eclampsia are still the subject of debate, where some have
reported a normal cardiac index with high SVR and others reporting a high cardiac index and low SVR
(87). Importantly, if SVR is increased this will add to the impact of an increased CO on MAP and hence
in contrast to normal pregnancy where SVR and hence MAP is decreased despite a high SV. In pre-
eclampsia an increased MAP will increase distending pressure effect on aortic stiffness and Zc and hence
forward and backward wave pressures and PP and SBP will markedly increase. In addition, through
arteriolar effects, an increased SVR may enhance wave reflection independent of forward wave pressure
effects and thus further increase PP and SBP centrally. Indeed, pre-eclampsia is associated with an
increased central arterial PP as compared to uncomplicated pregnancies (88) and this is in-part
attributed to an enhanced central aortic stiffness (52, 89, 90). Moreover, two studies have
demonstrated increases in central aortic pressures and indices of wave reflection (augmentation index)

in pre-eclamptic subjects of African ancestry (90, 91). No study thus far has attempted to elucidate the
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changes in central arterial pulsatile load with antihypertensive therapy in pre-eclamptics with a

hypertensive emergency.

1.7.7 Importance of the contribution of pulsatile load to cerebral and renal damage:
Relevance to pre-eclampsia

An important concept that has emerged over the past two decades is that the cerebral and renal
microvasculature are particularly vulnerable to damage produced by increases in pulsatile load. Unlike
other vascular beds, these two organs have pulsatile rather than steady-state flow (92). Consequently,
at a microvascular level, pulsatile pressures may cause vascular damage in the brain and kidney. Thus,
pulsatile load may be a particularly important determinant of cerebrovascular haemorrhage or cerebral
oedema in patients with pre-eclampsia. As indicated, increases in central arterial PP may accompany
hypertension in pre-eclampsia through several effects. Therefore, an important target for
antihypertensive therapy in pre-eclampsia may be an enhanced central arterial PP and the factors
determining PP in central arteries. Current antihypertensive agents, including those employed in the
management of severe pre-eclampsia, have variable effects on central arterial function. What then are
the possible haemodynamic effects, particularly on central arterial PP, of antihypertensive agents that

may be employed to target increases in BP in pre-eclampsia?

1.8 Antihypertensive effects and central versus peripheral BP

The exact mechanisms by which antihypertensives act on BP have not been well delineated. Indeed, it
is only more recently that therapeutic targets for BP have been defined with a greater understanding of
the haemodynamic determinants of hypertension. To briefly recapitulate, in the early years DBP was
the principal target for antihypertensive administration (18). With emerging evidence however, PP was
later identified as a critical target in relation to SBP (23, 24). The role of reflected waves as determinants
of PP and hence SBP have nevertheless received little attention despite the significance of these waves
in mediating the adverse effects of BP. Importantly, these waves are not measured at the brachial pulse.
Furthermore, the impact of forward wave pressures may not be adequately detected at the brachial
pulse. As they often are associated with increases in aortic stiffness and impedance to flow centrally,
whilst through alterations in impedance mismatches between central and peripheral vessels, the same
changes are not necessarily detected at the peripheral pulse. What then are the possible mechanisms
of agents employed to decrease BP in pre-eclampsia and is there a possibility that central arterial effects

may differ from peripheral arterial effects? In this regard, several classes of agents are employed to
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treat hypertensive emergencies in pre-eclampsia.

With a few exceptions, the fundamental haemodynamic effect that explains decreases in BP of most
antihypertensives employed today is through arteriolar vasodilation with a decrease in SVR. Calcium
channel blockers (CCBs), renin-angiotensin system (RAS) blockers, and a-adrenergic receptor blockers
(or other vasodilators such as hydralazine, minoxidil, centrally acting agents, etc) all decrease SVR (93).
Although diuretic agents are often suggested as agents to reduce plasma volume (hence blood volume,
ventricular preload, stroke volume and CO), decreasing BP through a different mechanism than
vasodilators, there is no evidence that these agents produce sustained reductions in plasma volume,
stroke volume and CO. Rather, through autoregulatory effects, systemic blood flow (CO) is maintained
and SVR decreases. In contrast, B-adrenergic receptor blockers reduce BP through decreases in heart
rate (CO=SV x HR) and hence CO. Although decreases in DBP are easy to understand (MAP [and the its
surrogate, DBP]=SVR x CO), the more difficult question to answer is how may decreases in SVR or CO

reduce PP and hence SBP with antihypertensive agents?

The fundamental mechanism responsible for decreases in SBP with agents that reduce CO or SVR is
through a reduction in MAP and aortic distending pressures. As discussed, aortic stiffness and hence
characteristic impedance (94) of the aorta is determined in-part by passive effects. Therefore, shifts
along the aortic pressure-volume relationship may occur simply by decreasing aortic distension, the
fundamental determinant of aortic pressure being MAP. Thus, any agent that reduces SVR or CO will
reduce aortic stiffness (passive effect), characteristic impedance to flow, forward wave pressures and
hence PP and SBP. Indeed, antihypertensive agents with well-recognised specific effects on vasodilation,
such as calcium channel blockers (CCBs) or angiotensin converting enzyme inhibitors (ACEl), reduce
aortic stiffness and forward wave pressure amplitude (23, 95, 96). Moreover, arteriolar vasodilation may
reduce the magnitude of reflected (backward) wave pressures produced in central arteries. Any agent
that reduces SVR may also reduce wave reflection and hence PP and SBP in central arteries. Despite
these possible effects of antihypertensive agents centrally, through impedance mismatches between
central and peripheral vessels, and through reflection phenomena, central BP effects may not be
appropriately reflected in brachial BP measurements. Indeed, antihypertensive agents may increase PP
amplification (23, 29). What is the evidence that antihypertensives which reduce MAP decrease central
arterial PP and SBP in hypertension in the general population or in pregnancy-associated hypertension
or pre-eclampsia and exactly how do these effects occur? Moreover, is there significant evidence to

show that these effects are not adequately detected at the brachial pulse?
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A number of studies have demonstrated the efficacy of current antihypertensive therapy in reducing
central arterial PP (96, 97) and these studies have been summarised in meta-analyses (98, 99).
Importantly however, with the exception of f-adrenergic receptor blockers, the effects of which will be
discussed, the impact of most of these agents on central arterial PP is no greater than that at the
peripheral pulse and there is therefore little evidence of changes in PP amplification. Although indices
of wave reflection such as augmented pressures (Pa, which is the pressure generated from the first to
the second systolic shoulder) may decrease with standard therapy, meta-analyses (93) indicate that this
decrease is in keeping with a similar reduction in forward travelling pressure waves. In this regard, meta-
analyses suggest that indices of wave reflection beyond forward waves such as augmentation index
(Alx=Pa/PP x 100) are not reduced by standard therapy, and if they are, that this is through effects other
than wave reflection (see discussion). Hence, decreases in Pa with antihypertensive therapy are thought
to be consequent to an impact of Newton’s Laws of Motion secondary to reductions in forward wave
pressures. These findings are no different for the treatment of pre-eclampsia or pregnancy-associated
hypertension, with several studies demonstrating decreases in central arterial PP and Pa, but with
similar reductions in brachial PP and hence no obvious effects on PP amplification (30, 100), (101).
Importantly, there are currently no studies that have evaluated the impact of antihypertensive therapy
on central arterial BP in hypertensive emergencies when BP values are in the severe range. Presently
there is no evidence to show whether current approaches to therapy produce effective decreases in PP
centrally (when BP values are in the severe range) and if so, what the mechanisms involved are and
whether these effects can be adequately detected at the brachial pulse. Although standard
antihypertensive agents have generally been demonstrated to decrease central arterial PP in mild-to-
moderate forms of hypertension, B-adrenergic receptor blockers are considered to be the exception.

What is the impact of B-adrenergic receptor blockers on central arterial PP?

For the same decrease in brachial BP, B-adrenergic receptor blockers (which are sometimes employed
to manage hypertensive emergencies) are now well-recognised as being less effective than alternative
antihypertensive agents at reducing central PP and SBP and hence preventing mortality outcomes (102).
The exact mechanism responsible for this effect has not been well described, but is associated with
increases in indices of wave reflection (specifically augmentation index) (102, 103),(95),(104). There are
several potential mechanisms that may explain this effect including a heart rate-related increase in
backward wave pressures produced by lower frequency oscillating waves (harmonic effects on
oscillating waves) (a B-adrenergic receptor blocker class effect); a lack of vasodilator effect on wave
reflection (specific to some vasodilators such as atenolol); an extended ejection duration increasing the

overlap of forward with backward waves in central arteries (a class effect); or an increased forward wave
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pressure (which through Newton’s Laws will increase Pb) generated by an increased peak aortic flow
following compensatory increase in stroke volume (force-frequency relationship)(a class effect)(46, 97).
In comparison to atenolol, agents with vasodilator properties such as carvedilol and labetalol (combined
a and B-adrenergic blocking agents) reduce central PP and augmentation index more effectively (105).
This suggests atenolol’s adverse effect on central arterial PP and SBP is through a lack of vasodilator
properties. However, any B-adrenergic receptor blocker mediated increased in central PP and reflected
wave pressures for a given forward wave pressure, irrespective of whether vasodilator properties exist,
has not been identified. Therefore, if MAP effects on forward waves are held constant, it is likely that
through lower frequency oscillating waves, central arterial PP and SBP will remain elevated. Irrespective
of the mechanism that explains central arterial PP and hence SBP effects of B-adrenergic blocking
agents, the possibility that the effect of these agents centrally may not be appropriately detected at the
peripheral pulse raises the question of whether monitoring BP peripherally adequately indexes the

impact of antihypertensive agents in hypertensive emergencies.

1.9 Problem statement

Severe pre-eclampsia is a hypertensive emergency which when untreated carries a high mortality rate.
Mortality in severe pre-eclampsia is mainly secondary to cerebrovascular haemorrhage and cerebral
oedema. These cerebrovascular effects are mediated by two major changes. First, placental products
cause endothelial dysfunction and hence increase the susceptibility of the microvasculature to
hypertensive damage. Second, pre-eclampsia is associated with increases in BP levels per se. Thus,
decreasing BP with standard antihypertensives is well recognised as preventing events in severe pre-
eclampsia. However, the brain is particularly susceptible to pulsatile damage and these effects, driven
by PP in central arteries, may not be detected at the brachial pulse. Whether current approaches to the
management of hypertensive emergencies in general and specifically in severe pre-eclampsia are able
to appropriately decrease central arterial pulsatile load, is presently unknown. Moreover, whether
reductions in central arterial PP in pre-eclampsia are adequately detected at the peripheral pulse is also

unknown.

1.10. Aims

In the present study | therefore aimed to determine whether current approaches to the management

of severe pre-eclampsia are able to appropriately decrease pulsatile load and the determinants thereof
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and whether these effects can be detected at the peripheral pulse.
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METHODS

Study participants

The present study was cross-sectional in design involving 19 of 21 women diagnosed with severe pre-
eclampsia recruited in the Obstetrics and Gynaecology Department at Chris Hani Baragwanath
Academic Hospital. All subjects gave informed, written consent. The study was approved by the Human
Research Ethics Committee of the University of the Witwatersrand (clearance number: M170671) and

was conducted according to the Declaration of Helsinki (Appendix 2) (106).

Clinical, anthropometric and laboratory assessments

A clinical history was obtained by the attending physician assigned to manage the hypertensive
emergency. This included information on demographic features, the obstetric history (gravidity,
singleton or multiple pregnancy), gestational age, pre-existing hypertension or gestational
hypertension, diabetes mellitus and the treatment thereof, symptoms of imminent eclampsia and
additional co-morbidities. A clinical examination was conducted to assess whether the patient was in
heart failure at the time of data collection and whether signs of imminent eclampsia were present.
Anthropometric measurements (weight and height) were taken by a single, trained observer and
rounded up to a whole number. Body mass index (BMI) was calculated for each subject using standard
approaches and obesity was defined as a BMI> 35kg.m™. Laboratory blood tests, such as a full blood
count (including platelets), liver function tests (aspartate aminotransferase (AST) and alanine
aminotransferase (ALT)) and renal function tests (urea and creatinine) were measured to screen for
renal dysfunction and HELLP syndrome. Urine was tested with a standard reagent strip and a laboratory
measured urine protein: creatinine ratio. Clinically significant proteinuria was defined as 3+ on a
standard reagent strip or a protein: creatinine ratio of greater than 0.3mg/dL. Late onset of severe pre-
eclampsia was defined as a diagnosis of pre-eclampsia at a gestational age of greater than 34 weeks.

Patients diagnosed with HELLP syndrome at the time of recruitment were excluded from the study.

Management

Once the criteria for severe pre-eclampsia were met (either a systolic blood pressure greater than 170
mmHg or a diastolic blood pressure greater than 110 mmHg), an intravenous fluid bolus of 200 ml

crystalloid solution was given and antihypertensive agents (either MgS04, CCB or labetalol) were
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administered in a stepwise fashion until a target non-invasive blood pressure of 140/90 mmHg was
obtained. The choice of antihypertensive depended on what treatment was provided earlier and
whether the subject had signs of imminent eclampsia or not. If signs of imminent eclampsia were
displayed at any point, the subject was admitted to a high dependency area and MgS04 administered.
An initial dose of CCB was given and blood pressure was measured thereafter. If the blood pressure still
exceeded 140/90 mmHg, a second and then a third dose of CCB was administered if target blood
pressure had not been achieved. Thereafter, if the blood pressure remained above target, and the
subject had not received MgS04, they were admitted to a high dependency area and MgS04
administered. If blood pressure still exceeded 140/90mmHg, a labetalol infusion was initiated. All
antihypertensives were administered and prescribed according to the published guidelines of the
University of Witwatersrand Department of Obstetrics and Gynaecology (Appendix 1) and the current
national guidelines (107). The treating obstetrician was responsible for all antihypertensives

administered.

Blood pressure measurements

Blood pressure was measured in a supine, left lateral position after 10 minute's rest by a single, trained
observer. A blood pressure cuff measuring two thirds’ the diameter of the subjects’ upper arm was used.
A calibrated, aneroid sphygmomanometer (Welch Allyn, Durashock DS54, NYC) was used to measure
blood pressure. An average of three measurements, taken at one-minute intervals apart, were used.

Korotkov phases | and V were used to identify systolic and diastolic blood pressures, respectively.

Central aortic pressure

All measurements were conducted in a supine, left lateral position by a trained observer following a 10-
minute period of rest. The measurements were conducted before and 30 minutes following
antihypertensive administration. Only data obtained after maximal decreases in BP achieved were
employed for analysis of changes after therapy. Central aortic pressures were determined using pulse
wave analysis of the radial artery pressure derived during applanation tonometry performed with a high
fidelity SPC-301 micromanometer (Millar Instrument, Houghston, TX) with a piezoelectric strain gauge
located at the tip of a transducer (Figure 2.1). The micromanometer was interfaced with a computer
employing version 9.0 Sphygmocor software (AtCor Medical, West Ryde, Australia) (Figure 2.1). The
peripheral pressure waveform was converted into a central aortic waveform using a validated

generalized transfer function incorporated in SphygmoCor software. Measurements where the

34



variability of the systolic or diastolic blood pressure showed a greater variability than 5% or where the
signal strength was less than 80mv were discarded. The recordings were calibrated with an auscultatory
blood pressure reading (as described above) immediately prior to measurement. Central PP was defined
as central DBP subtracted from central SBP. Mean arterial pressure (MAP) was determined from an
electronic mean of the pressure wave using SphygmoCor software. Central arterial augmented pressure
(Pa) was determined from the difference between peak aortic PP and the pressure at the first systolic
shoulder (Figure 2.2). Augmentation index (Alx) was determined as augmented pressure (Pa)/aortic PP
x 100). The pressure from the foot of the central arterial pulse wave to the first systolic shoulder
(incident wave pressure (Pi) was employed as an index of that component of the central arterial pulse

derived from the product of aortic flow and characteristic impedance to flow (Figure 2.2).

Wave separation analysis

Wave separation software was employed to determine the peak of the forward (Pf) and backward (2)
wave pressures. In this regard, SphygmoCor software uses the triangulation method of wave separation
analysis.(108, 109) (Figure 2.3). The original method described employed simultaneous measurements
of flow (with echocardiography) and pressure (using implanted micromanometers) of the ascending
aorta. Characteristic impedance (94) was calculated using the 4™ to 7" harmonic with applanation
tonometry (109). As shall be described below, the central aortic waveform is assumed to be triangular
in shape during ejection. Therefore, a triangle hypothesised by the software is aligned with the
beginning and end of systole (dicrotic notch) of the central aortic pressure wave. The peak of the triangle
is aligned with the first systolic shoulder of the central aortic pressure waveform at 30% of the ejection

time.
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Figure 2.1. SphygmoCor device employed to evaluate central arterial pressures. A, Software display

demonstrating pressure recordings, B, SphygmoCor hardware, C. Electrocardiographic leads to

determine fiducial points, D, High fidelity tonometer employed to assess radial pulse non-invasively
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Figure 2.2 Central arterial pulse wave derived non-invasively using SphygmoCor software showing the
identification of central arterial systolic blood pressures (SBP), diastolic blood pressure (DBP), pulse

pressure (PP), augmentation pressure (Pa), and the calculation of augmentation index (Alx).
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Figure 2.3. Approach employed to perform wave separation analysis assuming a triangular flow
waveform. The base of the triangle (dashed line) is aligned with the foot of the pressure waveform (left
tip of triangle) and with end systole (dicrotic notch) (right tip of the triangle). That is, the base of the
triangle is the period of the cardiac cycle which represents ejection duration (ED). The top of the triangle
(peak flow) is aligned with incident wave pressures (first systolic shoulder) (Pi). Wave separation analysis
separates the forward from the backward waves, the peak of which are designated Pf and Pb

respectively.
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The forward and backward waves, respectively, were calculated using the following equations:

Pf(t) = [P(t) + Zc .F(t)]/2
Pb(t) = [P(t) — Zc .F(t)]/2.

Where P(t) is the measured pressure wave and F(t) is the measured or constructed flow wave. As
impedence represents the quotient of pressure and flow (P/F), Zc could also be represented as Zc = Pf/Ff
= -Pb/Fb. The consequence of such a relationship is that if Zc was multiplied by F, then the influence of
the flow wave is no longer significant. It is also noteworthy that the product of Zc and F remains
unaltered as it will always be accounted for by reciprocal changes in one of the variables. Therefore, the
need for invasive pressure measurements is eliminated and the pressure waveform is all that is required

to perform such a measurement (109, 110) (Figure 2.4).

To determine reflected wave effects beyond forward waves, (beyond Newtons Laws of Motion),
reflected wave magnitude (RM) was determined as Pb/Pf and expressed as a percentage. Therefore, as
a ratio is employed to calculate this relationship, it provides further justification that flow does not need
to be calibrated (109). These assertions therefore lead to the justification used to calculate the forward

and backward waves, that is to use the peak-trough of both pressure waveforms.

Pulse wave velocity

Carotid-femoral (aortic) pulse wave velocity (PWV) was determined from sequential waveform
measurements at carotid and femoral sites using applanation tonometry and SphygmoCor software.
The time delay in the pulse waves between the carotid and femoral sites was determined using an
electrocardiograph-derived R wave as a fiducial point. Pulse wave velocity was calculated as the
guotient of the time taken for the pulse wave to travel between the carotid and femoral sites and the
distance between these sites. The distance travelled was determined from the difference between the

distance from the sternal notch to femoral pulse and from the sternal notch to carotid pulse.

Data analysis

All statistical analyses were performed with SAS software version 9.1 (SAS Institute, Cary NC) and

Graphpad Prism (Graphpad Software, USA). Data were expressed as means + SD or SEM. A paired

Student’s t test was used to determine unadjusted changes in variables with antihypertensive therapy.
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An analysis of co-variance was performed to determine changes in variables with antihypertensive
therapy with adjustments for baseline differences in haemodynamic variables, the type of therapy
employed and changes in heart rate (for PP and indices of wave reflection including Pa, Alx, Pb and RM).
Pearson’s correlations or multivariate linear regression analysis were employed to determine the factors
that accounted for changes in central arterial PP with therapy. Multivariate adjusted logistic regression

analysis was employed to determine relationships between BP and symptoms of imminent eclampsia.
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RESULTS

General clinical features

Two participants who originally agreed to participate were excluded from the study immediately after
recruitment as they required emergency caesarean sections. All participants were diagnosed with de
novo severe pre-eclampsia or pre-existing gestational hypertension with superimposed severe pre-
eclampsia and therefore required management for a pre-eclamptic hypertensive emergency. Most of
the subjects were either overweight (10.5%) or obese (84.6%) and had late-onset severe pre-eclampsia
(Table 3.1). All participants had singleton pregnancies and had attended antenatal bookings with either
their local clinic or with Chris Hani Baragwanath Academic Hospital prior to arrival. Therefore, none had
refused antenatal care in the past. 95% of the participants had proteinuria on either a standard reagent
urine dipstick or on a laboratory analysed urine protein: creatinine ratio. One of the participants had
had eclamptic seizures from the time of referral from a local clinic. 36% (7 subjects) had symptoms of
imminent eclampsia or had documented seizures and therefore were treated with MgSO, prior to
arrival. Whilst being treated at the referral hospital all participants received a CCB, 4 received a CCB and
MgSO, and 4 received a CCB, MgS0, and labetalol, but post-treatment central arterial function was
assessed prior to initiating labetalol therapy. Laboratory results showed no marked alteration in end
organ function or in haematological parameters (Table 3.1). None of the participants had evidence of

congestive heart failure.

Brachial artery blood pressure

Table 3.2 and Figure 3.1 show the effect of antihypertensive therapy on brachial artery BP and PP values
in severe pre-eclampsia. Without adjustments, marked decreases in all components of brachial BP
except for brachial artery PP were noted (Table 3.2). After adjustments for changes in HR and MAP in
response to antihypertensive therapy, no significant decreases in brachial artery BP were noted in

response to antihypertensive therapy (Figure 3.1).

Central arterial pressures

Table 3.2 and Figure 3.1 show the effect of antihypertensive therapy on central arterial SBP and PP
values in severe pre-eclampsia. Without adjustments, marked decreases in all components of central
arterial BP including central arterial PP were noted. Importantly, the limited decrease in brachial PP

(p=0.095) whilst a significant decrease in central arterial PP (p=0.0125) was noted, translated into
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increases in PP amplification with therapy (Table 3.2). After adjustments for changes in HR and MAP in
response to antihypertensive therapy, central aortic PP still showed a decrease in response to

antihypertensive therapy (Figure 3.1).
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Table 3.1 Participant characteristics.

Characteristic

Sample size 19

Age (years) 32.616.8
Gestational age (weeks) 34.2+4.6
Height (m) 162.345.1
Weight (kg) 91.1+£14.9
Body mass index (kg/m?) 34.7+6.4
% Overweight/obese (n) 10.5(34)/84.2(16)
% Chronic Antihypertensive treatment given (n) 42.1(8)

% Antihypertensives given at referral centre (n) 73.7 (14)
% Pre-existing hypertension (n) 36.8 (7)
% Gestational hypertension (n) 36.8 (7)
% Diabetes mellitus 0

% Early onset: pre-eclampsia (n) 36.8 (7)
% Eclamptic seizures (n) 5.3(34)
% Signs of imminent eclampsia: (present or absent) (n) 26.3 (5)

% Signs of raised intracranial pressure (headache and/or blurred vision)(n)21.1 (4)

% Signs of imminent eclampsia: headache (n) 21.1(4)
% Signs of imminent eclampsia: blurred vision (n) 10.5 (34)
% Signs of imminent eclampsia: epigastric pain (n) 10.5 (34)
% Signs of imminent eclampsia: hyperreflexia 0

% History of tobacco use 0
Urinalysis

% Proteinuria (n) 94.7 (18)

Blood results
ALT(U/L)

AST(U/L)
Creatinine(umol/L)
Urea (mmol/L)
Urea: Creatinine

Hb(g/dL)

39.8450.8 (median=16.5, range=5.0 to 165.0)
56.4+91.4 (median=21.0, range=12.0 to 385.0)
59.8+18.5 (median=63.0, range=7.2 to 90.0)
2.73+1.21 (median=2.6, range=1.3 to 5.8)

0.32+0.58 (median=0.07, range=0.03 to 1.91)
12.2+1.8 (median=12.1, range=10.0 to 16.9)
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Plt(x10°/L) 228.7492.1 (median=193.0, range=105.0 to 467.0)

Data are shown as meantSD or proportions. Signs of raised intracranial pressure suggested by

headache or blurred vision.
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Table 3.2 The effect of antihypertensive therapy on unadjusted brachial and central artery blood

pressure (BP) and pulse pressure (PP) in severe pre-eclamptics.

Blood Pressure Before After Change p-value
Brachial systolic (mm Hg) 179117 160+17 -19+14 <0.0001
Brachial diastolic (mm Hg) 106+13 95+16 -11+14 =0.0036
Brachial PP (mm Hg) 73122 65123 -8+20 =0.095

Mean arterial pressure (mm Hg) 133113 117413 -16+13 <0.0001
Heart rate (beats/min) 96+15 105422 -9+20 =0.069

Central systolic (mm Hg) 159415 138114 -21+15 <0.0001
Central PP (mm Hg) 50+16 41114 -9+15 =0.0125
PP amplification 1.47+0.17 1.60+0.21 0.13+0.23 =0.0224

Data are shown as meantSD. Negative change indicates a decrease in response to therapy.
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Figure 3.1 The effect of antihypertensive therapy on brachial systolic blood pressure (SBP), diastolic
blood pressure (DBP), and pulse pressure (PP), and central arterial SBP (aortic SBP), and PP (aortic PP)
and aortic-to-brachial PP amplification after adjustments for antihypertensive therapy-induced changes
in heart rate and mean arterial pressure in severe pre-eclamptics. *p<0.01 versus before

antihypertensive therapy.
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Central arterial pressure wave components

Table 3.3 and Figure 3.2 show the effect of antihypertensive therapy on central arterial pulsatile wave
components or aortic PWV in severe pre-eclamptics. Without adjustments for changes in heart rate and
MAP in response to antihypertensive therapy, marked decreases in augmented pressures (Pa)
(p=0.0039), central augmentation index (Alx) (p=0.0022), backward wave pressures (2) (p=0.0125),
reflected wave magnitude (RM) (p=0.066) and carotid-radial PWV (p=0.032) were noted (Table 3.3). In
contrast, antihypertensive effects were not associated with decreases in incident and forward wave
pressures or with aortic (carotid-femoral) PWV (Table 3.3). After adjustments for changes in heart rate
and MAP in response to antihypertensive therapy, only backward wave pressures were noted to
decrease (p<0.05) (Figure 3.2). Adjustments for mean arterial pressure (MAP) are a standard approach
used when assessing the impacts of pulsatile components (pulse pressure, forward wave pressure [Pf],
backward wave pressure [Pb]) of pressures independent of the impact of the steady components (MAP)
of pressures. In this regard, the steady components (MAP) influence the pulsatile components through

an impact of distending pressures (MAP) on aortic stiffness and hence on Pf and Pb.

Haemodynamic determinants of antihypertensive effects on central arterial SBP and PP

Table 3.4 shows relationships between decreases in central arterial pressure wave components and PP.
With and without adjustments for changes in HR and MAP, decreases in augmented pressures (Pa),
backward wave pressures (2), forward wave pressures (Pf) and incident wave pressures were
significantly correlated with decreases in central arterial PP (Table 3.4). No relationships between
decreases in central augmentation index (Alx) and the reflected wave magnitude (RM) and central

arterial PP were noted (p>0.05) (Table 3.4).

Brachial and central arterial pressures and laboratory values or clinical features

Some laboratory values (ALT, urea, and creatinine concentrations, urea:creatinine ratio, and
proteinuria) showed relationships with brachial or central aortic pressures or pulse wave velocity (Table
3.5). ALT and urea concentrations and Urea:Creatinine ratio were associated with an attenuated
decrease in MAP in response to antihypertensive therapy (p>0.05) (Table 3.5). The presence of
proteinuria was associated with MAP before antihypertensive therapy. In addition, urea concentrations
were positively associated with an increased change in aortic PP in response to antihypertensive

therapy, and a lower carotid-radial PWV before antihypertensive therapy. Creatinine concentrations
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were positively associated with a higher PP amplification ratio before antihypertensive therapy (Table
3.5). No associations between gestational age, platelet count, haemoglobin concentration, signs of
raised intracranial pressure, age, BMI, pre-existing hypertension, or late onset pre-eclampsia, or

gestational hypertension were associated with brachial or central aortic pressures or PWV.
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Table 3.3 The effect of antihypertensive therapy on unadjusted central arterial pulsatile wave

components or aortic pulse wave velocity (PWV) in severe pre-eclamptics.

Before After Change p-value
Augmented pressure (Pa) (mm Hg) 11.2+6.9 3.916.2 -7.419.4 =0.0039
Augmentation index (% ) 129.9+18.2 112.6%16.1 -17.9+21.0 =0.0022
Backward wave pressure (2) (mm Hg) 21.045.8 16.4+5.5 -4.616.5 =0.0125
Forward wave pressure (Pf) (mm Hg)  39.4+11.5 35.5+13.1 -3.9114.1 =0.283
Incident wave pressure (Pi) (mm Hg)  39.7+12.3 35.8+12.4 -3.9111.4 =0.150
Reflected wave magnitude (RM) (%) 55.1+13.9 46.517.4 -8.6117.4 =0.066
Pb/Pi (%) 56.8114.8 46.817.4 -9.9+16.8 =0.0316
PWV carotid-femoral (m/s) 8.1+1.9 8.9+2.7 0.8+1.7 =0.110
PWV carotid-radial (m/s) 8.3+2.8 6.8+1.7 -1.542.5 =0.032

Data are shown as mean + SD. Negative change indicates a decrease in response to therapy.
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Figure 3.2 The effect of antihypertensive therapy on central arterial pulsatile wave components after

adjustments for antihypertensive therapy-induced changes in heart rate and mean arterial pressure in

severe pre-eclamptics. *p<0.05 versus before antihypertensive therapy.
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Table 3.4 Relationships between changes in central artery pulse pressure (PP) and changes in central artery pressure components in response to

antihypertensive therapy in severe pre-eclamptics.

Change in aortic PP vs Unadjusted Adjusted for changes in HR and MAP

r 95% Cl p value partial r 95% Cl p value
Change in
Augmented P (Pa) 0.580 (0.138 to 0.818) =0.012 0.693 (0.279 to 0.879) =0.0021
Augmentation index (Alx) 0.345 (-0.155 to 0.694) =0.16 0.458 (-0.064 to 0.771) =0.074
Backward wave P (2) 0.903 (0.733 to 0.963) <0.0001 0.909 (0.728 to 0.968) <0.0001
Forward wave P (Pf) 0.826 (0.555 to 0.932) <0.0001 0.850 (0.578 to 0.946) <0.0001
Incident wave P (Pi) 0.828 (0.584 to 0.929) <0.0001 0.885 (0.690 to 0.956) <0.0001
Reflection magnitude (RM) 0.103 (-0.417 to 0.567) =0.71 0.067 (-0.483t00.575) =0.82
Pb/Pi 0.181 (-0.351t0 0.617) =0.50 0.190 (-0.385 to 0.650) =0.52

P, pressure; R, Pearson’s correlation coefficient. Significant correlations are shown in bold.
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Table 3.5 Bivariate correlations between brachial or central artery blood pressure (BP) or pulse wave velocity and laboratory values in severe pre-eclamptics.

Blood Pressure Log ALT Log Urea Log U:Cr Creatinine

r p value r p value r p value r p value
Brachial PP 0.29 0.26 -0.23 0.34 0.20 0.56 -0.02 =0.95
Aortic PP 0.26 0.30 -0.19 0.45 0.09 0.80 -0.20 =0.41
Mean arterial pressure 0.22  0.38 0.18 0.48 0.05 0.88 -0.16 =0.51
PP amplification 0.08 0.76 -0.15 0.56 0.23 0.50 0.58 =0.008
PWV carotid-femoral 0.05 0.87 -0.39 0.12 -0.35 0.37 -0.03 =0.90
PWV carotid-radial 0.09 0.74 -0.50 0.035 -0.31 0.39 -0.23  =0.37
Change inaorticPP -0.39  0.11 0.50 0.029 0.26  0.45 0.33 =0.18
Change in MAP -0.55 0.017 -0.58 0.0076 -0.89 <0.0001 -0.17 =0.49

ALT, alanine transaminase; U:Cr, urea-to-creatinine ratio. r, Pearson’s correlation coefficient.

Significant correlations are shown in bold
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Proteinuria

r p value
-0.30 =0.22
-0.20 =0.43
0.66 =0.0015
-0.17 =0.48
-0.05 =0.84
-0.12 =0.63
0.30 =0.21
-0.26 =0.30

Data were logarithmically transformed to improve distribution.



Primary determinants of antihypertensive effects on central arterial SBP and PP

Table 3.6 shows the multivariate relationships between decreases in central arterial PP and pressure
wave components as well as signs of or risk factors for imminent eclampsia. The model explained 99%
of the variation in change in central arterial PP in response to antihypertensive therapy, with the main
determinant being a decrease in backward wave pressures (r’=0.8124; p<0.0001). Decreases in
forward wave pressures (r2=0.1284; p=0.0001) as well as body mass index (r?=0.0198; p=0.0142) and
ALT (r?=0.0093; p=0.0232) played a more minor role.
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Table 3.6 Multivariate stepwise regression model to identify the primary determinants of changes in

central artery pulse pressure (PP) with antihypertensive therapy in severe pre-eclamptics.

Change in aortic PP vs partial r? p value
Change in backward wave pressure 0.8124 <0.0001
Change in forward wave pressure 0.1284 =0.0001
Body mass index 0.0198 =0.0142
Proteinuria 0.0095 =0.036
Log Urea 0.0137 =0.082
Log ALT 0.0093 =0.0232
Change in heart rate 0.0040 =0.205
Change in mean arterial pressure 0.0029 =0.268
Gestational age 0.0001 =0.776
Age 0.0000 =0.859
Model r? 0.9907

r, Pearson’s correlation coefficient; ALT, alanine transaminase. Data were logarithmically transformed
to improve distribution. Significant correlations are shown in bold. Determinants are listed in order of

contribution.
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DISCUSSION

The main findings of the present study are as follows. In the treatment of severe pre-eclampsia
(hypertensive emergency) | show that in association with marked decreases in peripheral SBP and DBP,
no significant changes in brachial artery PP were noted with therapy. In contrast, even with
adjustments for steady component pressures, (MAP), central arterial PP was significantly decreased
by conventional therapy, an effect that was accounted for by reductions in backward, but not incident
or forward wave pressures. While, with adjustments for MAP, neither Pi (incident wave pressure) nor
Pf (forward wave pressure) were reduced by conventional therapy, Pb (backward wave pressure) was
decreased, and reductions in Pb were closely correlated with decreases in central arterial PP. These
effects on backward wave pressures were therefore accounted for by an impact of therapy on wave

reflection and are likely to have occurred beyond arteriolar function (as indexed by MAP).

The present study is the first to evaluate the impact of antihypertensive therapy on central aortic PP
and the wave components of central aortic PP, including forward and backward wave effects (wave
separation analysis) in a hypertensive emergency (severe pre-eclampsia). In this regard, central aortic
PP has previously been demonstrated to decrease with antihypertensive treatment in Caucasian pre-
eclamptics with more modest increases in BP (30, 100) and in chronic hypertension in pregnancy in
Afro-Caribbeans also with mild-to-moderate increases in BP (101). These findings are consistent with
several studies that have evaluated the impact of antihypertensive therapy on mild-to-moderate
increases in BP in hypertension in the general population (20, 30, 111, 112). However, no study has
assessed the effect of therapy on central arterial function in the presence of marked initial increases
in BP or in an emergency situation. Indeed, previous studies report on pre-treatment mean BP values
ranging from 135 to 160 mm Hg SBP and 80 to 94 mm Hg DBP (112, 113) (93, 97, 114, 115), while in
the present study the initial mean BP values prior to initiating therapy in the referral centre were
178/105 mm Hg SBP/DBP. Whilst prior studies report on marked decreases in PP in both the aorta and
brachial artery with antihypertensive therapy (99), the present study shows decreases in PP in only
central arteries. This effect in the present study is accounted for by the impact of therapy on PP
attributed to reductions in wave reflection, changes which are not detected at the brachial artery. In
contrast, in a meta-analysis of studies in the general population with mild-to-moderate hypertension,
decreases in PP could not be accounted for by consistent decreases in augmentation index (Alx), an
index of wave reflection beyond the impact of forward wave pressures on the amplitude of backward
waves (97, 99). Thus, it is likely that as noted in alternative studies conducted in hypertensives from
the general population, reductions in PP are largely accounted for by MAP effects (distending pressure

effects) on aortic stiffness, Zc and consequently aortic incident and forward wave pressures. As the
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forward wave drives variations in brachial PP, changes in Pf produced by distending pressure changes
will translate into as much of a decrease in brachial as in central arterial PP. Nevertheless, as with
studies conducted in the general hypertensive population, despite the MAP-adjusted reduction in Pb
and hence PPc noted in the present study, this failed to translate into significant MAP-adjusted
decreases in augmented pressure (Pa) or Alx. Thus, it is possible that previous results demonstrating
inconsistencies in the ability of antihypertensive therapy to show decreases in wave reflection in
hypertensives from the general population, simply highlights the limitations of assessing wave
reflection effects using Pa and Alx rather than wave separation analysis (37, 40). These limitations will

be discussed in the subsequent paragraph.

Although previous studies have assessed the impact of antihypertensive therapy on indices of wave
reflection in pregnancy-associated hypertension or pre-eclampsia with mild-to-moderate increases in
BP (30, 100)), as with most studies conducted in hypertensives from the general population, the
investigators of these studies employed Pa or Alx to determine these effects, rather than reflection
wave indices derived from wave separation analysis. Importantly, these pulse wave analysis acquired
indices (Pa and Alx) are affected not only by the extent of wave reflection, but also by cardiac function
and hence aortic flow and forward wave pressures (116, 117)as well as the speed of wave reflection
and hence the extent to which the reflected wave summates with the forward wave (an earlier return
of the reflected wave increases the chances that forward and backward wave pressure antinodes
coincide)(34). In this regard, several studies have demonstrated that Pa and Alx underestimate the
impact of alterations in backward wave effects on aortic PP (37, 40). Thus, changes in Pa or Alx with
therapy in prior studies may have been determined by the impact of therapy on forward wave
pressures or the speed of wave reflection rather than on wave reflection itself. The present study is
therefore the first to show that the impact of antihypertensive therapy in severe pre-eclampsia at
least, on aortic PP is determined by effects on wave reflection per se (2). Whether similar effects of
therapy are noted in less severe forms of pre-eclampsia or hypertension in pregnancy requires further

study.

Assuming that further studies show limited effects of antihypertensive therapy on Pb, are there
possible reasons for the striking differences of the impact of therapy on wave reflection in severe pre-
eclamptics in the present study versus mild to moderate hypertensives from the general population
orin alternative studies conducted in pre-eclamptics or those with pregnancy-associated hypertension
(20, 30, 90, 111, 112)? One possible reason is that the impact of therapy on wave reflection may only

occur when BP values are in the severely hypertensive range. Indeed, reflected wave effects are
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generally acknowledged to have a major impact on BP at higher pressures (118) and CCBs and MgS04
may reduce wave reflection through vasodilator effects (29), (119). The second reason for the distinct
effect of therapy on wave reflection in the present study is that pre-eclampsia may be a condition
where wave reflection is markedly elevated beyond the effects of Newton’s Laws of Motion and hence
forward wave pressures. Increases in SVR, which may enhance wave reflection, are indeed associated
with pre-eclampsia (86, 87). However, in the present study mean reflected wave magnitudes (Pb/Pf x
100) before therapy were not particularly striking (mean value=56 %) in severe pre-eclamptics as
compared to age and sex-matched participants from the general population of the same ethnic group
(120). Thus, it is unlikely that pre-eclampsia represents a condition where marked wave reflection
occurs. Alternatively, as the present study was conducted in an ethnic group (black Africa ancestry)
where wave reflection is notably higher than alternative populations (120), the possibility that
reflected wave effects are specific to the group studied (black African) rather than the condition (pre-
eclampsia) requires consideration. Further studies in alternative forms of severe hypertension in
groups of African ancestry are required to evaluate the hypothesis that antihypertensives are able to
reduce wave reflection when BP values begin at high levels or that reflected wave effects represent

effects distinct to groups of African ancestry.

An important observation in the present study is the inability of antihypertensive therapy to
significantly reduce incident and forward wave pressures despite an ability to decrease backward wave
pressures. The participants studied had low PWV values, an index of aortic stiffness. As a consequence,
Zc, which depends on aortic stiffness, is likely to have been relatively low as well. Nevertheless, Piand
Pf values before therapy in the present study were striking (Pi mean value= 147.7; Pf mean value =
40.8) in severe pre-eclamptics as compared to age and sex-matched participants from the general
population (39) (121). These high values of Pi and Pf are more likely to reflect marked increases in
aortic flow (SV and CO are increased in pregnancy (122), and in pre-eclamptic subjects (123), (124))
rather than an enhanced aortic stiffness and hence Zc. In this circumstance, even large decreases in
MAP produced by vasodilation are unlikely to modify Pi and Pf through distending pressure effects, as

these values are largely driven by flow and not Zc.

An important consideration of the present study is whether the small study sample (n=19) has
produced population stratification and hence whether the data are representative of severe pre-
eclampsia in general. In this regard, the characteristics of the study sample is indeed in keeping with
risk factors for the development of pre-eclampsia, namely a high BMI and advanced maternal age (125,

126). Moreover, central aortic pulse pressures were increased to a similar extent in the present study
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as compared to those pressures found in previous studies (30, 100, 101). However. most of the
subjects in this study were diagnosed with late-onset pre-eclampsia and hence whether similar data

would be obtained in those with early onset pre-eclampsia is unknown.

Although speculative, the clinical implications of the present study require consideration. The present
study suggests that decreases in pulsatile load may in-part contribute to the beneficial effects of
antihypertensive therapy in severe pre-eclampsia. Moreover, the present study suggests that these
beneficial effects are mediated by an impact of therapy on wave reflection, changes which are not
detected at the brachial pulse. Whether decreases in wave reflection are indeed essential for benefits
in pre-eclampsia nevertheless requires further study. There is therefore no question that decreases in
perfusion pressures (MAP), which are readily detected at the brachial pulse are essential for mediating
the benefits of antihypertensive therapy in pre-eclampsia. Indeed, in organs which have pulsatile flow
(brain and kidney) (92, 127), perfusion pressures will determine flow: and hence reducing MAP is likely
to markedly limit microvascular damage in these organs, preventing haemorrhagic cerebrovascular
events or the development of renal failure, the key causes of mortality in severe pre-eclampsia (1, 4-
6, 8, 10, 15, 16, 107)). Nevertheless, transmission of pulsatile pressures into microvascular beds in
organs with pulsatile flow may contribute to microvascular damage in pre-eclampsia. Decreasing
central arterial PP through reductions in wave reflection may be essential for producing the
therapeutic benefits of antihypertensive agents in severe pre-eclampsia. Whether monitoring the
impact of agents on wave reflection and targeting reflected wave effects as well as MAP enhances

outcomes in severe pre-eclampsia, therefore requires further study.

The strikingly higher baseline Pi and Pf in pre-eclamptics as compared to age and sex-matched controls
from a community sample (see previous paragraphs) may have important clinical implications. As
indicated in the aforementioned, these changes may have been accounted for by increases in aortic
flow rather than Zc and hence did not respond to reductions in MAP produced by antihypertensive
therapy. As previously indicated, the brain is an organ which has pulsatile flow. The high systemic flow
values in pre-eclampsia may therefore contribute to pulsatile damage in the susceptible
microvasculature (produced by placental products that cause glycocalyx changes in the endothelium)
of pre-eclamptics. Thus, it is possible that an essential cause of microvascular damage in pre-eclampsia
is indeed pulsatile damage (rather than steady-state damage) and that any approach to decreasing
pulsatile pressures (such as reductions in wave reflection) may be critical to preventing cerebral

events.
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As the impact of antihypertensive therapy in the present study on central arterial PP was mediated by
decreases in wave reflection, consideration should be given to the possibility that agents which have
a limited benefit on wave reflection should be avoided. In this regard, B-adrenergic receptor blockers
may not decrease central arterial PP as well as alternative agents, an effect accounted for by a limited
ability to decrease wave reflection (46, 97, 99, 105). Thus, whether labetalol should be employed with
more caution in severe pre-eclampsia requires careful thought. The adverse effects of B-adrenergic
receptor blockers on wave reflection are thought to be through several mechanisms which have not
been clearly elucidated and hence may involve class effects or effects related to non-vasodilator
agents. In the present study only 4 participants required labetalol administration and hence | could
not assess whether labetalol therapy produced limited benefits to central arterial PP despite similar

reductions in brachial PP. Further studies are therefore required to evaluate this question.

Importantly, as indicated in above discussion, there is no convincing evidence that vasodilators
decrease wave reflection beyond changes in forward wave pressures. Indeed, meta-analyses (99, 104)
and more recent large studies(128) show no effect of most antihypertensive agents on Alx (Pa/PP x
100). Although it is well accepted that augmented pressures (Pa) decrease with therapy, the most
likely explanation for this effect is that forward wave pressures are reduced and that through Newton’s
Laws of Motion, backward wave pressures are then also reduced. The impact of antihypertensive
therapy on forward wave pressures as previously described through distending pressure effects on
proximal aortic stiffness and hence Zc. Thus, the present study provides the first clear evidence that
independent of distending pressure effects, Pa and hence central aortic PP may be reduced by
vasodilator therapy through effects associated with decreases in backward wave pressures (2). These
effects are likely to be explained by alterations in vascular tone resulting in a decrease in wave
reflection. The ability of vasodilator therapy to produce effects on Pb in the present study, conducted
in more severe hypertension (while similar effects have not previously been described in alternative
studies conducted in largely mild-to-moderate hypertension) may be explained by the relative

contribution of reflected waves to PP at higher BP values.

Other than the small study sample there are several additional limitations to the present study. First,
| did not assess flow and diameter in the left ventricular outflow tract and hence | was unable to
determine SV, Q or Zc. Moreover, the use of an assumed triangular flow wave to perform wave
separation analysis in the present study has limitations. Indeed, as previously described, the original
method was based on a relatively small sample size of 19 middle aged patients with medical conditions

requiring direct (invasive) cardiac cannulation (109) and the approach showed several limitations
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when applied to a larger sample (129). Furthermore, | calibrated the arterial pressure wave forms from
the brachial and not the radial artery pulse, thus not accounting for brachial to radial pressure
amplification with a consequent underestimation of central aortic pressures (130, 131). Moreover, as
pre-eclampsia is prevalent in those of African ancestry and the mortality is much higher (13), the

results may not be readily extrapolated to other ethnic groups.

Various clinical applications are emerging with regards to the use of central aortic pressure
measurements beyond an outpatient setting. Indeed, the relatively low cost of the Sphygmocor
device, combined with its’ ease of use makes it an attractive option for clinical applications.
Importantly, the rapid processing ability of the software lends it to timeous assessments of central

pressures which may be used to guide therapy in an emergency setting.

In conclusion, in the present study | show for the first time that in the treatment of the hypertensive
emergency, severe pre-eclampsia, central aortic and not peripheral pulse pressures are reduced
significantly following antihypertensive treatment. The reduction in central aortic pulse pressure is
accounted for primarily by the effects of wave reflection, and these changes are not attributed to

arteriolar effects.
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APPENDIX 1

Guidelines for the antihypertensive management of severe pre-eclampsia

1. Admit to high care area

2. Preload with 200ml Ringer-Lactate solution over 20 minutes

3. Give Nifedipine 10mg orally as single dose unless heart rate 2120bpm

4. Consider adding magnesium sulphate — 4g loading dose in 200ml ringers lactate or normal
saline intravenously over 20 minutes or 10g intramuscularly (5g each buttock)

Measure the BP every 30 minutes at first, then hourly

Repeat Nifedipine % hourly if necessary (BP still 2160/110mmHg)

Aim for a BP if 140/90mmHg

© N o v

Add maintenance treatment — omitted for this study, as maintenance treatment is used once

blood pressure is controlled.

For unconscious or tachycardic patients, infuse labetalol 200mg in 200ml normal saline at 20ml/hour
(i.e. 20mg/hr, to a maximum of 300mg in 24 hours). Give 300ml preload just before starting the

infusion. A 20mg starting bolus may be given (8, 107).
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