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ABSTRACT

Female sex hormones are presumed responsible for the relative cardiovascular youth of 
premenopausal women compared with men. It is unclear how these hormones 
achieve this effect, but suggested mechanisms include lipoprotein metabolism, release 
of vasoactive substances, and direct effects on vascular smooth muscle. Information 
on female cardiovascular physiology is very scanty, and results of studies performed in 
men are usually extrapolated to women. I, therefore, investigated the circulatory 
effects of age and the characteristic sex hormones in women.

Limb blood flow, measured by venous occlusion plethysmography and blood pressure, 
monitored with an automatic device were relatively unchanged in successive age 
decades until the age of 64 when they increased. This pattern differs from that in men. 
In individual subjects limb blood flow was proportional to systolic pressure, but not to 
age. Peripheral vascular reactivity, as indicated by the reactive hyperaemic response, 
decreased abruptly after the age of 64, and was inversely related to time since 
menopause. Resting forearm flow fell, without any change in blood pressure, in the 
mid-luteal phase of menstrual cycles, and after oral micronized progesterone therapy in 
postmenopausal women.

Transdermal 17p-oestradiol therapy, which produces physiological oestrogen levels, 
increased forearm flow in non-flushing postmenopausal women but reduced flow in 
flushers. Stroke distance, stroke volume and left ventricular contractility, measured by 
Doppler echocardiography increased but frontal cerebral flow, measured by '^^Xenon 
inhalation technique fell. Addition of cyclical progestogen caused no further vascular 
change over eight weeks. Subcutaneous oestradiol implants, however, increased 
resting forearm flow, irrespective of flushing frequency.

The vascular changes observed with age provide essential reference ranges for 
assessment of circulatory responses in women. The cardiovascular effects of 
oestradiol may contribute to the cardiovascular superiority of younger women and the 
vasoconstrictor action of progesterone might be clinically relevant to disturbances such 
as menstrual migraine or pelvic pain syndrome.



ABBREVIATIONS

Units: mm millimetre
cm = centimetre
m = metre
s OR sec = second
min = minute
l^g = microgram
mg = milligram
g = gram
kg = kilogram
ml = millilitre
I = litre
pmol = picomols
nmol = nanomols
lU = International Units
PRU = Peripheral Resistance Units
mmHg = millimetres of mercury
rpm revolutions per minute

Abbreviations used in the text:
Fig = figure
sem = standard error of mean
Cl = confidence interval
ITS = transdermal therapeutic syster
ERT = oestrogen replacement therap;
CHD = coronary heart disease
CVD = cardiovascular disease
MI = myocardial infarction
IHD = ischaemic heart disease
LH = luteinizing hormone
FSH follicle stimulating hormone

Abbreviations used in Tables, esneciallv in the Aonendix:
nd = not done
na = not available
E2 = oestradiol
P = progesterone
FAF = forearm (blood) flow
HAF = hand (blood) flow
CAF = calf (blood) flow
Var = variability of blood flow (%)
Incr = incremental blood flow
PVR = peripheral vascular resistance
BMI = body mass index
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SECTION I

BACKGROUND TO THE PRESENT STUDIES
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CHAPTER 1 

INTRODUCTION

"Of all the ailments which may blow out 
life's candle, heart disease is the chief

- William Boyd (bom 1885), in 
"Pathology for the Surgeon"

Cardiovascular disease is the commonest cause of death in both men and women. 

Women, however, have a longer life expectancy than men, and in a cardiovascular 

sense, are younger than men of the same age by at least ten years. Cardiovascular 

disease is rare in pre-menopausal women and even after the menopause, female 

coronary heart disease (CHD) mortality increases only gradually, lagging behind that 

of men until the ninth decade (Fig 1.1). It is widely believed, on the basis of 

epidemiological evidence, that a protective action of female sex hormones is the major 

contributory factor to this cardiovascular advantage of women, when compared to men 

(for review, see Ginsburg, 1989). Thus, women with a premature menopause or those 

who have undergone bilateral oophorectomy have an increased and earlier incidence of 

death from cardiovascular and cerebrovascular diseases (Higano et al, 1963), but 

oestrogen treatment of such women prevents this accelerated incidence. Moreover, 

postmenopausal administration of natural oestrogens to women halves their death rate 

from cardiovascular disease (Stampfer et al, 1991).

But how do female sex hormones act on the cardiovascular system to achieve these 

beneficial effects? Although postmenopausal oestrogen replacement therapy has been 

shown to be cardio-protective, the mechanisms whereby oestrogen directly affects the 

circulation in women are not known. There is a paucity of human studies on the
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Fig 1.1

Sex-difference in mortality from coronary heart disease 
(International Classification of Disease 410 - 414) at 

different ages in England and Wales. 1984 (OPCS. 19901
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vascular effects of sex steroids in women. Most of the studies have been performed in 

animals or have been confined to the hitherto favoured explanation for female 

cardiovascular superiority - the effects of oestrogens on lipid and lipoprotein 

metabolism. Whilst there is a well documented relationship between lipid levels and 

cardiovascular disease in men, it has only recently become apparent that women 

"tolerate" hyperlipidaemia much better than do men, lipid and lipoprotein alterations 

accounting, in fact, for a much smaller proportion of coronary heart disease in women 

than in men (Bush et al, 1990). Isles et al (1992) showed that for any given level of 

serum cholesterol, the risk of coronary heart disease and coronary mortality in women 

was much lower than that in men. Their women in the top quintile for cholesterol (> 

7.2 mmol/1) had lower coronary mortality than men in the bottom quintile (< 5.0 

mmol/1). There is, however, very scanty information on the direct vascular effects of 

the characteristic female sex hormones, oestradiol and progesterone, on systemic, but 

not urogenital, circulation.

Moreover, are oestrogens alone the sole determinant of the cardiovascular youth of 

women when compared to men? Or are there innate differences in cardiovascular 

physiology between men and women? It is again difficult to find answers to these 

questions in the literature because of the dearth of human studies on sex differences in 

cardiovascular responses.

■i'

On the clinical front, there is evidence of sex-differences in cardiovascular 

patho-physiology, apart from coronary heart disease mortality. For example, 

vasospastic disturbances such as Raynaud's phenomenon and migraine are far
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commoner in women than in men (Heslop et al, 1983); they are generally absent before 

puberty (TrafFord et al, 1988) and the symptoms may improve after the menopause 

(Spittell, 1980). In a study of young boys and girls, a sex-difference in cardiovascular 

responsiveness to stressful stimuli was noted only after puberty (Matthews and 

Stoney, 1988), an indication of the influence of sex hormones on cardiovascular 

physiology. In the few studies that compared men with women of the same age, this 

sex-difference was apparent especially in respect of dynamic aspects of cardiovascular 

fimction (for review, see Ginsburg, 1991). And in animals, there are sex-related 

structural and neurochemical differences in the brain, particularly in those regions 

involved in cardiovascular control (for review, see Herbert and Fuller, 1989).

These notwithstanding, most human studies of cardiovascular physiology have been 

confined to men, with relatively few studies specifically in women. Some of the 

reports (eg Goldstraw and Warren, 1985; Klein et al, 1988) do not even specify the 

sex studied, from which one can only assume that they were confined to men. This 

paucity of data is particularly striking with regard to therapy. The large studies of 

hypertension and the effects of hypotensive agents on cardiovascular disease have, in 

the main, involved only men. Some of the reasons advanced for this include fears of 

potential dangers to the foetus in women of reproductive age, the confounding 

influence of hormonal variations, the presence of concomitant multiple illnesses in 

elderly women, and the reluctance of women to participate in clinical trials because of 

family responsibilities and psychosocial or economic factors (Hamilton, 1985). The 

flaws in these arguments are obvious - women could be excluded from Phase I of 

drug trials, but included in Phase III; older men may also have multiple medical
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illnesses; and the burden of family responsibilities is not peculiar to women in 

contemporary society.

A consequence of the failure to include women in cardiovascular trials is an 

unsatisfactory approach to disease management in women. There is some evidence 

that women do not undergo full evaluation and treatment for symptoms of cardiac 

disease, such as chest pains, as frequently as do men with similar or less severe 

symptoms (Steingart et al, 1991). It is possible that if we understood the effects of 

female sex hormones on the circulation, our ability to maximise the potential 

cardiovascular benefits of such hormones for both men and women would be 

enhanced.

For a start, if women were excluded from clinical trials on the basis of hormonal 

variations, then it is necessary to study the haemodynamic and other cardiovascular 

effects of such hormonal variations in order to establish a baseline for future inclusion 

of women in such trials. We also need to alter our perception of the type of studies 

required in women since the design of many cardiovascular studies reflect an 

extrapolation to women of research findings in men.

There is, therefore, a need to determine not only the precise effects of the 

characteristic female sex hormones (oestradiol and progesterone) on the circulation in 

women but also how the patterns of vascular responses in women of different ages 

differ from those in men.
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CHAPTER 2 

LITERATURE SURVEY

AGE AND THE CARDIOVASCULAR SYSTEM IN WOMEN

Ageing affects all systems of the body, particularly the cardiovascular system. Ageing 

is widely regarded as the single most important cardiovascular risk factor, resulting in 

structural changes such as increased collagen deposition in blood vessel walls (and 

consequently decreased elasticity), and in an alteration of serum lipid fractions towards 

a presumed atherogenic pattern (increased total cholesterol and low density 

lipoproteins and decreased high density lipoproteins). Ageing induces specific 

alterations in biochemical and biophysical components of connective tissue, resulting in 

fibrinoid formation through the precipitation of acid mucopolysaccharide (Altshuler 

and Angevine, 1949). The increased fragility of cutaneous capillaries in senile purpura 

was attributed by Tattersall and Seville (1950) to altered "ground substance" or 

collagen. Roach and Burton (1959) reported that both the amount of collagen and the 

rigidity of individual collagen fibres in arteries increased with age, resulting in 

decreased distensibility and "pliability" of the affected vessels. Thus, by affecting both 

the structure and function of blood vessels, ageing has significant implications for the 

cardiovascular system.
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AGE AND BLOOD PRESSURE

The influence of age on blood pressure has been investigated in several large-scale 

studies, but the majority of these studies were confined to men. The general consensus 

is that with age, there is a slight but definite rise in resting systolic pressure and an 

insignificant rise in resting diastohc pressure. In the few studies involving both sexes, a 

peak was achieved earlier in men than in women. It is not clear from the literature, 

however, which factors account for the magnitude of blood pressure changes with age.

In a study of 44,181 residents (26,281 females and 17,900 males) of Bergen in 

Norway, Boe et al (1957) found that both resting systolic and resting diastolic 

pressures increased progressively with age in both sexes. In the women, systolic 

pressure increased from 124 mmHg at the age of 15 years to 183 mmHg at 75, while 

diastolic pressure increased from 72 mmHg to 91 mmHg over the same age span. In 

the men, systolic pressure increased from 129 mmHg to 170 mmHg and diastolic 

pressure from 72 mmHg to 87 mmHg within the same time span.

In 79,757 apparently healthy volunteers aged between 20 and 106 years. Lasser and 

Master (1959) found that mean resting systolic blood pressure in women increased 

gradually from 116 mmHg at the age of 20 years to 158 mmHg at age 75, before 

decreasing to 149 mmHg at age 100. There was also a gradual increase in resting 

systolic blood pressure in men from 123 mmHg at age 20 to a peak of 145 mmHg five 

years earlier than in women, with no further change between the ages of 70 and 100.
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On the other hand, resting diastolic blood pressure remained significantly unchanged 

with increasing age in either sex. In this paper, however, the authors failed to specify 

the proportion of their study subjects that were female.

Although these two studies were cross-sectional, they involved large numbers and 

were population-based, thus strengthening the significance of the results.

In a longitudinal study, Miall and Lovell (1967) carried out three blood pressure 

surveys over a 10-year span on 2,680 residents of two Welsh towns, aged between 5 

and 74 years at the initial assessment. The subjects were randomly selected from the 

census surveys of the area in the preceding five years, so that they could be considered 

representative of the populations. The objective was to recruit equal numbers of males 

and females, but the authors did not specify if this was met. They found that mean 

resting systolic pressure, and to a lesser extent diastolic pressure, were higher in 

successive decades of life in both sexes with a sharp rise between the ages of 5 and 20 

years. Using multiple regression analysis of the blood pressure changes at the 

subsequent surveys over age and the initial mean resting blood pressure, they 

concluded that age per se did not directly influence the rate of change of blood 

pressure (both systolic and diastolic) in the population studied. Rather, at all ages, 

blood pressure increased with time in relation to the level of the initial mean blood 

pressure - the rate of increase was greater, the higher the initial mean blood pressure. 

Thus, although these authors also recorded higher blood pressures with increasing age, 

their explanation for such an increase was different from that in the previous reports. 

Moreover, it is of interest that they found that blood pressure changes were less at
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lower initial pressures and greater at higher initial pressures in males than in females. 

They interpreted this to mean that females tolerate high blood pressure better than do 

males. Their results therefore provide further evidence of sex-differences in 

cardiovascular patho-physiology.

The influence of age on the blood pressure responses in females during physical 

exercise or mental stress has been investigated in only two studies that I could find. 

Systolic and diastolic pressure responses to physical and mental stress appear to be 

influenced by age, being higher the older the subject. There also appears to be a sex 

difference in such responses, with women generally exhibiting lower pressure increases 

than men. Matthews and Stoney (1988) compared the blood pressure responses to 

isometric exercise (handgrip) or mental tasks (serial subtractions and mirror-image 

tracing) in 125 women (mean age 41.5 years) with that in 121 girls (mean age 14.1 

years). They also studied 93 men (mean age 43.1 years) and 96 boys (mean age 13.6 

years). The increase in systolic pressure to either task in the women was greater than 

in the girls, but smaller than in the men. On the other hand, the increase in diastolic 

pressure was smaller in the older subjects, with women exhibiting again a lower 

response than men. When the young boys were compared to the young girls, they 

noted a difference in responses of those over the age of 14 years, but not of those 

under. Thus, it seems the sex-difference in cardiovascular responsiveness becomes 

apparent only after the age of puberty, an indication that sex hormones might influence 

such responses.
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In a study confined to women, Michelson et al (1989) assessed the influence of age on 

the systolic pressure at rest and during physical exercise (on a bicycle ergometer) in 95 

healthy non-athletic women aged 24 to 65 years. They observed that resting systolic 

pressure was similar in each decade of life until the age of 60 years when it increased 

significantly. The increase in systolic pressure with exercise was also significantly 

greater in women over 50 years old when compared to those under 50. Age was 

significantly correlated (r = 0.40, p  < 0.001) with the maximum systolic pressure 

reached during exercise.

Lund-Johansen (1967) studied 48 normotensive male volunteers aged between 19 and 

49 years, and found that mean resting systolic pressure showed an insignificant 

increase with age, rising from 122.8 mmHg at the age of 19 years to 125 mmHg at 49 

years. Diastolic pressure, on the other hand, was relatively unchanged at 76.5 mmHg 

and 76.1 mmHg at ages 19 and 49 years respectively. In response to increasing work 

load on a bicycle ergometer, the increase in systolic pressure was higher in the oldest 

group of men (40 - 49 years) than in the youngest group (17 - 29 years). A similar 

pattern of increase, but to a lesser degree, was observed in the diastolic pressure 

response.

The foregoing studies illustrate the type of information available in the literature and 

highlight the fact that studies of cardiovascular physiology have been largely performed 

in men. The sex differences observed in the pattern of blood pressure changes with 

age, however, indicate that we cannot extrapolate data derived from studies in men to 

women.
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AGE AND HEART RATE

Since cardiac output is the product of heart rate and stroke volume, the influence of 

age on heart rate is an important consideration in any discussion of cardiovascular 

physiology. The available evidence indicates that age has little influence on resting 

heart rate but that the heart rate response to physical or mental stress may decrease 

with age.

In a longitudinal study, Robinson et al (1975) monitored 37 men, who were aged 18 to 

22 years at inclusion, for 30 years and found no significant change in resting heart rate 

with time.

On the other hand, Marks et al (1983) measured resting heart rates in a cross-sectional 

study of an elderly population (over 65 years old) in a retirement community in 

Florida. There were 1,443 women and 858 men. Heart rate was positively correlated 

with age in both men and women, but that the mean resting heart rate was significantly 

higher in women (66 beats per minute) than in men (63.6 beats per minute). 

Paradoxically, 975 of the subjects (632 women and 343 men) monitored longitudinally 

showed a significant decrease in heart rate by about 2.75 beats per minute over an 

8-year period with no significant differences between the sexes. It is however difficult 

to determine the significance of their longitudinal data because of the high prevalence 

of 6-blocker usage amongst the subjects. This study of elderly subjects cannot be 

regarded as representative of heart rate changes throughout adult life, but together
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with the study of Robinson et al (1975), they show that differences may exist in the 

pattern of heart rate changes with time at different ages.

Matthews and Stoney (1988), in their study mentioned earlier (page 19) found resting 

heart rate was higher in the children (both male and female) than in the adults, and that 

the girls had significantly higher resting heart rates than did the boys. In contrast to 

the patterns of blood pressure responses, they found that mental stress resulted in 

greater heart rate increases in females than in males whilst isometric exercise yielded 

lower heart rate increases in women than in girls. They concluded that heart rate 

responses to these stimuli were not particularly robust, but often depended on the type 

of stress applied.

In their study of healthy, non-athletic women (page 19), Michelsen et al (1989) 

demonstrated an inverse relationship between age and the maximal heart rate response 

to physical exercise on a bicycle ergometer. Similarly, Gintner et al (1986) reported an 

inverse relationship between age and heart rate increases after mental stress in 60 

normotensive male volunteers aged 15 to 55 years. Age accounted for 8 % of the 

variance in heart rate responses in this study of men.

Thus, information on age-related changes in heart rates in women is scanty in the 

literature; the few available studies indicate sex-differences in the pattern or magnitude 

of such changes.
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AGE AND BLOOD FLOW

Blood flow through the various organs of the human body varies both at rest and 

during activity, with flow changing in different systems according to local needs. 

During physical exercise, blood is diverted to the exercising muscles from other 

regions at a rate determined both locally and centrally; in part by the vascular reactivity 

of the vessels supplying the relevant muscle group but also by the magnitude of the 

increase in cardiac output induced by the exercise. These factors are in turn under 

neural and/or metabolic control. The influence of age on blood flow to the relevant 

region, both at rest and after physical exercise, will therefore be partially determined by 

the effects of age on all these components. Above all, flow will be influenced by any 

structural changes in blood vessel walls that are induced by ageing (page 16).

Age-related structural changes have been reported to be proportional to the life-time 

exposure to haemodynamic stresses (Pareira et al, 1953). In fact. Gray et al (1953) 

suggested that the higher elastic tissue in the aorta with age, when compared to 

pulmonary artery, was a result of higher tension in the aorta. They then postulated that 

the tension within blood vessels in lifetime acts as a stimulus for the formation of 

elastic tissue. It can therefore be argued that since blood pressure responses at various 

ages are different between men and women, the tension within blood vessels will also 

show an age-related sex difference leading to gender differences in structural vascular 

changes. Blood flow changes with age would therefore be expected to vary between 

men and women. Unfortunately, the overwhelming majority of studies of the effects of 

age on blood flow have generally been performed in men.
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Cardiac function and age:

Studies of cardiac output at the beginning of the twentieth century employed the 

relatively inaccurate and indirect techniques available at the time. Few subjects were 

studied as was customary at that time, with little or no statistical analysis. More recent 

studies performed with newer, more accurate techniques, but mostly confined to men, 

indicate however that cardiac output and stroke volume decrease or at best remain 

unchanged with increasing age.

Starr et al (1934) used an indirect Pick gas technique to assess cardiac performance in 

78 normal adults and found no sex difference in cardiac index - the ratio of cardiac 

output to body surface area, although they did not specify the number of subjects that 

were male or female. They reported that mean cardiac index was highest before the 

age of 20 years, with a steady decrease after the age of 50. Similarly, Lewis (1938) 

studied 100 men aged 40 - 89 years by the same technique and noted a small but 

insignificant decrease in cardiac index with age.

Brandfonbrener et al (1956) employed the dye dilution technique to measure cardiac 

output in 67 men aged 1 9 - 8 6  years (mean 52.5 years). They found significant 

age-related differences in resting cardiac output which fell from 6.5 to 3.8 1/min 

between the ages of 25 and 85; stroke volume fell from 85 to 60 ml/beat over the same 

age interval. Tanner (1949) similarly reported an age-related decrease in cardiac 

output in men when estimated from ballisto-cardiographic records. On the other hand, 

Lund-Johansen (1967), assessing cardiac function by the dye dilution method in 33 

normotensive men aged 17 to 50 years, reported that mean resting cardiac index in the
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sitting position was unchanged with increasing age. Mean (± standard deviation) 

cardiac index was 3.29 ±  0.30 1/min/m  ̂in the men before the age of 30 years, 3.51 ± 

0.40 in the fourth decade of life and 3.25 ± 0.32 in the fifth decade. Mean stroke index 

(ratio of stroke volume to body surface area) was similarly unchanged at 48.8 + 6.4, 

52.3 ± 9.1, and 48.5 ± 6.9 ml/stroke/m^ respectively. During exercise on an armchair 

ergometer bicycle, the cardiac and stroke indices in the three age groups remained 

similar.

Gerstenblith et al (1976) reported that both resting stroke volume and cardiac output, 

measured by Pick or dye dilution techniques, decreased with age in men. Luisada et al 

(1980) used impedance cardiography to investigate cardiac function in 132 subjects 

(84 men and 48 women) aged 20 - 89 years. They found that cardiac output and stroke 

volume decreased at different rates in both sexes. In women, there was an abrupt fall 

between the age groups of 20 - 39 and 40- 59 years, then a slower decrease till the 60 

- 69 year age group, after which these indices of cardiac function remained unchanged. 

In men, the decrease was much more gradual, so that cardiac output continued to 

decrease until the oldest age. Men had higher cardiac index values than women before 

the age of 80 years, but after 80, the trend was reversed with women having higher 

values. However, these workers did not specify the menopausal status of their female 

subjects and consequently one cannot assess the influence of the menopause on the 

changes they observed.

These studies do not, however, provide sufficient data for accurate conclusions to be 

made whether any sex-difference exists in cardiac function.
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Regional blood flow:

There are few studies of the influence of age on regional blood flow, and even fewer in 

which the subjects were only women. There are therefore inadequate comparative 

data, between men and women, on the effects of age on regional blood flow. In 

reviewing the results of published studies, the majority of which were performed in 

men. Bender (1965) noted that with increasing age, there is re-distribution of blood 

flow to favour the cerebral, coronary and skeletal muscle circulations at the expense of 

the hepatic and renal circulations.

Cerebral blood flow: Several workers using inhalation techniques to study the 

age-related changes in cerebral blood flow in men (Fazekas et al, 1953; Heyman et al, 

1953; Sheinberg et al, 1953) reported a progressive decrease in cerebral flow with 

increasing age, although the percentage change was less than the percentage decrease 

in cardiac output. This indicates a relative increase in brain perfusion with advancing 

age, but the reported range of change in cerebral flow was variable. Fazekas et al 

(1953) noted a 28 % decrease in cerebral blood flow in older men (mean age of 93 

years) when compared to younger men (mean age 34 years). Sheinberg et al (1953), 

on the other hand, found only a 20 % difference in cerebral flow between a group of 

men aged 1 8 - 3 6  years and another group of older men aged 56 - 79 years. They 

reported that by middle age (28 - 55 years), the decrease in cerebral flow was only 7.4 

%. No such studies of cerebral blood flow have been performed in women.
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Coronary blood flow: In a study of 63 females and 61 males, using the

precordial radioisotope dilution technique, Weinberg et al (1964) found that coronary 

blood flow was unchanged with age, thereby indicating that the heart, like the brain, 

received an increased fraction of the cardiac output with advancing age. Similar 

findings were reported by Senneff et al (1991). They assessed coronary flow with 

and positron emission tomography in 26 adults and found that mean myocardial 

perfusion at rest in 15 older subjects (mean age 55 + 9 years) was similar to that in 11 

younger subjects (mean age 25 + 4 years). Unfortunately, they did not state the sex of 

their subjects!

Visceral blood flow: On the other hand, estimates of hepatic flow (Sherlock et al, 

1950) and of renal flow (Davies and Shock, 1950) indicate that flow in these regional 

beds are drastically reduced with advancing age, much more so than any fall in cardiac 

output. Using the bromsulfalein technique, Sherlock et al (1950) studied 49 subjects 

(including 8 females!) aged 2 1 - 7 5  years and reported an average annual decrease of 

1.5 % in hepatic flow, resulting in a reduction in flow of about 45 % from the age of 

25 to 65 years. Davies and Shock (1950) similarly found an average annual decrease 

of 1.9 % in renal flow in 70 men they studied, again indicating a fall of about 45 % 

between the ages of 25 and 65 years.
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Limb blood flow:

Although the limbs offer a readily accessible site for the study of peripheral blood flow, 

it is astonishing how little data there is on the effects of age on limb blood flow in 

women. The few studies in men showed a progressive rise in forearm blood flow till 

about the age of 50 years, with little or no change in hand and foot flow.

In a cross-sectional study of 50 men aged 1 8 - 7 3  years, Hellon and Clarke (1959) 

used mercury-in-rubber strain gauge plethysmography to investigate the influence of 

age on forearm blood flow. Their technique involved placing two thin silastic rubber 

gauges on the forearm, one on the upper more muscular part of the forearm to 

represent muscle blood flow and the other on the lower part of the forearm, near the 

wrist, to represent skin blood flow. An arterial occlusion cuff (maintained at 200 

mmHg throughout the blood flow measurements) was placed at the wrist to exclude 

hand blood flow, a procedure that is mandatory if accurate measurements of forearm 

blood flow are to be obtained (see page 84). They reported a progressive increase in 

flow with age especially in the lower part of the forearm. Although blood pressure 

also increased slightly with age, they used regression analyses to show that the increase 

in flow was independent of the increase in blood pressure.

With knowledge of the relative contributions of skin and muscle to forearm mass 

(Table 2.1), they calculated that the increase in forearm blood flow with age in men 

was mainly due to increased skin blood flow. Peripheral resistance (ratio of mean 

arterial pressure to peripheral flow), however, appeared to decrease with age.
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TABLE 2.1

COMPOSITION OF THE FOREARM 6 cm ABOVE AND 6 cm BELOW 
THE MIDPOINT (Morton et aK 19411

TISSUE
6 cm 

Above Midpoint
6 cm 

Below Midpoint
Muscle 72% 40%
Tendon, fat, etc 14% 40%
Bone 7% 10%
Skin 7% 10%

These findings appear to be at variance with the results of studies of hand circulation 

which when measured by water-filled venous occlusion plethysmography showed 

either no change (Duff, 1956) or a decrease (Pickering, 1936) with age. Moreover, in 

a group of older men over the age of 70 years, Allwood (1958) reported that neither 

calf nor foot blood flow, measured by water-filled venous occlusion plethysmography, 

changed significantly with age after 70.

Several factors may account for these apparent discrepant findings. The distribution of 

arteriovenous anastomoses in the forearm is different fi'om that in the hand (Edholm et 

al, 1957). Cutaneous circulation in the forearm is controlled by both vasoconstrictor 

and vasodilator mechanisms whereas the circulation through the skin of the hand is 

controlled essentially, if not exclusively, by a vasoconstrictor mechanism (Gaskell, 

1956). The age-related changes in the lower limb are still unknown since Allwood's 

findings in old age pensioners cannot be regarded as representative of all adult men. 

The most striking feature of all these studies, however, is the lack of comparable data 

for women.
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Bollinger and Schlumpf (1975) used strain-gauge venous occlusion plethysmography 

to measure finger blood flow in 38 healthy subjects consisting of 12 young women 

(mean age 26.8 years), 13 young men (mean age 28.3 years) and 13 older women who 

were postmenopausal (mean age 58.2 years). The strain gauge was applied on the 

endphalanx and the venous occlusion cuff on the base of the finger. They reported that 

mean resting finger flow in the young women was over 50 % lower than in the young 

men or the older women, thus indicating both age and sex related differences in finger 

blood flow. They also observed similar differences with the reactive hyperaemic 

response to three minutes' anoxia. However, finger blood flow is a highly specialised 

circulation because of the arterio-venous anastomoses and their role in temperature 

control. We cannot, therefore, regard blood flow in the endphalanx as being 

representative of peripheral circulation overall.

Thus, the evidence is that most regions of the body experience an altered level of 

perfusion with increasing age but there is relatively little data on women.
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Age, vascular reactivity and peripheral vascular resistance:

With age, there is a decrease in the elasticity of arterial walls in association with 

structural vascular changes. These changes include a reduction in the quantity of 

hyaluronic acid in mucopolysaccharide of connective tissue, and an increase in collagen 

proliferation leading ultimately to fragmentation of elastic tissue with patchy 

calcification (Mohler, 1961). This reduced elasticity results in increased rigidity of 

arterioles and altered vascular reactivity. In this regard, Roach and Burton (1959) 

investigated at autopsy the degree to which sections of human external iliac arteries 

could be stretched longitudinally and circumferentially, and reported a remarkable 

decrease in the degree of vascular distensibilty with age.

In his study of normotensive and hypertensive subjects (page 20), Lund-Johansen 

(1967) showed that peripheral resistance (predominantly due to vascular tone in the 

arterioles) increased slightly with age, although the change was insufficient to influence 

central haemodynamics or the blood pressure in normotensive subjects. An increase in 

vascular resistance with increasing age has also been demonstrated in cerebral (Fazekas 

et al, 1952) and in renal (McDonald et al, 1951) circulations.

On the other hand, Romanovska and Prerovsky (1979) were the only authors to report 

a decrease, with increasing age, in vascular resistance in calf circulation in a study of 

53 men aged 16 to 60 years. Their technique involved strain gauge plethysmography, 

but since they did not apply a distal cuff to exclude foot blood flow, and did not state 

the position of the silastic gauge used nor whether the position was maintained with all 

the subjects, it is not possible to interprète their results or indeed to attach any
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credence to them. They attempted, unconvincingly, to explain their discrepant findings 

on the basis of a progressive increase in arterial distensibility with age!

Kavec et al (1972) investigated systemic and peripheral vascular resistance in 19 

subjects aged 23 - 72 years, including six with chronic obstructive pulmonary disease. 

As they did not specify the sex of their subjects, we must assume that they studied only 

men. To their credit, they applied an arterial occlusion cuff to the wrist, and 

positioned the silastic gauge at a constant site (approximately four centimeters distal to 

the elbow) in all subjects. They reported no age-related differences in systemic 

vascular resistance, but an age-related increase in peripheral vascular resistance when 

forearm blood flow was measured by strain gauge plethysmography.

In elegant animal studies, Fleisch et al (1970) tried to explain the finding of increased 

vascular resistance with age in terms of an age-related decrease in P-adrenoceptor 

responsiveness. They showed that the ability of the thoracic aorta to relax after 

exposure to isoprenaline decreased with age, whilst the minimal dose of isoprenaline 

required to produce a response increased with age in some animal species. There were 

no age-related alterations in the relaxations produced by agents not acting on 

p-adrenoceptors, such as nitrates. Although Conway (1970) showed that older people 

were less responsive to propranolol (a p-blocker) than younger people, the findings of 

reduced p-adrenoceptor responsiveness with age have not been consistently 

reproduced in man. For example, Klein et al (1988) did not find any difference in 

peripheral vascular resistance, measured by venous occlusion plethysmography, 

between 12 older subjects (mean age 68.2 years) and 12 younger ones (mean age 28.3
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years). Nevertheless, since the age-related changes in peripheral vascular resistance 

discussed previously (pages 22-23) were demonstrable both at rest and during reactive 

hyperaemia, and since neither a - nor p-adrenoceptor blockade alters the forearm 

vascular response to hypoxemia in man (Richardson et al, 1967), these changes cannot 

be interpreted in terms of adrenoceptor alterations alone.

Thus, with increasing age, peripheral vascular resistance increases in the human. This 

may in part result from altered adrenoceptor responsiveness. It is not known whether 

a sex-difference exists in these changes.

SUMMARY

Most of our information on age-related changes in the circulation are derived from 

studies in men, but in the few that included women, a sex-difference was apparent in 

the pattern of change. With increasing age, there is a slight increase in systolic and 

diastolic blood pressures with a peak achieved earlier in men than in women. In men, 

limb blood flow increases whilst cardiac output, cerebral blood flow and visceral flow 

decrease but to varying degrees. Vascular resistance increases with age in men. There 

is sketchy comparable data in women.
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SEX STEROIDS AND THE CIRCULATION IN WOMEN

For centuries, it has been known that women die from cardiovascular disease less 

frequently than do men. William Herbeden reported in 1803 that there were only three 

women in his series of nearly 100 patients with angina pectoris. However, it was not 

until the middle of the twentieth century that reports of autopsy studies documented a 

sex difference in coronary atherosclerosis, and an increased incidence of coronary 

atherosclerosis in women after an early menopause, particularly surgical menopause 

(Wuest et al, 1953). Thus, ovarian hormones, especially oestrogens, would appear to 

have a critical role in the prevention of cardiovascular disease.

An oestrogenic extract was first isolated in 1923 from ovarian folliculi of a hog. 

Subsequently, oestrogenic substances were discovered in the urine of pregnant women 

and mares, and by the 1930s, oestrone and oestradiol had become medically accepted 

as therapeutic agents for severe climacteric symptoms. These oestrogens were termed 

natural oestrogens because their chemical structures exist in nature, even though 

nowadays, they are synthesized in the laboratory. On the other hand, oestrogens, such 

as diethyl stilboestrol and ethinyl oestradiol, whose chemical structures do not occur in 

nature are termed synthetic. Synthetic oestrogens were first produced in 1938, but 

medical therapy with oestrogens remained uncommon until the isolation and licensing 

of conjugated equine oestrogen in 1942 in the United States of America, and the 

introduction of relatively cheap and orally active synthetic oestrogens and 

progestogens in contraceptive pills in the late 1950s.
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It was not, however, until the early 1980s (nearly forty years later) that the first 

epidemiological studies appeared in the literature (see page 54) showing a reduced 

incidence of mortality from myocardial infarction and strokes in women using 

postmenopausal natural oestrogens. In the meantime, studies in the early 1950s 

showed that oestrogens inhibited atherosclerosis in cholesterol-fed chicks (Pick et al, 

1952) and that oestrogen therapy resulted in increased serum high density lipoprotein 

(HDL) cholesterol and decreased low density lipoprotein (LDL) cholesterol (Barr et al, 

1952), a pattern presumed to protect against atherosclerosis. Autopsy studies in 

women showed a correlation between oestrogen "deficiency" at the menopause and 

incidence of atherosclerosis (see page 52). These reports led to a clamour for 

oestrogen treatment of the menopausal woman. Postmenopausal oestrogen 

replacement therapy (ERT) thus gained enormous popularity in the 1960s (Feminine 

forever! - Wilson, 1966; Oliver and Boyd, 1959) because treatment was associated 

with several beneficial physical effects such as relief of climacteric hot flushes, 

alleviation of vaginal atrophy and dyspareunia, and prevention of postmenopausal 

osteoporosis (Albright et al, 1941).

The popularity of ERT was only temporarily diminished in the 1970s by reports that 

oestrogens, albeit in high doses, might increase cardiovascular disease in men (The 

Coronary Drug Project Research Group, 1973) and by the evidence that unopposed 

oestrogens increased the risk of endometrial cancer (Smith et al, 1975). In the 

Coronary Drug Project, men were treated with high doses of conjugated equine 

oestrogen (Premarin 2 . 5 - 5  mg) in an unsuccessful attempt to reduce cardiovascular 

disease. The high doses, deliberately given to produce gynaecomastia as a marker of
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successful femininization, resulted in several drop-outs due to thrombosis and 

impotence. The failure of such secondary prevention trials in men reduced the 

enthusiasm for oestrogen therapy as a form of cardiovascular protection.

However, with the epidemiologic reports in the 1980s of the cardioprotective influence 

of postmenopausal ERT (see page 54) and the increasing recognition of 

postmenopausal osteoporosis as a major health problem, the popularity of ERT again 

increased amongst both physicians and the public. And the recent evidence that 

postmenopausal ERT reduces cardiovascular mortality by a far greater proportion than 

can be accounted for by lipid metabolism alone (see page 69) has shifted attention to 

the non-lipid mechanisms of oestrogen action. Thus, the haemodynamic effects of 

female sex hormones have been investigated in several animal studies. These indicate 

that endogenous oestrogen is vasodilator. On the other hand, only a few studies have 

been performed in women and most either had critical design flaws or employed 

non-quantitative methods for measuring blood flow.

ANIMAL STUDIES

Some of the available animal studies involved the use of synthetic oestrogens (Lloyd, 

1959) or the use of pharmacological doses (Colucci et al, 1982) and their conclusions 

have erroneously been assumed even in contemporary literature to represent the 

physiological effects of all oestrogens. Synthetic oestrogens (page 34) are both 

structurally and functionally different from natural oestrogens. They are about four to 

eight times as potent as natural oestrogens in inducing the liver enzymes that produce
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clotting factors, and they may also induce a rise in blood pressure. The dose of 

oestrogen employed for oral contraception is about six times greater than that used in 

ERT (Campbell, 1982). However, whilst the potency of an individual oestrogen is 

conventionally determined from its effects on the uterus, this does not necessarily 

reflect its action on the circulation.

Byron (1938) was the first to show that oestrogens altered the vascular response to 

vasopressin in rats. Reynolds (1941) reported a reduction of transmitted light through 

the rabbit's ear after the injection of oestrogens and attributed this to vasodilatation. 

Lloyd (1959) investigated vascular responses in the rat at various times of the 

reproductive cycle. During natural oestrus, with high oestrogen levels, there was a 

paradoxical and unexpected vasoconstriction in response to the injection of oxytocin, 

stilboestrol or progesterone. However, after ovariectomy, the dilator response to 

oxytocin was temporarily increased, indicating that the degree of oestrogenization 

affects vascular responses. Pre-treatment with oestrogens has been shown to enhance 

the blood pressure response to noradrenaline in dogs (Boxill and Brown, 1975) and the 

vascular response to adrenaline and noradrenaline in rats (Altura, 1975).

More recent studies with natural oestrogens have yielded similar results to above. 

Bartra et al (1985) administered 17P-oestradiol to female rabbits and measured their 

cardiac output using radio-labelled micro spheres. The animals were then killed and 

selected organs were weighed and measured for radioactivity content. There was a 

three-fold increase in blood flow through the uterus, vagina and urethra. These 

increases were reduced in the animals that received progesterone after 17P-oestradiol.
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Other reports have confirmed that oestrogens induce vasodilatation in sheep uterus 

(Anderson et al, 1977) and dog's hind limb (Haigh et al, 1965). The latter authors 

were amongst the first to also demonstrate that oestrogen plays a role in the release of 

noradrenaline.

In reviewing the available animal studies, Magness and Rosenfeld (1989) noted that 

administration of 17p-oestradiol increases uterine blood flow, cardiac output, heart 

rate and renin activity. In the same review the authors report their own work that 

indicated that the systemic responses to 17p-oestradiol administration were 

independent of the uterine responses. They studied uterine and systemic vasodilatation 

in five non-pregnant ovariectomized ewes by infusing 3 pg of 17p~oestradiol into both 

uterine arteries, followed two hours later by infusion of 17P-oestradiol (1 pg/kg) into 

the abdominal inferior vena cava. Two hours after the local uterine arterial infusions, 

uterine blood flow had increased significantly over six-fold, while uterine vascular 

resistance decreased. The systemic variables monitored - cardiac output, mean arterial 

pressure, heart rate and systemic vascular resistance - were unchanged. However, two 

hours after the systemic intravenous infusions, uterine blood flow remained elevated 

while cardiac output had increased gradually by 26 % from baseline. Heart rate 

increased by 37 %, but mean arterial pressure was unchanged. Systemic vascular 

resistance had decreased by 20 %, a fall that was significantly less than the fall in 

uterine vascular resistance. Baseline plasma renin activity, and angiotensin II were 

unchanged by local 17P-oestradiol infusion, but were significantly increased by 

systemic infusion.
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Thus, the effects of oestrogen on the circulation in oestrogen-dependent organs, such 

as the uterus, cannot be extrapolated to the central, regional or peripheral circulations.

Another interesting feature of the animal studies was the sex-difference in arteriolar 

responsiveness following pre-treatment with oestrogen. Altura (1975) reported that 

treatment of male and female rabbits with low doses of 17p-oestradiol (2 or 10 

pg/100 g subcutaneously) resulted in an increased responsiveness of terminal 

mesenteric arterioles to a-adrenergic agonists such as epinephrine or nor-epinephrine, 

but with a greater increase in female rabbits than in males. In an earlier work on male 

rabbits alone, Altura (1973) had found that androgenic hormones tended to decrease 

the peripheral vascular actions of these a-adrenergic agonists. It should however be 

remembered that epinephrine, and to a marginal degree, nor-epinephrine, has both a- 

and p-adrenergic actions. Colucci et al (1982), using radioligand-binding receptor 

assay techniques, demonstrated that treatment with 17p-oestradiol or conjugated 

equine oestrogen (Premarin) enhanced a-adrenergic receptor affinity over three times 

more in female than in male rats. There was, however, no sex-difference in receptor 

density following oestrogen treatment. The foregoing evidence that vascular responses 

to a-adrenergic agonists differ between the sexes in animals makes it reasonable to 

expect at least some sex-differences in the human also.
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ENDOGENOUS OESTROGENS AND THE CIRCULATION

Studies of the influence of endogenous oestrogens on the circulation in women have 

been concerned with the circulatory changes in the menstrual cycle, haemodynamic 

changes in pregnancy, and differences in the circulation between pre- and 

postmenopausal women. All these physiological conditions are associated with 

specific variations in endogenous serum sex hormone concentrations (Table 2.3), and 

so offer varying models for studying the circulatory influences of endogenous sex 

hormones.

In an ovulatory menstrual cycle, serum oestradiol is low during menstruation, but 

gradually increases to a peak in the preovulatory phase and then decreases slightly 

before rising to a smaller peak in the mid-luteal phase of the cycle and finally returning 

to the low levels of the menstrual phase. On the other hand, serum progesterone is 

relatively low in the menstrual and follicular phases, but gradually increases to a peak 

in the mid-luteal phase, although there is evidence that this luteal phase surge may 

commence as early as just before ovulation. Pregnancy is associated with marked 

elevations in the serum concentrations of both oestradiol and progesterone, whilst after 

the menopause, there is a great diminution in oestrogen production with serum 

oestradiol and progesterone levels being undetectable with standard laboratory assays.
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TABLE 2.3

NORMAL VARIATIONS OF SERUM OESTRADIOL AND PROGESTERONE

UNDER PHYSIOLOGICAL CONDITIONS

Oestradiol
(pmol/1)

Progesterone
(nmol/1)

MENSTRUAL CYCLE
- Follicular phase 200 - 400 < 4
- Ovulatory phase 400 - 1200 4 - 1 0
- Luteal phase 200 - 1000 30-45

PREGNANCY
- First trimester 2000 - 10 000 30-45
- Second trimester 10 000 - 30 000 70-150
- Third trimester 20 000 - 80 000 150-600

POST-MENOPAUSE < 100 < 4

The menstrual cycle;

The results of investigations into the circulatory changes associated with the menstrual 

cycle are conflicting as to whether any cyclic variations occur in blood pressure during 

the menstrual cycle. It also appears that there are no significant menstrual 

phase-related alterations in the general circulation (such as cardiac output), but that 

skin blood flow in the limbs may be increased in the oestrogen-dominant follicular 

phase. There is again no uniformity of results with regard to the effect of the 

progesterone-dominant luteal phase on peripheral blood flow.
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Jacobi (1876) was the first to suggest, after studying six normal subjects, that there 

were cyclic variations in pulse, temperature, blood pressure and muscular strength 

during the menstrual cycle, presumably in association with the variations in 

endogenous hormone concentrations. These clinical observations were lowest on 

cessation of menstrual flow, were higher around the midcycle, and gradually increased 

to a peak about three days before menstruation.

King (1914), in a study of 11 women, confirmed these cyclic variations in pulse and 

temperature but could not detect any changes in blood pressure. Thus whilst Jacobi 

(1876) reported variations in blood pressure and heart rate. King (1914) found 

fluctuations in pulse rate, but no change in blood pressure.

Recent studies have also not yielded uniform results, with some (Lehtovirta, 1974; 

Greenberg et al, 1985; Tersman et al, 1991) indicating no significant phase-related 

changes in resting blood pressure and heart rate, and others (Stoney et al, 1986; 

Kelleher et al, 1986; Kaplan et al, 1990) indicating slight phase-related changes, 

especially in heart rate. Heart rate appeared to increase in mid-cycle, remaining 

elevated till well into the luteal phase before decreasing prior to menstruation. 

Unfortunately, since the subjects' serum oestradiol and progesterone levels or their 

ovulatory status were not monitored in most of the available studies, one cannot 

assume that the increased heart rate observed in the mid-cycle was associated with an 

increase in serum oestradiol.
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Some studies have been concerned with changes in central, regional and peripheral 

blood flows during the menstrual cycle. Grollman (1931), using a technique involving 

re-breathing of acetylene, reported no change in cardiac output immediately before and 

after menstruation in one woman. Brehm (1956), using an inaccurate sphygmographic 

method, reported that cardiac output increased by 22 % (1 litre) in the post-ovulatory 

phase of the cycle, when compared to the follicular phase. Brehm's figures cannot be 

considered reliable because of his technique. Lehtovirta (1974), using a more accurate 

radiocardiographic method, could not demonstrate any menstrual cycle phase-related 

changes in cardiac output.

Wolff (1948) suggested that increased incidence and severity of migraines and tension 

headaches in his female patients in the premenstrual phase of the cycle resulted from 

distension (ie vasodilatation) of the intracranial arteries. Landesman et al (1953) 

examined the bulbar conjunctival circulation of 15 healthy women with a slit lamp and 

binocular microscope daily during the menstrual cycle. Conjunctival flow fell 

substantially in the mid-luteal phase and throughout the premenstrual phase until 

forty-eight hours after the start of menstruation. Although Landesman et al (1953) 

attempted to determine whether ovulation had occurred in their patients by using basal 

body temperature charts, an inaccurate method, most of these early studies of regional 

circulations or cardiac output did not ascertain the ovulatory status of the cycles 

studied. Thus, one cannot be certain that the increased blood flow that was noted in 

these circulatory beds in the menstrual phase was associated with low serum oestradiol 

while the vasoconstriction of the "mid-luteal" phase was associated with progesterone 

dominance.
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Brewer (1938) assessed the degree of vacuum pressure required to produce capillary 

haemorrhages from the skin, and reported that there were day to day variations during 

menstruation. He demonstrated that capillary fragility increased gradually during the 

premenstrual phase to a maximum on the first day of menstruation. This technique is 

neither quantitative nor indicative of arteriolar responsiveness. It was not until several 

years later that reasonably accurate techniques were employed in the quantitative study 

of any association between the menstrual cycle and peripheral blood flow.

Keates and Fitzgerald (1969) used mercury-in-rubber strain gauge plethysmography to 

measure calf and foot blood flows during the menstrual cycle in seven normal subjects. 

They reported an increase in resting flows between the first and second weeks of the 

cycle, followed by a fall in the third week, a further increase in the fourth week and a 

final decrease at the onset of menstruation. They applied an arterial occlusion cuff at 

the ankle during measurements of calf blood flow but did not specify whether the 

silastic gauge employed was applied for recording foot blood flows, whether the 

gauges for calf and foot measurements were applied at constant positions in each 

subject during repeated measurements nor whether they studied ovulatory cycles. It is 

therefore impossible to deduce whether they were measuring predominantly muscle 

flow or skin flow. Their results, however, suggest that cyclic variations in peripheral 

blood flow may occur in relation to the various phases of the menstrual cycle.

Tooke et al (1981) measured digital blood flow in the finger, again with strain gauge 

plethysmography, in 10 women with normal menstrual cycles and 10 women on the 

oral contraceptive (OC) pill. The occluding cuff was applied at the base of the finger
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and the silastic gauge at the base of the nail. They reported higher mean levels of 

digital blood flow, at all stages of measurement, in women on the OC pill when 

compared to those with normal cycles, a difference they interpreted to mean that the 

synthetic oestrogen contained in the OC pill was associated with vasodilatation. The 

relevance of this is questionable since the OC pill abolishes the cyclic variations of 

endogenous sex hormones and invalidates the basis for using the menstrual cycle as a 

model for study. Moreover, as discussed earlier, this cannot be assumed to be the 

haemodynamic effect of natural oestrogens. In the normal menstrual cycles, however, 

they found that digital blood flow increased from 8.27 + 0.83 ml/100 ml tissue/min in 

the menstrual phase to 9.88 + 2.1 in the ovulatory phase, but decreased only slightly to 

9.05 + 2.68 in the mid-luteal phase, with a profound vasoconstriction by the 

twenty-eight day of the cycle (digital flow of 5.84 ± 1.11). Thus, skin blood flow was 

increased in the oestrogen-dominant phase of the cycle and decreased in the 

progesterone-dominant phase, with the maximal decrease in the immediate 

premenstrual period when the concentrations of both hormones were minimal. It must, 

however, be realized that skin blood flow is primarily involved with temperature 

regulation and so without also investigating skeletal muscle blood flow, one cannot 

assume that these variations represent the effects of endogenous sex steroids on the 

peripheral circulation overall.

Bartelink et al (1990) studied 31 healthy volunteers at four different times in an 

ovulatory menstrual cycle - menstrual phase, twice in the peri-ovulatory phase, and in 

the mid-luteal phase. Ovulation was assessed by daily basal body temperature charts 

and by mid-luteal phase progesterone assays. Using strain gauge plethysmography.
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they reported that mean resting forearm blood flow was lowest in the menstrual phase 

at 2.90 ±1.5 ml/100ml tissue/min, it increased in the immediate post-ovulatory period 

to 3.93 ± 1.7 before falling again slightly to 3.88 ± 1.8 in the mid-luteal phase. Their 

study was however defective on several technical grounds. They did not specify at 

what point on the forearm the strain gauge was applied, whether they used two gauges 

and which gauge gave these readings. They also did not exclude hand circulation from 

the measurements of forearm blood flow, but applied a wrist cuflF inflated to only 40 - 

50 mmHg. Hence during the procedure, sufficient venous pooling in the hand could 

overcome this pressure and result in a back-flow into the forearm, thereby invalidating 

the measurements of forearm blood flow. Their results cannot therefore be regarded 

as accurate and it remains unclear whether they were measuring skeletal muscle blood 

flow (in which case the gauge is applied to the upper more muscular part of the 

forearm) or skin blood flow (with the gauge on the lower part of the forearm).

Thus whilst there is some evidence of menstrual phase-related alterations in 

haemodynamic variables, no consistent trends have been observed in respect of 

peripheral blood flow. The results suggest that flow is increased in the post-menstrual 

phase and lowest in the luteal phase. Poor technique limits the value of the available 

studies. The exact relationship between ovulatory menstrual cycles and peripheral 

blood flow, therefore, remains unclear.

Normal pregnancy:

In pregnancy, several cardiovascular changes occur. Cardiac output increases 

substantially as do plasma volume and heart rate. Mean blood pressure, however, falls
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slightly by mid-pregnancy (Duncan 1989). Most of these changes commence early in 

pregnancy and are progressive, although the effects may vary in regional and peripheral 

circulations. For example, the increase in cardiac output is directed mainly to the 

organs primarily involved with pregnancy - the urogenital organs and the breasts, with 

very little increase in blood flow to other organs such as the brain and the gut.

Ginsburg and Duncan (1967) used venous occlusion plethysmography to investigate 

the peripheral vascular effects of pregnancy in 50 women aged 1 9 - 3 9  years. They 

reported that whilst hand blood flow increased nearly five-fold between the twelfth 

week of pregnancy and term, there was only a modest increase in foot blood flow, with 

little or no change at all in blood flow to the forearm and calf, except in multiple 

pregnancy. Mean resting hand flow in their subjects increased progressively from 2.7 

ml/100ml tissue/min at 12 weeks to 18.1 ml/100ml tissue/min at term before falling 

gradually during the puerperium.

The cardiovascular changes in pregnancy cannot, however, be attributed solely to the 

effects of elevated serum oestradiol and progesterone for several reasons. The 

magnitude of the increase in blood volume, cardiac output and stroke volume is unique 

to pregnancy, as is the expansion in vascular beds consequent on these increases. 

Most of these changes are due to both the actively metabolising foeto-placental unit 

and the various hormonal changes of pregnancy. Apart from the dramatic increase in 

oestradiol and progesterone, there is a significant increase in prostaglandin biosynthesis 

which may be part of the mechanisms responsible for local uterine vasodilatation. 

Moreover, studies of blood volume changes in pregnant, non-pregnant, and oestrogen
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treated women reveal important differences. Although renin substrate is increased in 

pregnant women and those taking oestrogens, Weinberger et al (1977) showed that the 

increase in the renin-angiotensin-aldosterone system in pregnancy was significantly 

greater than would be expected from oestrogen alone, representing instead a 

physiological response to increased sodium need in pregnancy. Thus, the physiological 

model of pregnancy does not illustrate the effects of endogenous sex steroids alone on 

the circulation. Other mechanisms - metabolic, immunological and mechanical - are 

also involved.

The menopause:

At the turn of the century, it was widely believed that the menopause resulted in a 

substantial increase in blood pressure and that some cases of hypertension were caused 

by the menopause, hence the term "menopausal hypertension". In fact this term first 

appeared in the medical literature as early as the nineteenth century when Huchard 

(1899) referred to ''hypertension arterielle de la menopause". The concept was 

subsequently strengthened by Schaefer's (1935) report that exogenous oestrogens 

reduced blood pressure in thirteen of such patients with "menopausal hypertension". 

In 1947, Taylor et al published a study of 200 women monitored longitudinally over 

the menopausal transition, 179 of whom were oophorectomized, and reported no 

increase in the prevalence of hypertension over that occurring in the general 

population. They concluded that hypertension after the menopause was not 

hormonally mediated, but their results could in fact be interpreted to mean that 

whatever the effects of oestrogen withdrawal at the menopause on blood pressure, 

such effects are not apparent until much later; therefore the oestrogens of the
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premenopausal period may have a lag effect. Nevertheless, it has been suggested that 

the oestrogen deficiency of the climacteric may play a part in the aetiology and 

pathogenesis of certain forms of labile essential hypertension (von Eiff, 1975; Carol et 

al, 1976; Barrett-Connor et al, 1979).

Boyle (1972) and Cugini et al (1982) demonstrated in cross-sectional population-based 

studies that the menopause per se influences the onset of the age-related increase in 

both systolic and diastolic pressures in women. Weiss (1972) investigated a cohort of 

897 peri-menopausal women recruited into the United States' Health Examination 

Survey and reported that only the diastolic pressure (and not the systolic pressure) 

increased after the menopause. Wu et al (1990), on the other hand, found no 

differences in mean systolic and diastolic pressures among pre-, pen- and 

post-menopausal Chinese women; rather, using multiple regression analysis, they 

reported that fat synergic index (weight x waist circumference/height) was the most 

important determinant of blood pressure increases and serum lipid alterations in 

women.

Thus, the literature is unclear as to whether the menopause, with its attendant 

"withdrawal" of oestrogen production, is of itself associated with an increase in blood 

pressure. There is a consensus, however, that endogenous oestrogens appear to confer 

a much better prognosis on hypertensive women when compared to their male 

counterparts or age-matched postmenopausal women. It was Sir George Pickering 

who first noted in 1955 that "for any given high blood pressure at any age, women 

seem to fare better than men". More recently, Kannel et al (1984) have used data from



50

the Framingham study to calculate that for any given level of mean arterial pressure, 

women have a 66 % lower risk of stroke, 50 % lower risk of developing coronary 

artery disease and a 33 % lower risk of sudden death than men. Messerli et al (1987) 

studied 100 hypertensive women and 100 men matched according to age, race, body 

surface area and mean arterial pressure. They found that the premenopausal women 

had higher cardiac output and lower peripheral resistance than their male peers but that 

this sex-difference disappeared after the menopause.

The information on any differences in blood flow between pre- and postmenopausal 

women is limited. The climacteric "hot flush", a vascular phenomenon with specific 

haemodynamic alterations has been extensively studied but other circulatory changes 

have not. Hot flushes afflict about 70 % of perimenopausal women and may persist 

for up to five years. The exact aetiology remains unclear (Ginsburg and Hardiman, 

1991) but the characteristic reddening of the skin and accompanying palpitations 

indicate that it is primarily a circulatory disturbance. Despite this, the earliest studies 

of the menopausal flush centred on investigations of temperature changes, an indirect 

effect which does not reflect the circulatory changes either in magnitude or in time.

In a unique investigation on a nude subject, presumed to be his wife, Molnar (1975) 

used thermocouples and a recording potentiometer to measure temperatures "internally 

(rectum, vagina, and tympanum) and on the skin surface (forehead, cheek, neck, chest, 

abdomen, upper and lower back, leg finger, and toe)" simultaneously for two hours 

daily on four alternate days. He reported that internal temperatures fell immediately 

after each hot flush; and that in the presence of sweating, skin temperatures fell during
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the flush and rose after it. On the other hand, finger and toe temperatures always rose 

sharply at the onset of a hot flush, remaining elevated for about 1 - 4  minutes before 

slowly returning to baseline over 30 minutes. This discrepancy in internal and surface 

temperature changes and the temporal disparity between the onset of the flush and the 

surface temperature changes indicate the unreliability of temperature measurements as 

a marker of circulatory changes during a hot flush.

Ginsburg et al (1981) measured peripheral vascular responses with water-filled venous 

occlusion plethysmography in 50 menopausal women complaining of frequent hot 

flushes and reported that hand blood flow and to a lesser extent, forearm flow, 

increased simultaneously with the onset of a hot flush - the first report of quantitative 

haemodynamic alterations during the hot flush. Heart rate increased but blood 

pressure remained unchanged, indicating that most of the increase in peripheral blood 

flow during a hot flush was due to cutaneous vasodilatation and not due to increased 

perfusion pressure. In a later study (Ginsburg et al, 1989), they reported significant 

circulatory differences between flushing menopausal women and their asymptomatic 

peers. Flushers had a higher basal forearm flow than non-flushers, a difference that 

was sustained during the vasodilator response to mental arithmetic but not to anoxic 

exercise (reactive hyperaemia). This suggests that the circulatory disturbance in 

flushing women is mediated at a central level (probably the vasomotor centre) and 

might be part of a more widespread vascular disturbance consequent on a diminution 

of oestrogen production at the menopause.
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Autopsy studies:

The cardiovascular influence of endogenous oestrogens has also been investigated 

through autopsy studies of the incidence of coronary atherosclerosis in women. The 

earlier reports followed the pattern set by Herbeden (1803) in comparing the incidence 

with that in men. Levy and Boas (1936) reported a female to male ratio of 1:4.9 

amongst their subjects with coronary atherosclerosis. Master et al (1939) found a ratio 

of 1:3.4 whilst Clawson (1941) reported the highest ratio of 1:8 amongst normotensive 

subjects with coronary atherosclerosis in a series of 30,000 autopsies.

Wuest et al (1953) reported that the degree of coronary atherosclerosis in 49 

bilaterally oophorectomized women was greater than that in 600 age-matched women 

with intact ovaries, irrespective of menopausal status. Whilst 50 % of 

oophorectomized women had severe atherosclerosis by the age of 50 years, it was not 

until the age of 70 that this incidence of severe atherosclerosis was reached in the 

controls. This was one of the earliest indications that the weak oestrogens produced 

directly by postmenopausal ovaries and indirectly through conversion of ovarian 

androgens in peripheral tissues, might still exert some beneficial vascular effects.

Rivin and Dimitroff (1954) compared the incidence of coronary artery disease in three 

groups of women at autopsy, based on their degree of oestrogenisation, and in a group 

of oestrogen treated males. They showed that for every decade of life, the incidence of 

atherosclerosis at autopsy correlated negatively with the degree of oestrogenisation 

before death. Thus, males had the highest incidence, followed by oophorectomized
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females, and then normal females, with females dying of breast cancer (and presumed 

hyper-oestrogenic) having the lowest incidence of coronary atherosclerosis.

All these autopsy studies confirm the presence of a relationship between oestrogen 

status in lifetime and degree of atherosclerosis in coronary vessels.
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EXOGENOUS OESTROGENS AND THE CIRCULATION:

Many of the studies of the haemodynamic effects of oestrogen administration have 

been performed in animals using synthetic, rather than natural oestrogens. Such 

studies involving synthetic oestrogens are not relevant to this dissertation since as 

stated earlier, synthetic oestrogens have divergent cardiovascular effects from natural 

oestrogens due to fundamental differences in structure and function. For example, 

Petitti et al (1979) followed up a cohort of 16,759 women aged 1 8 - 5 4  years for an 

average duration of six and a half years in order to determine the cardiovascular effects 

of oral contraceptives (synthetic oestrogens), postmenopausal oestrogen substitution 

(natural oestrogens) and other lifestyle factors such as smoking and obesity. They 

reported that whereas oral contraceptive use was associated with an increased risk of 

subarachnoid haemorrhage and venous thromboembolism, natural oestrogen use was 

not associated with increased risk of any of the morbidity end-points they investigated 

- myocardial infarction, subarachnoid haemorrhage, other strokes and venous 

thromboembolism. This review is mainly concerned with the effects of exogenous 

natural oestrogens.

Epidemiology of Oestrogen Therapy and the Cardiovascular system:

There is now compelling evidence that natural oestrogen treatment almost halves the 

incidence of cardiovascular disease in postmenopausal women (Stampfer et al, 1991). 

However, this has not been universally appreciated partly because of the complex and 

confusing information from previous studies of women taking synthetic oestrogens (as
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in the oral contraceptive (OC) pill) and those of men treated with high doses of 

oestrogens. In both groups, an increased risk of cardiovascular disease was noted. 

Thus, in a two-year case-control study of women, aged 15- 44  years, those who were 

taking the OC pill were found to be nine times more likely to develop cerebral 

ischaemia or thrombosis than those who were not (Collaborative Study Group, 1973). 

Mann and Inman (1975) reported that of 219 deaths from myocardial infarction in 

women under the age of 50 years, current users of the OC pill were twice more likely 

than age-matched non-users to have a fatal myocardial infarction. In a randomised, 

double-blind, placebo-controlled study over 9 years, of the effects of high dose 

synthetic oestrogen (Diethyl-stilboestrol 5 mg daily) in 491 men with prostatic cancer, 

Blackard et al (1970) found that those taking oestrogen had a two-fold increase in the 

risk of fatal myocardial infarction, and an overall higher incidence of cardiovascular 

mortality and morbidity than those taking placebo. The OC pills in these studies 

contained higher doses of synthetic oestrogens (50 |ig) than contemporary pills (30 

|ig) and so the OC pills in current use are less likely to be associated with the same 

degree or magnitude of cardiovascular morbidity.

On the other hand, natural oestrogens have been shown in several large studies since 

the late 70s to be associated with a reduced incidence of cardiovascular disease 

(CVD). These have been either case-control or cohort studies, and the major ones are 

listed in Tables 2.2 a & b (pagesf? -  JÛ).

The earliest of these studies were the case-control studies that often employed small 

patient numbers. Since they were published in the years after the unfavourable
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publicity of an association between unopposed oestrogens and endometrial cancer and 

between OC pills and increased cardiovascular risk, the reports often presented a lower 

cardiovascular mortality in oestrogen users as an indication of no increased 

cardiovascular risk. Pfeffer et al (1978) monitored the incidence of fatal and non-fatal 

myocardial infarction in female residents of a retirement community, aged 4 4 - 1 0 0  

years. There were 185 cases of myocardial infarction and 511 controls. With the risk 

estimate for CVD in the controls set at 1, these authors calculated the risk estimate for 

CVD in current oestrogen users as 0.68, a reduction of over 30 %. Women who had 

ever used oestrogens at all also showed a reduced risk estimate for CVD at 0.86 

although this was not statistically significant.

Using the same end-points as Pfeffer et al (1978), Nachtigall et al (1979), in a 10-year 

double blind trial of postmenopausal oestrogen use amongst in-patients of a chronic 

disease hospital, found a relative risk of 0.33 for CVD amongst 83 oestrogen users 

when compared to age- and illness-matched controls.
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Table 2.2a

SOME EPIDEMIOLOGICAL STUDIES OF POSTMENOPAUSAL 
OESTROGEN REPLACEMENT THERAPY CEKT) AND 

CARDIOVASCULAR DISEASE (CVD)

S t u d i e s  s h o w i n g  p r o t e c t i v e  e f f e c t  o f  ERT on c a r d i o v a s c u l a r  d i s e a s e
STUDY DESIGN POPULATION End-Point RR

Burch et al 
(1974)

Case-control 737 women
controls

Fatal CHD 0.43

Nachtigall et 
al (1979)

10 year 
Double-blind

83 in-patients 
and controls

All MI 0.33

Pfeffer et al 
(1978)

Case-control 185 pensioners 
511 controls

All MI 0.68

Henderson et 
al (1985)

Cohort 8841 women over 
5 years

IHD 0.6

Hunt et al 
(1987)

Cohort 4544 women over 
5.5 years

IHD 0.48

Colditz et al 
(1987)

Cohort 121,700 nurses 
over 6 years

All MI 0.8 N 
0.7 S

Sullivan et al 
(1988)

Case-control 
10 year study

757 women out 
of 2188

Post-CHD
Survival

0.44

Stampfer et al 
(1991)

Cohort 48,470 nurses 
over 10 years

Major CHD 0.56

S t u d i e s  s h o w i n g  n o  e f f e c t  o f  ERT on c a r d i o v a s c u l a r  d i s e a s e
Petitti et al 
(1979)

Cohort 16,759 women 
over 6.5 years

All MI 1.2

Rosenberg et 
al (1980)

Case-control 477 inpatients 
1832 controls

Non-fatal
MI

1

Bain et al 
(1981

Case-control 64 nurses 
1390 controls

Non-fatal
MI

0.9

Criqui et al 
(1988)

Cohort 18 68 women over 
12 years

All CHD 
deaths

0.79

S t u d y  s h o w i n g  a d v e r s e  e f f e c t  o f  ERT on c a r d i o v a s c u l a r  d i s e a s e

Wilson et al 
(1985)

Cohort 1234 women over 
24 years

CHD,
Angina

1.9

RR = Relative Risk (set at 1.0 for non-users of oestrogen) 
CHD = Coronary Heart Disease 
MI = Myocardial Infarction 
EHD = Ischaemic Heart Disease 
N = Natural Menopause;
S = Surgical Menopause
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Table 2.2b

SOME EPIDEMIOLOGICAL STUDIES OF POSTMENOPAUSAL 
OESTROGEN REPLACEMENT THERAPY (ERT) AND STROKES

STUDY DESIGN POPULATION End-Point RR
Pfeffer and 
van den Noort 
(1976)

Case-control 213 cases 
1065 controls

Stroke 1.1

Adam et al 
(1981)

Case-control 23 cases 
45 controls

Sub-arachn
old
bleeding

0.6

Hunt et al 
(1987)

Cohort 454 4 women over 
5.5 years

Stroke
deaths

0.65

Paganini-Hill 
et al (1988)

Cohort 8841 women over 
5.5 years

Stroke
deaths

0.53*

* Significant reduction in relative risk (RR) from non-users

By the middle 80s, several cohort and population-based studies appeared in the 

literature with most showing a protective effect of postmenopausal oestrogen use on 

CVD risk. Hunt et al (1987) reported a risk estimate of 0.48 for ischaemic heart 

disease over years amongst 4544 British women who had used ERT for at least 

one year. Colditz et al (1987) followed up 121,700 female nurses, aged 30 - 55 years, 

over 6 years and reported that postmenopausal oestrogen use was associated with a 

significantly reduced coronary heart disease risk in both women who had undergone 

bilateral oophorectomy (risk estimate 0.7) and those who had a natural menopause 

(risk estimate 0.8). Of particular interest was their finding that if ERT was not given, 

bilateral oophorectomy, in contrast to natural menopause, more than doubled the risk 

of coronary heart disease (risk estimate 2.2). This again suggests that the limited 

amounts of oestrogens produced by the postmenopausal ovary and resulting from 

peripheral metabolism of androgens may still confer some degree of cardiovascular 

protection.
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Stampfer et al (1991), in one of the largest prospective studies on this issue, monitored 

the incidence of strokes, major coronary artery disease, and all-cause mortality in 

48,470 postmenopausal nurses, aged 30 - 63 years, over 10 years (337,854 

person-years). The subjects had no history of cancer or cardiovascular disease at 

baseline. After adjustment for age, and other cardiovascular risk factors (eg 

hypertension, diabetes mellitus, current smoking), they reported that oestrogen therapy 

reduced the risk of coronary heart disease by about 50 % and coronary heart disease 

mortality by about 30 %. They did not find any significant reduction in the risk of 

strokes amongst their oestrogen users.

However, Paganini-Hill et al (1988) monitored deaths from strokes over five and a half 

years in 13,986 residents of a Californian retirement community (including 8882 

women) with a median age of 73 years, and found that postmenopausal oestrogen use 

was associated with a 47 % reduction in stroke mortality. The reasons for the 

discrepancy in these two reports as regards the influence of oestrogen therapy on 

stroke mortality remain unclear. The different ages of the two cohorts may indicate 

that any protective effect of oestrogen was limited to older women. The latter study 

did not specifically exclude any women with known or suspected cerebrovascular 

disease, a condition that would make prescription of ERT less likely and therefore 

exaggerate any protective effect amongst oestrogen users. Nevertheless, other studies 

(Adam et al, 1981; Hunt et al, 1987) indicate that ERT has a small protective effect on 

the risk of strokes. The majority of epidemiologic studies therefore show a significant 

reduction of about 50 % in the incidence of and mortality from CVD in
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postmenopausal women using ERT, and possibly also a small reduction in stroke 

mortality.

The cardioprotective effect of oestrogen has also been confirmed in studies of women 

undergoing coronary angiography in whom coronary artery disease was diagnosed 

objectively. Sullivan et al (1988) retrospectively investigated the 10-year survival rates 

of 2188 postmenopausal women with coronary atheroma on angiography. After 

adjustment for age, cigarette smoking and other cardiovascular risk factors (including 

hyperlipidaemia), they found that the 10-year survival rate was about 30 % more in 

oestrogen users than in non-users amongst those women with severe coronary artery 

disease (70 % stenosis or more). This difference in survival rates was much reduced at 

10.6 % amongst women with mild to moderate coronary artery stenosis (5 - 69 % 

stenosis) and was absent in the absence of coronary artery disease (0 % stenosis). 

They concluded that postmenopausal oestrogen use reduced the mortality risk for 

angiographically significant coronary artery disease with little or no effect in the 

absence of coronary artery stenosis. Gruchow et al (1988) reported a similar 

protective effect of oestrogen use in women referred for angiography to diagnose 

coronary artery occlusion. In those with severe occlusion, the age-adjusted odds ratio 

for postmenopausal oestrogen use was 0.37, indicating a statistically significant 

protective effect of oestrogen use.

The only major study that apparently yielded contradictory results was the Framingham 

study (Wilson et al, 1985) which reported increased cardiovascular and 

cerebrovascular morbidity amongst oestrogen users (risk estimate: 1.9), with no 

difference in mortality. 1234 postmenopausal women attending their twenty-fourth
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year of follow-up as part of a larger prospective study were used for this analysis. But 

when women with angina were excluded from the analysis, the increased 

cardiovascular morbidity risk was no longer significant. In fact, a re-analysis of the 

same data (Baker and Castelli, 1987) indicated that oestrogen use conferred a 

protective effect on younger women but an adverse effect on older women, although 

none of these trends was statistically significant.

The foregoing epidemiologic evidence that postmenopausal ERT significantly reduces 

CVD incidence and mortality must be interpreted with caution. Prescription habits 

change with time depending on the perception of the benefits and safety of ERT by 

both doctors and the public. With the adverse publicity gained by ERT in the 1970s, 

doctors tended to prescribe oestrogens for only healthier individuals, thereby 

introducing an element of selection bias. Nevertheless, cohort studies and some 

prospective population-based studies that adjusted for this bias still showed a 

cardioprotective effect of ERT thereby indicating that the influence of oestrogens was 

real. And in a meta-analysis of over 20 large studies published over the preceding 10 

years, Stampfer and Colditz (1991) demonstrated an overall CVD risk reduction of 

about 50 % in women receiving ERT. Nevertheless, the mechanisms by which 

oestrogens act on the circulation to achieve these benefits remain to be elucidated.
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Exogenous Oestrogens. Blood pressure and Heart rate:

Investigations into the effects of natural oestrogen treatment on blood pressure and 

heart rate in women have yielded some interesting results. Large, prospctive studies 

demonstrated that administration of natural oestrogens resulted in either a decrease or 

no change in blood pressure. However, in some studies involving the use of 

conjugated equine oestrogens and with small numbers of subjects, blood pressure 

levels or incidence of hypertension was noted to be higher amongst women using ERT.

Notelovitz (1975) reported a significant increase in diastolic pressure (and an 

insignificant rise in systolic pressure) in 51 women on cyclical conjugated equine 

oestrogen (Premarin 1.25 mg daily for three out of four weeks) after one year's 

follow-up. The blood pressure increases were partly due to age since hypertension 

occurred more frequently amongst the older women; however, individual evaluation 

revealed that the increases were largely due to an idiosyncrasy amongst certain 

women. Whilst this study can be criticised for employing small numbers and using 

double the dose of conjugated equine oestrogen commonly used in climacteric therapy, 

similar findings were reported by Utian (1978) and Pfeffer et al (1979).

On the other hand, in several large population based studies (Barrett-Connor et al, 

1979; Stem et al, 1976) as well as in clinical studies (Wren and Routledge, 1983; 

Borglin and Statland, 1975), there was no change in blood pressure after natural 

oestrogen therapy. This was despite the fact that most of these studies involved oral 

conjugated equine oestrogens which may be associated with an increase in blood 

pressure, partly because of the idiosyncrasy mentioned above and partly because oral
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administration of oestrogens, as opposed to parenteral administration, results in a 

higher liver enzyme induction due to the first pass hepatic metabolism. An increased 

activation of the renin-angiotensin mechanism with resultant alterations in blood 

pressure would thus have been expected. Nevertheless, Luotola (1983) reported a 

decrease in blood pressure after ERT with oral micronized oestradiol-1713. It would 

therefore appear that in the doses used for ERT, natural oestrogens either have no 

effect on blood pressure or result in small but significant reductions in blood pressure 

(Lind et al, 1979; Hammond et al, 1979), with the exception of an idisyncratic 

response to conjugated equine oestrogens in a few subjects (Notelovitz, 1975; Utian, 

1978; Pfeffer et al, 1979).

Gitman and Greenblatt reported as early as 1953 that intravenous oestrogen 

administration decreased malignant blood pressure in a hypertensive patient and 

counteracted haemorrhages and exudates of the ocular fundi. Subsequently, 

Borgstrom (1954) showed that oestrogen administration decreased blood pressure in 

52 patients with essential hypertension.

Natural postmenopausal oestrogens also appear to induce a decrease in heart rate 

(Lind et al, 1979; Hammond et al, 1979; Luotola et al, 1979). However, Sturdee et al 

(1978) showed that heart rate increased by about 15 % in flushing postmenopausal 

women from the level obtained in the premenopausal period. Similar findings were 

reported by Ginsburg et al (1989). It is thus possible that the reduction in heart rate 

after ERT, at least in part, reflects an alleviation of the palpitations accompanying hot 

flushes.
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Exogenous Oestrogens and Blood flow:

The few human studies available on blood flow indicate that exogenous 

17P-oestradiol, the characteristic oestrogen of reproductive life, is vasodilator in 

urogenital organs but there is no consensus on its effects in extragenital circulatory 

beds, as very few studies have been performed. Most studies employed indirect 

observational methods, or the non-quantitative continuous wave Doppler technique for 

measuring peripheral or regional flow. A few studies employed mercury-in-rubber 

strain gauge plethysmography which is inaccurate for cross-sectional studies and with 

which a large study population is necessary for a comparison of the results of 

longitudinal measurements to be reliable. Several have focused on the circulatory 

changes in oestrogen-target organs such as the uterus, vagina or breasts, although 

animal studies (Magness et al, 1989) confirm that these cannot be extrapolated to the 

systemic circulation.

Goodrich and Wood (1966) used water-filled venous occlusion plethysmography - an 

accurate and quantitative technique - to investigate the acute effects on calf 

circulation of infusing 0.1 - 0.4 mg of l?P-oestradiol into 12 normal multiparous 

women. They reported that oestradiol infusion was associated with increased 

distensibility in the calf veins, but no significant difference in calf blood flow. They did 

not however state the ages or menopausal status of their subjects nor whether they 

were experiencing any hot flushes.

Lim et al (1970) reported no changes in forearm or hand blood flow in four female and 

fourteen male volunteers aged 17-32 years after intra-arterial or intravenous infusions
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of oestrone (conjugated equine oestrogen) or oestriol sulphate. Although they also 

employed water-filled venous occlusion plethysmography, their choice of men with 

high endogenous testosterone levels is a source of weakness of their study. They also 

did not specify at what time in the menstrual cycle their few female subjects were 

studied.

Luotola (1983) found no change in resting forearm blood flow or reactive hyperaemia, 

measured with air-filled venous occlusion plethysmographs, after four weeks oral 

administration of IVg-oestradiol (2 or 4 mg daily) in 20 normotensive postmenopausal 

women. Since he did not apply a distal arterial occlusion cuff during the 

measurements, his study was critically flawed and the results invalid.

On the other hand, Ginsburg and Hardiman (1990) reported that six weeks therapy 

with transdermal oestradiol patches, which is associated with physiological levels of 

serum oestradiol, resulted in significant haemodynamic changes in 28 postmenopausal 

women. Forearm blood flow, measured with water-filled venous occlusion 

plethysmographs, decreased in those women experiencing hot flushes, but increased in 

non-flushers. These authors employed a distal arterial occlusion cuff and utilised the 

same segment of limb at each visit. Cardiac output, measured in only nine subjects, 

showed a similar trend, but the changes were not significant. There was no change in 

blood pressure or heart rate and no change in the forearm reactive hyperaemia 

response indicating that the haemodynamic changes observed at six weeks were due 

neither to altered perfusion pressure nor primarily to localised action of oestrogen on 

peripheral vasculature. However, in an expanded study, Hardiman (1991)
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demonstrated a significant decrease in systolic blood pressure in 54 postmenopausal 

women treated for six weeks with transdermal oestradiol patches. Forearm blood flow 

also decreased in flushers while increasing in non-flushers, and there was no change in 

variability of flow. Strain gauge plethysmographic measurements in an unselected 

subgroup of five flushers and six non-flushers revealed decreased flow at both gauges 

in flushers and increased flow, also at both gauges, in non-flushers. Thus, it would 

seem that the changes were mainly in muscle arterioles.

Several studies have focussed on the effects of exogenous oestrogens on urogenital 

vasculature, but although they are not directly relevant to our understanding of the 

cardioprotective effects of postmenopausal ERT, they may enhance our approach to 

investigating oestrogen actions. Semmens and Wagner (1982) used a heat dissipation 

technique to measure vaginal blood flow in 14 post-menopausal women, aged 5 1 - 7 0  

years, before and after oral oestrogen therapy (conjugated equine oestrogen) and in a 

control group of premenopausal women. They found that vaginal blood flow was 

lower in postmenopausal than in premenopausal women, and that oestrogen treatment 

increased the blood flow. Similarly, Sarrel (1987) reported increased vulval blood 

flow, measured by a laser Doppler probe, in oestrogen-treated postmenopausal 

women; and Versi et al (1987) reported that oestrogen therapy improved urethral 

vascular pulsations in postmenopausal women.

The dearth of human studies on the haemodynamic effects of exogenous oestradiol is 

particularly evident in the areas of central haemodynamics. Most of the few studies 

available were performed with Doppler ultrasound which only measures velocity of
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blood flow or downstream impedance to flow. Luotola et al (1979), using a 

radiocardiographic tracer technique, found an increase in stroke volume and blood 

volume after only three weeks' oestradiol valerate therapy in postmenopausal women. 

Mean cardiac output, blood pressure and heart rate all decreased. Pines et al (1991), 

using Doppler echocardiography, reported that ten weeks' postmenopausal oestrogen 

therapy was associated with increased stroke volume and flow acceleration in 24 

postmenopausal women (mean age 51.6 years). Their treatment protocols, however, 

were suspect. Their study population included both women taking oral oestrone 

(conjugated equine oestrogen) and those using transdermal oestradiol patches, 

although the biological effects of the two preparations are distinctly different (de 

Lignieres et al, 1986) as are their haemodynamic effects (Ginsburg, 1991). The 

subjects were also taking both oestrogens and progestogens during the study period. 

The validity of their results is therefore doubtful, the more so as they reported 

spectacular increases of 25 % in flow velocity integral (a measure of the heart's 

inotropic action), a change that would be expected to produce signifcant clinical 

effects not seen during postmenopausal ERT.

Gangar et al (1991) used Doppler ultrasound to investigate the effects of up to 22 

weeks of oestrogen therapy on internal carotid artery pulsatility in 12 postmenopausal 

women. The subjects received transdermal oestradiol patches delivering 50 p,g 

oestradiol per day, but treatment was interrupted between weeks 7 and 9; and 

subsequently, cyclical progestogen (medroxyprogesterone acetate 10 mg/day for 12 

days every calendar month) was added to the treatment until the last month of study. 

It is therefore incorrect to consider their results after the sixth week of therapy as
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reflecting the effects of oestrogen therapy alone. Nevertheless, they reported that 

pulsatility index in the internal carotid artery fell in relation to oestrogen treatment, but 

the fall was not significant until the ninth week of the study. The magnitude of the fall 

and the basehne pulsatility index correlated with time since menopause. They 

interpreted their results to mean that degree of oestrogenization was directly 

proportional to velocity of flow in the internal carotid artery.

Human studies of the effects of oestrogen administration on non-genital blood flow are 

thus scanty indeed, in contradistinction to the animal studies which show widespread 

cardiovascular effects - vasodilatation in urogenital, peripheral, and coronary 

circulations, in addition to increased cardiac output.

SUMMARY

The available information in the literature indicates that in women, oestrogens may 

influence the circulation in a variety of ways. Blood pressure may be decreased or 

remain unchanged. Heart rate is unchanged. Blood flow in urogenital organs is 

increased. There is inconclusive evidence on the effects of oestrogens on cardiac 

output, cerebral blood flow or other regional vascular beds. Preliminary studies 

indicate that six weeks therapy with transdermal oestradiol is associated with increased 

peripheral blood flow in non-flushing postmenopausal women, but decreased 

peripheral flow in flushers.
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OESTROGENS AND LIPIDS

In men, specific patterns of serum lipid and lipoprotein concentrations are associated 

with increased atherogenesis and increased coronary heart disease risk (Kannel et al, 

1964). Thus, increased serum high density lipoprotein (HDL) is considered favourable 

while elevated total serum cholesterol, and especially serum low density lipoprotein 

(LDL) on its own or in association with elevated serum triglycerides are considered 

deleterious. In view of these findings, the role of lipids in the increased cardiovascular 

risk of women after the menopause or in their reduced coronary heart disease risk after 

the administration of postmenopausal ERT have been investigated. These studies have 

demonstrated that the "cardio-protective" HDL cholesterol fractions are generally 10 

mg/dl higher in women than in age-matched men (Speroff 1994). They also indicate a 

relationship between variations in the serum levels of lipids or lipoprotein fractions and 

oestrogens or oestrogen status. Thus, there is a tendency to a presumed atherogenic 

pattern after the menopause and the reverse after oestrogen treatment. These changes, 

however, account for only about 30 % of the effects of oestrogen therapy on coronary 

heart disease risk in postmenopausal women (Bush et al, 1990; Gruchow et al, 1988).

Although serum lipids in women are altered towards a presumed atherogenic pattern 

with age, there is a sharp acceleration of this shift with the diminution of oestrogen 

production at the menopause. Within six months of the menopause, total serum 

cholesterol increases by about 6 %, LDL by about 11 % and triglycerides by about 9 % 

(Jensen, 1992). Stevenson et al (1993) reported that total serum HDL level falls at the 

menopause, but with a dissociation between the various subfractions of HDL - HDL^ 

falls but HDLg increases. These changes are distinct from what might be expected with
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increasing age alone, not only because of the steep rises, but also because serum 

triglycerides are generally independent of age. They can therefore be regarded as 

menopause induced changes.

Oestrogen administration, however, reverses most of these menopause-induced 

changes in cholesterol levels to a degree dependent on the dosage and route of 

administration. Oral administration is associated with greater lipid alterations than 

parenteral administration due to first pass hepatic metabolism associated with the 

former. With oral oestrogen administration, total serum cholesterol and LDL levels 

are reduced while HDL and triglycerides rise, although some forms of oral oestrogen 

therapy, including those combined with progestogens, may decrease serum HDL as 

well as LDL with no apparent reduction in the cardiovascular benefit (for review, see 

Ginsburg, 1991). Transdermal oestradiol administration reduces total serum 

cholesterol and LDL, but has a differential effect on HDL - total HDL is unaltered, 

HDLj increases, but HDL3 decreases (Crook et al, 1992). The magnitude of these 

oestrogen-induced lipid changes towards a less atherogenic pattern ranges from 5 - 1 5  

% and so cannot account for the 45 - 50 % reduction in coronary heart disease after 

postmenopausal ERT. Bush et al (1990) in an epidemiological study of 

cardiovascular disease, oestrogen use and serum lipid levels, found that lipid alterations 

account for only about 30 % of the observed cardioprotection conferred by ERT.

Gruchow et al (1988), in a study of postmenopausal women with angiographically 

defined coronary artery stenosis, reported that oestrogen use was a significant and 

strong independent predictor of coronary artery stenosis, and that addition of HDL and
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LDL values to a multivariate analysis of CHD risks, did not reduce the magnitude of 

oestrogen effect (assessed by the size of the regression coefficient) by more than 27 %.

There is, therefore, a "residual" cardiovascular effect of oestrogen therapy in 

postmenopausal women which is not mediated through alterations in serum lipid and 

lipoprotein levels. Several factors may account for this "residual effect". Oestrogen 

therapy appears to modify lipoprotein metabolism and lipid uptake by the walls of 

blood vessels, with the result that whatever the serum LDL levels, LDL uptake and 

accumulation in the intima of arteries are inhibited when oestrogen is administered 

(Clarkson et al, 1992). The presence of functioning oestrogen receptors in the major 

vessels of animals (Lin et al, 1982) indicates that oestrogen may act directly on the 

blood vessel wall. In elegant animal experiments with oophorectomized cynomolgous 

monkeys maintained on an atherogenic diet, Williams et al (1990) demonstrated that 

oestrogen therapy prevented the progression of coronary atheroma by about 30 %, 

irrespective of the lipid levels. The coronary arteries of the oestrogen treated monkeys 

also exhibited an altered vascular responsiveness (paradoxical vasodilatation) to 

acetylcholine, an endothelium-dependent vasoconstrictor. These findings have recently 

been reproduced in postmenopausal women after direct injection of oestradiol into 

coronay arteries (Collins et al, 1993).

Thus, oestrogen therapy influences serum lipid levels and lipoprotein metabolism and 

uptake, and has anti-atherosclerotic effects. It also has lipid-independent effects on 

vasomotion and haemodynamic variables in animals. There is, however, scanty data on 

its haemodynamic effects in non-genital circulations in women.
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OTHER POSSIBLE MECHANISMS OF OESTROGEN ACTION

Coagulation and Fibrinolysis : The influence on the coagulation system of natural 

oestrogens used for menopausal therapy may contribute to the cardiovascular effects 

of oestrogen therapy. Whilst the relevant studies in the literature indicate that this 

influence may depend on the type and dose of natural oestrogen administered, Psaty et 

al (1993) reported that oestrogen therapy generally lowers fibrinogen, the level of 

which correlates positively with CVD risk. Conjugated equine oestrogens may 

decrease antithrombin III activity (Sporrong 1990), but oral administration of 

oestradiol valerate had no such effect (Judd 1983). There is however no conclusive 

evidence that natural oestrogens in the current doses employed for menopausal therapy 

significantly influence the coagulation system or the risk of thromboembolism.

Insulin resistance: Elevated insulin concentrations and impaired glucose tolerance are 

important markers in the pathogenesis of CVD. There is some evidence that the 

beneficial cardiovascular effects of postmenopausal oestrogen administration may in 

part be mediated through these factors. For example, Cagnacci et al (1992) 

demonstrated that l?P-oestradiol increases insulin secretion while enhancing insulin 

sensitivity. Ley et al (1992) reported that central and upper body fat (android fat), 

which correlates positively with insulin resistance and is a marker of CVD risk, 

increases after the menopause. Postmenopausal oestrogen therapy, on the other hand, 

decreases android fat whilst increasing fat in the lower body segment (gynoid fat).
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PROGESTERONE AND PROGESTOGENS AND THE CIRCULATION IN 

WOMEN

What of the other characteristic sex steroid of female reproductive life - progesterone? 

Does this also exhibit important effects on the circulation? There is no natural model 

for studying the effects of endogenous progesterone alone, since serum progesterone is 

never elevated in the absence of prior oestrogenization. Studies have therefore been 

concerned with the effects of the administered hormone, and even here, the literature is 

scanty because there was no orally active form of progesterone until recently and 

effects of progesterone were often inferred from the effects of progestogens. 

However, the effect of the natural hormone, progesterone, cannot be extrapolated 

from the effects of synthetic progestogens with different structures, a situation 

analogous to that of natural versus synthetic oestrogens discussed earlier. Most of 

these studies were performed in animals, and oestrogen-progestogen combinations, as 

in oral contraceptives or combined postmenopausal hormone replacement therapy, 

were often employed. Nevertheless, the available studies suggest that progestogens, 

and to a smaller degree, progesterone attenuate most of the haemodynamic effects of 

oestradiol in urogenital circulation and its lipid effects.

Resnik et al (1977) reported that the addition of a progestogen decreased 

oestrogen-induced improvement in uterine blood flow. Anderson et al (1977) used the 

micro sphere isotope technique to monitor uterine blood flow daily in oophorectomized 

ewes receiving chronic treatment with oestradiol benzoate alone, progesterone 

caproate alone, or a combination of both hormones over 21 days. There was an initial
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marked rise in uterine blood flow on the first day with all hormone regimens, and then 

a progressive decrease, with the flow rates stabilizing in the third week of treatment. 

The uterine blood flow in oestrogen-treated ewes was the highest of the three groups, 

followed by that in ewes receiving the combined hormone regimen; the flow in both 

groups remaining above the baseline value. Uterine blood flow on progesterone alone, 

however, fell to below the baseline value by the fifth day of monitoring and continued 

to decline till the third week.

In women, Sarrel (1989 and 1990) reported similar effects of progestogens in 

attenuating oestrogen-induced increases in blood flow in the hand and vulva in women 

receiving 17p-oestradiol alone and then 17P-oestradiol combined with 

medroxyprogesterone. However, he employed laser Doppler velocimetry - a 

non-quantitative method - for estimating blood flow. Others (Lobo and Whitehead, 

1990) have indicated that the appearance of severe headaches or angina-like chest 

pains during the progestogen phase of combined postmenopausal hormone 

replacement therapy may relate to the vasoconstrictor effect of the progestogen. 

There are, however, no human studies of the effects of progesterone or progestogens 

alone, in the absence of prior oestrogenization, on central or regional circulations.

There was no change in resting forearm blood flow or reactive hyperaemia in 23 

premenopausal women treated with oral lynesterol 2.5 mg daily for 10 - 13 days 

(Lehtovirta, 1974). In this study, blood flow was measured with air-filled venous 

occlusion plethysmographs and by the ^^^Xenon muscle clearance method. The 

technique was, however, flawed because of the omission of supra-systolic distal
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arterial occlusion cuffs during forearm flow measurements, both the proximal and 

distal cuffs being kept 20 mmHg below the subject's diastolic pressure. Moreover, the 

pre-treatment tests were performed in the pre-ovulatory phase (between days 10 and 

13 of the menstrual cycle) in premenopausal women with considerable levels of 

endogenous sex steroids, particularly oestradiol. The results cannot therefore be 

accurately regarded as those of progestogens alone.

On the other hand, there are several studies of the influence of progestogens on 

cardiovascular disease and on lipids. Kay (1982) reported that the Royal College of 

General Practitioners' epidemiological study on oral contraceptives found that 

progestogenic potency was directly associated with fatal and non-fatal ischaemic heart 

disease and stroke. The type, as well as dose, of progestogen administered appeared 

to be important. Thus, of the two groups of progestogens commonly employed in oral 

contraceptives or postmenopausal hormone replacement therapy, the more androgenic 

19-nortestosterone derivatives (eg norethisterone) were believed to be associated with 

more atheroma formation than the 17-hydroxy progesterone derivatives (eg 

medroxyprogesterone) on the basis of larger reductions in HDL (Bradley et al, 1988). 

Haarbo et al (1991), however, suggested that progestogenic potency and dose were 

more important than the type in terms of lipid alterations.

Short term studies over 3 - 6  months (Hirvonen et al, 1981; Otto son et al, 1985) claim 

that the addition of a progestogen to postmenopausal ERT may negate some of the 

presumed beneficial lipid patterns induced by oestrogen - decreased LDL, increased 

HDL and decreased total cholesterol, but Falkebom et al (1992) demonstrated that
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there was no reduction in overall cardiovascular benefit in women receiving combined 

hormone replacement therapy for several years. Thus, the significance of the lipid 

changes after adding a progestogen to postmenopausal ERT is unclear, and it remains 

to be established whether such an addition has vascular or haemodynamic effects in 

non-genital circulations in women.
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SUMMARY

The accelerated incidence of cardiovascular disease in women with premature 

menopause, and the reduction in cardiovascular mortality in postmenopausal women 

receiving ERT indicate the beneficial cardiovascular effects of oestradiol. There are, 

however, few studies in women of non-lipid mechanisms through which these effects 

might be mediated. Whilst natural oestrogens may reduce or have no effect on blood 

pressure, conjugated equine oestrogens given orally may in a few subjects cause an 

idiosyncratic blood pressure rise. There is some indication that endogenous oestrogens 

may be associated with vasodilatation in certain circulatory beds, but many of the 

studies have methodological faults which cast doubt on the validity of their results. 

Exogenous oestrogens alter serum lipoproteins towards a presumed less atherogenic 

pattern, but these lipid effects account for only about a third of the cardiovascular 

protection conferred by postmenopausal ERT. The available studies of non-lipid 

mechanisms of oestrogen action in the human have concentrated on urogenital 

circulation. The evidence from animal studies however is that oestrogen action on 

systemic circulation is independent of its action on genital vasculature. Animal studies 

indicate further that oestradiol is vasodilator whilst the addition of a progestogen 

reduces this vasodilator effect. Comparable human data is limited.
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OBJECTIVES OF THIS THESIS

In the light of the foregoing literature survey, the present studies were undertaken in 

order to determine:

1. the influence of age on limb blood flow and peripheral vascular responses in 

women for comparison with the findings reported in men

2 . the haemodynamic effects of variations in endogenous female sex hormones

3. the effects of exogenous oestradiol on cardiac function, cerebral blood flow 

and peripheral vascular responses in postmenopausal women

4. the extent to which the addition of a cyclical progestogen alters the 

haemodynamic effects of oestradiol therapy in postmenopausal women and

5. the effects of administered progesterone on peripheral blood flow in the 

absence of prior oestrogenization.



79

SECTION n

METHODOLOGICAL CONSIDERATIONS
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CHAPTER 3

ORIGINS AND PHYSIOLOGY OF QUANTITATIVE 

LIMB BLOOD FLOW MEASUREMENTS IN MAN

The study of the circulation in man dates back to the early work of Galen (AD 131 - 

200) who first postulated that human arteries transported blood and not air, as was 

then thought. He theorized that blood, having first been mixed with the vital spirit 

"pneuma" in the lungs and the "natural spirit" in the liver, is distributed by the right 

ventricle of the heart through the arteries to the various tissues of the body and to the 

lungs where impurities are exhaled. He suggested that part of the blood passes from 

the veins through tiny openings in the interventricular septum of the heart to mix with 

blood arriving from the lungs and the mixture is then charged with a second "pneuma". 

Another spirit, "animal spirit" is contained in the blood transported to the brain by 

nerves (and not arteries) which are presumed to be hollow in order to mediate 

sensation and motion.

These theories were not challenged nor modified for centuries, a testimony to Galen's 

reputation as a scientist, and the conviction with which he delivered his scientific 

teachings. However in 1628, William Harvey demonstrated that the movement of 

blood which Galen had described was in fact "circular" and that blood was pumped 

from the left ventricle (rather than the right) to the tissues through arteries, and 

returned through veins to the right auricle of the heart. Similarly, blood is pumped 

fi*om the right ventricle to the lungs before returning to the left ventricle. Thus Harvey 

established the principle of a dual circulation in the human as we know it today - the 

systemic and pulmonary circulations.
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MEASUREMENT OF BLOOD FLOW AND CARDIOVASCULAR 

RESPONSES:

Subsequently, over the centuries, the circulation has been the object of considerable 

research effort, leading to the development of several methods, both invasive and 

non-invasive, for the measurement of blood flow and cardiovascular responses. In 

anaesthetized animals, it is feasible to perform surgical procedures such as 

intravascular catheterization for the administration of speciflc drugs or the 

measurement of cardiovascular responses. For obvious reasons, however, it is 

desirable in the human to use only non-invasive techniques whenever possible, even if 

they initially appear less accurate. For instance, during assessments of the 

cardiovascular responses to exercise, the continuous monitoring of arterial blood 

pressure through an intravascular catheter may be regarded as superior to intermittent 

blood pressure measurements with a sphygmomanometer. What is often forgotten is 

that such an invasive procedure may introduce an error into the results since 

catheterization of the heart and major vessels has been shown to alter cardiac output 

and blood pressure irrespective of the subject's response to physical exercise (Stead et 

al, 1945; Stevens, 1966). It is also often difficult to recruit volunteers for any study 

involving invasive techniques. Whatever technique is employed, the most important 

guiding principles should be that its limitations are recognized and that the method 

should be both reproducible and reasonably accurate.

In view of these considerations, the studies reported in this thesis have involved 

entirely non-invasive techniques. Limb blood flow and vascular responses were
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measured by venous occlusion plethysmography. Blood pressure and heart rate were 

measured with an automatic electronic sphygmomanometer. Cerebral blood flow was 

measured by the ’̂ ^Xenon inhalation technique and cardiac function was assessed using 

Doppler echocardiography.
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VENOUS OCCLUSION PLETHYSMOGRAPHY

Venous occlusion plethysmography - the only accurate non-invasive method available 

for repeated quantitative measurements of limb blood flow was used throughout the 

present studies. The principle of plethysmography is that obstruction of venous return 

from a segment results in an increase in the volume of the segment which is a measure 

of the inflow of blood to that part. The word plethysmography is derived from the 

Greek words "plethysmos" meaning to increase and ''graphe'' meaning to record. The 

earliest instrument that might be considered a prototype of the modern plethysmograph 

was used in the later half of the seventeenth century by Glisson and later by 

Swammedram to monitor and record the volume of a contracting isolated muscle 

(Hyman and Winsor, 1961). Their instruments consisted basically of a rigid, 

water-tight glass tube into which a limb was inserted and volume changes measured by 

water displacement.

Plethysmography did not, however, become an important tool for the study of 

cardiovascular physiology until the twentieth century when Brodie and Russell (1905) 

showed that venous occlusion, in conjunction with monitoring of volume changes, 

enabled measurement of blood flow to be made. They studied renal blood flow in 

animals where the kidney was placed in an oncometer and the renal vein intermittently 

clamped in the chamber. The rate of swelling of the kidney was then recorded on a 

rotating drum and the renal blood flow calculated from the resulting curve. 

Subsequently, Hewlett and van Zwaluwenburg (1909) pioneered the application of this 

technique to the study of blood flow in the extremeties in man. Initially, the technique 

involved immersing the whole limb in a bulky container resulting in troublesome
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artefacts. Later, Lewis and Grant (1925) demonstrated measurement of forearm and 

calf blood flows with a smaller, segmental type plethysmograph similar to those in use 

today. This modification made it easier to measure limb blood flow in a variety of 

physiological and pathological conditions, but soon it became apparent that the blood 

flow being recorded included blood draining into the plethysmograph from the more 

distal parts. To overcome this problem. Grant and Pearson (1938) suggested the use 

of an arterial occlusion cuff just distal to the plethysmograph. Some years later, 

Kerslake (1949) reported that a vasomotor reflex was initiated on application of an 

arterial occlusion cuff, resulting in an initial increase in blood flow through the segment 

of limb under study, followed by a decrease, with the flow stabilizing at an 

intermediate level within 60 - 90 seconds. Whenever a distal arterial occlusion cuff is 

applied, it is therefore necessary to wait for at least 90 seconds before commencing 

blood flow measurements.

Thus evolved the technique for modem day plethysmography. The explosion in its use 

as a modern research tool can be traced to the influence of several leading 

physiologists, particularly Drs Roland Grant, Henry Barcrofl, Otto Edholm and A 

Greenfield who directed and trained several research fellows as "disciples" of the 

plethysmographic technique (Hyman and Winsor, 1961). In fact, my supervisor Dr 

Jean Ginsburg, was a research fellow under Professor Barcroft and the water-filled 

plethysmographs used for the studies in this thesis were "copied" from that of Barcroft 

and Swan (1953).
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Advantages of the water-filled plethysmograph:

There are several advantages of using water in the plethysmograph, instead of air. 

Water is incompressible and so gives an immediate and accurate transmission of 

volume changes. The coefficient of expansion of water is small (unlike air with a large 

coefficient of expansion) and so minimal temperature changes within the limb would 

not produce significant alterations in the water volume that may introduce an error into 

the meaasurements. Water, also, has the added advantage that any leaks in the system 

will be easily detected.

The technique of water-filled venous occlusion plethysmography is more accurate and 

superior to the other popular form of venous occlusion plethysmography, 

mercury-in-rubber strain gauge plethysmography. With strain gauge plethysmography, 

thin silastic rubber gauges are placed on the limb under study for recording volume 

expansions during venous occlusion. This technique can be used for differential 

measurements of blood flow through skin and muscle of the forearm when one gauge 

is placed on the upper more muscular part of the forearm to indicate muscle blood 

flow and another gauge is placed near the wrist to indicate skin blood flow (Clarke et 

al, 1989). However, because of the very small area of limb in contact with the gauges, 

the flows thus determined by strain gauge plethysmography are at best approximate 

and usually widely variable.
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Limitations of the water-filled plethysmograph:

The technique of water-filled venous occlusion plethysmography has certain 

limitations. It can only be used with the patient lying as still as possible to avoid the 

introduction of artefacts due to movement. It is therefore unsuitable for blood flow 

measurements in ambulant subjects.

A basic assumption of the technique is that the application of subdiastolic pressure 

proximal to the plethysmograph does not interfere with the arterial inflow at all. 

Unfortunately, this assumption may not be completely true. In cats, for instance, Graf 

and Rosell (1964) showed that subdiastolic pressures still slightly reduced the level of 

arterial inflow but mainly in the early stages. They pointed out, however, that the 

reduction of arterial inflow was too small to invalidate the technique of venous 

occlusion plethysmography. Moreover, in man, Abramson and Katzenstein (1941) 

could not demonstrate any significant reduction in arterial inflow into the hand on the 

application of a pressure of 60 - 70 mmHg to the wrist. Nevertheless, it must be 

remembered that there is this possibility of an interference in arterial supply with the 

application of subdiastolic pressures for venous occlusion. In such circumstances, 

blood flow recorded by venous occlusion plethysmography may be smaller than the 

actual limb blood flow.

It has also been considered whether the pooling of blood in the limb under study 

following venous occlusion, and the consequent increase in venous pressure might 

interfere with arterial inflow during plethysmography. Wilkins and Bradley (1946) 

demonstrated that arterial pressure was not affected by the application of sub-diastolic
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pressures. Greenfield and Patterson (1954) reported that arterial supply was not 

significantly reduced even when the venous back pressure was of such magnitude as to 

increase the forearm volume by 2 %. One can therefore conclude that the application 

of subdiastolic pressure for venous occlusion does not interfere significantly with 

arterial inflow.

Another theoretical limitation of venous occlusion plethysmography is that the 

technique may yield lower levels of blood flow than are actually present because 

venous pooling may result in redistribution of blood from the sofi; tissues of the limb to 

the bones. In the cat, contraction of the quadriceps muscles shunts blood into the bone 

(Shaw 1964) thereby reducing the increase in limb volume during application of a 

venous occluding pressure. It is unclear whether this also occurs in man but it has 

been generally assumed that during venous occlusion plethysmography in healthy 

individuals (such as the subjects in the present studies), the blood flow through bones 

may for practical purposes be ignored. In disease, however, such as Paget's disease of 

the bone or hypertrophic pulmonary osteoathropathy, bone blood flow may be 

considerably increased and contribute significantly to the results (Ginsburg, 1958).
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PHYSIOLOGICAL BASIS OF THE BLOOD FLOW MEASUREMENTS

The studies in this thesis involved measurements of resting limb blood flow and the 

forearm reactive hyperaemic response to anoxic exercise. Since these variables were 

considered representative of peripheral blood flow and peripheral vascular responses in 

the human, it is pertinent at this point to discuss briefly the basic physiology of control 

of peripheral circulation and the physiology of reactive hyperaemia in the forearm.

Physiology of peripheral vascular control:

The blood flow to peripheral tissues is regulated by arterioles which are under neural 

and hormonal control. The control mechanisms however often vary in different tissues 

or regions. Even in the limb, the mechanisms controlling skin blood flow may differ 

from those controlling skeletal muscle blood flow. Skin blood flow is primarily 

involved in the regulation of body temperature. Skeletal muscle blood flow, on the 

other hand, plays a significant role in cardiovascular homeostasis since skeletal muscle 

constitutes about 40 % of total body weight and receives about 16 % of total cardiac 

output at rest, and considerably more during exercise. The mechanisms controlling 

flow through these tissues are, therefore, relevant to any discussion of cardiovascular 

physiology.

Cutaneous circulation in the forearm and hand: The control of skin blood flow 

through the human forearm differs fi'om that of cutaneous circulation in the hand. At 

rest, both vasoconstrictor and vasodilator neural activities are involved in regulating 

cutaneous flow through the forearm, with ambient temperature modifying the influence
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of both activities. In the hand, however, neural control of skin blood flow is through 

vasoconstrictor activity alone.

Our understanding of the neural control of skin blood flow is derived from results of 

studies involving body heating. However, if one simply increased the temperature of 

the room in order to heat the body, cutaneous vasodilatation would result not only 

from reflex nervous activity but also from the direct effects of temperature. 

Therefore, in order to avoid the latter, most studies have been performed according to 

the technique of Gibbon and Landis (1932) in which the subject was wrapped in 

blankets, the legs were immersed in a stirred water bath at varying temperatures, and 

reflex blood flow changes were measured in an exposed limb.

Roddie et al (1957) investigated the effect of body heating on forearm and hand blood 

flow. They reported that on raising the temperature in the water bath (ie core 

temperature), hand blood flow increased rapidly within five minutes with only a slight 

increase in forearm flow. However, as sweating commenced, there was a rapid 

increase in forearm blood flow, followed by a more gradual increase until the end of 

the heating period. Sympathetic blockade before, but not during, heating reduced and 

delayed the forearm vasodilatation and abolished sweating. On the other hand, hand 

blood flow was unaffected by sympathetic blockade. Gaskell (1956) also reported that 

sympathetic blockade with intra-arterial atropine during heating did not alter hand 

blood flow. These findings were interpreted to indicate that during body heating, 

vasoconstrictor tone in forearm skin was first released, followed by a major but slower 

cholinergic-mediated vasodilatation. In the hand, the immediate vasodilatation was
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due to release of vasoconstrictor tone and the role of cholinergic fibres was minimal, if 

any. This explanation is supported by the fact that no cholinergic fibres have been 

identified in the skin of the hand.

At rest, cutaneous circulation in the forearm is therefore controlled by the relative 

activity of vasoconstrictor and vasodilator nerve fibres with constrictor tone increasing 

as temperatures fall (Edholm et al, 1956). Roddie et al (1956) showed from blood 

oxygenation studies in superficial and deep forearm veins that the vasodilator effect of 

indirect body heating on forearm flow was predominantly on the skin. Edholm et al 

(1957) later demonstrated that cutaneous nerves were definitely required to achieve 

this vasodilatation.

Skeletal muscle circulation in the forearm: There is evidence that the blood vessels 

to skeletal muscle are supplied by both constrictor and dilator nerve fibres. Barcroft et 

al (1943) suggested the vasoconstrictor activity when they observed that sympathetic 

blockade of the deep nerves of the forearm with lignocaine resulted in a two- to 

three-fold increase in resting limb flow, an increase that was not prevented by blocking 

the superficial nerves of the forearm, or by abolishing cutaneous circulation with 

adrenaline iontophoresis. Roddie et al (1957) showed from blood oxygen saturation 

studies that the increase in flow was due to increased muscle blood flow.

The vasoconstrictor tone of limb vasculature is altered by a variety of stimuli. 

Squatting, coughing, negative pressure breathing, or passively raising the legs from a 

supine position may decrease the tone and result in increased forearm muscle blood
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flow. However, the exact mechanism initiating a decreased forearm vasoconstrictor 

tone is unclear; it may occur in response to an increased venous return (attendant on 

the above stimuli) stimulating low pressure receptors in intra-thoracic vascular beds.

Active vasodilatation also occurs in forearm muscle. Barcroft and Edholm (1945) 

induced fainting by obstructing venous return from the legs and reported that forearm 

blood flow increased far in excess of the increase recorded after nerve block (release of 

vasoconstrictor tone), and that this increase in flow occurred despite a fall in blood 

pressure (and hence in perfusion pressure to the limb). In addition, forearm blood flow 

may increase in response to emotional stress, but whether this is neurally or hormonally 

mediated remains unclear (Rowell, 1981).

Physiology of Reactive Hyperaemia:

Reactive hyperaemia is the physiologic phenomenon during which there is 

augmentation of resting blood flow to a tissue after a period of arterial occlusion. The 

magnitude of the hyperaemia increases, the longer the duration of occlusion, but this 

relationship is not necessarily linear (Coles and Cooper, 1959; Abramson et al, 1961). 

The peak blood flow is usually achieved within thirty seconds of re-establishment of 

the circulation. The blood flow then rapidly diminishes over a period of about two to 

three minutes, followed by a gradual fall for a fiirther one to two minutes reaching 

resting flow levels within six minutes of stopping arterial occlusion. Subsequently, the 

blood flow falls below resting levels for less than two minutes before returning to 

baseline. It is generally believed that the total excess of blood flow over the resting
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levels, which can be calculated as the area under curve of rapidly determined serial 

blood flow measurements, represents a "repayment" for the deficit in arterial supply 

incurred during the period of occlusion. Thus, by the time the blood flow reaches 

resting levels, the blood flow "debt" had been more than repaid and this may be why 

the blood flow falls below the resting levels for sometime (Shepherd, 1963).

The precise cause of reactive hyperaemia is not yet established. The fact that it occurs 

after both chronic sympathetic and somatic denervations (Lewis and Grant, 1925; 

Eichna and Wilkins, 1941) indicates that it is a local phenomenon. The close 

relationship between peak flow and particularly duration of increased flow and the 

duration of occlusion would suggest that reactive hyperaemia may be mediated by 

metabolic mechanisms. Moreover, exercise during the period of occlusion increases 

reactive hyperaemia. Bayliss (1902), however, postulated that when the pressure 

inside a resistance vessel falls, the vascular tone also falls. His explanation was that 

during arterial occlusion, the pressure in the dependent arterioles decreases leading to 

a fall in vascular tone. This decreased tone presumably persists on release of the 

occlusion resulting in reactive hyperaemia.

More recent animal studies (Olsson and Bugni, 1986; Hayashi et al, 1988; Sagach and 

Tkachenko, 1991) indicate that the release of endothelium-derived relaxing factor 

(EDRF) by endothelial cells plays a prominent role in reactive hyperaemia. Sagach and 

Tkachenko (1991) demonstrated the appearance of a vasodilator substance in blood in 

association with reactive hyperaemia in the femoral artery of anaesthetized dogs. The 

presence and concentration of the vasodilator were determined by in vitro bioassay of
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dilator activity of a venous sample taken from the femoral vein at the peak of the 

hyperaemia. Vasodilator concentration in the venous sample appeared to increase with 

the duration of arterial occlusion prior to reactive hyperaemia. Chemical removal of 

the endothelium of femoral vessels by application of saponin to the vascular bed (1 

mg/ml after 5 mins occlusion) resulted in a five-fold decrease in the degree of 

hyperaemia, thus indicating that endothelial vasodilators were involved in the 

development of reactive hyperaemia.

Whatever the cause of reactive hyperaemia, the phenomenon indicates the ability of 

vessels to dilate and is therefore important as a measure of vascular reactivity. It was 

assessed for this purpose in the subjects studied.
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CHAPTER 4

TECHNIQUES USED IN THE PRESENT STUDIES 

DECLARATION OF COLLABORATIVE STUDIES

I personally recruited all the subjects in this thesis between September 1990 and 

August 1993. I initiated and managed their treatment where indicated and was 

responsible for the day to day clinical management of the study reported in Chapter 8. 

I performed all the limb blood flow measurements by venous occlusion 

plethysmography.

The floppier studies of cardiac function (Chapter 8) were performed by Dr Petros 

Nihoyannopoulos, a consultant cardiologist at Hammersmith Hospital, London with 

whom I collaborated. I physically assisted at some sessions.

The cerebral blood flow measurements (Chapter 8) were performed by Dr Yogendran 

of the clinical pharmacology unit of the Royal Free Hospital under the supervision of 

Dr Ian James, Reader and Consultant in Clinical Pharmacology. I was present at most 

of the measurements, assisting in the preparations for the test, getting the subjects to 

relax and making them familiar with the equipment.

The hormonal assays of the subjects were analysed in batches, using standard 

radioimmunoassay, at the West Middlesex Laboratories, London under the direction of 

Dr Richard Fink, Consultant Physician/Chemical Pathologist.
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STUDY POPULATION

The participants in the experiments reported in this thesis were overwhemingly women 

attending our menopause or infertility clinics, but healthy volunteers were also 

regularly recruited by advertisement on hospital notice boards and through personal 

contacts. These volunteers were often medical students or hospital staff. In the 

patients requiring venepuncture for diagnosis and monitoring of their treatment, 

aliquots were used for hormonal assays as part of the present studies. Menopause was 

defined as amenorrhoea for at least six months with elevated gonadotrophins (FSH > 

20 IU/1) and undetectable oestradiol (< 70 pmol/1).

Informed consent was obtained from all the subjects. Dr Ginsburg has ethical 

committee approval for the use of venous occlusion plethysmography for blood flow 

measurements, but in addition, further ethical committee approval was obtained for the 

study in Chapter 8. None of the subjects was taking any medication known to affect 

the circulation and none smoked more than 10 cigarettes daily or drank more than 20 

units of alcohol weekly. Those with chronic medical illnesses such as diabetes mellitus 

or renal failure were excluded. Each of the postmenopausal subjects who received 

hormonal therapy (Chapters 7 - 1 0 )  had a negative cervical smear within the preceding 

three years in addition to a normal mammogram in those aged 50 years or more.
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WATER-FILLED PLETHYSMOGRAPHY

The water-filled venous occlusion plethysmograph used in the present studies for 

measuring forearm blood flow is identical to that used by Barcroft (Fig 4.1 - 4.2). It 

consisted of a winged cylindrical metal jacket, open at both ends, and measuring 14 cm 

long by 14 cm wide. In order to minimise heat loss from the metal jacket, an outer 

layer of insulating foam which fitted snugly inside the wings of the jacket was glued to 

the outer surface. At the top of the cylinder, three openings of varying diameters (0.5, 

2 and 1.0 cm) communicate with the lumen of the cylinder. A thermometer for 

monitoring the temperature of water in the plethysmograph was introduced through 

the first hole so that its bulb was flush with the inner surface of the cylinder; it was 

fixed in position with a water-resistant and heat-resistant sealant. At the middle hole 

was attached a clear glass tube (the chimney) through which the plethysmograph was 

filled with water and the water level was monitored. During blood flow 

measurements, the top of this chimney was sealed with a tight-fitting rubber bung 

connected via rubber tubing and an air reservoir to an ink-writing float recorder, 

sensitive to very small changes in air movement.



Fig 4.1

Water-filled venous occlusion plethysmographs 

and automatic sphygmomanometer in use
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Fig 4.2

Water-filled venous occlusion plethysmograph
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The air reservoir allowed the introduction of a known quantity of air into the system 

for calibration (see below). The third hole served as an inlet for water from a 

thermostatically controlled hot water pump connected to the plethysmograph through 

a firm rubber tubing. At the bottom of the metal jacket, one centrally located hole of 

1.8 cm diameter communicating with the lumen served as an outlet for water from the 

plethysmograph to the water pump through a rubber tubing.

Inside the metal jacket was a 14 cm long rubber sleeve with flanges at both ends. The 

diameters of the rubber sleeve were unequal to correspond with the tapering diameters 

of the forearm but varying sizes (with differing diameters) were used for blood flow 

measurements depending on the girth of the subject's forearm. The guiding principle 

was always to ensure that the arm rested snugly within the rubber sleeve so that any 

pulsations and changes in volume of the limb could be transmitted through to the 

writing system. The rubber sleeve formed the inner wall of the plethysmograph. Its 

flanges were attached to the outer surface of the wings of the metal jacket by means of 

two split metal rings and an intervening circular rubber diaphragm. The flanges, metal 

rings and diaphragm all bore holes corresponding to eight permanently fixed bolts at 

the wings of the metal jacket. With the flanges and restraining rings and diaphragm 

secured in position by eight winged nuts, leakage of water from the system was 

prevented. As stated earlier, the system itself was connected to a floating pen writer 

through a rubber tubing introduced at the top of the plethysmograph. A rotating 

kymograph on which was mounted an appropriate graph paper completed the 

apparatus used for recording blood flow.
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The plethysmograph used for measuring calf blood flow was similar to the one just 

described with only a few modifications. The metal jacket was larger to cope with the 

increased size of the calf relative to the forearm. It measured 16 cm long and 18 cm 

wide. A tapering rubber sleeve also served as the inner wall of the plethysmograph.

The plethysmograph for measuring hand blood flow (Fig 4.1) was similar to that used 

for the forearm except that as would be expected, the dimensions were smaller (14 cm 

long and 12 cm wide) and the distal end was sealed with a metal plate and intervening 

rubber diaphragm. A rubber glove with a flange at the wrist formed the inner layer of 

the plethysmograph. For measurements of hand blood flow, the hand was first 

introduced into the rubber glove before being inserted into the plethysmograph. The 

flange was then secured to the edge of the metal jacket as earlier described in order to 

prevent water seepage.

Pneumatic cuffs were used for the application of the appropriate pressures to the limb 

under study. The cuffs were inflated from a pressurised air cylinder to which they 

were connected through a three-way tap. The diameters of the proximal cuffs applied 

to the forearm, hand and calf were 6, 6, and 9 cm respectively, while the diameter of 

the distal cuff applied to the forearm or calf was 5 cm.

Laboratory conditions for blood flow measurements:

All the blood flow measurements were performed under standardized laboratory 

conditions, since changing environmental conditions ofien introduce significant errors 

in the measurements. There was rigorous temperature control, with the water in the
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forearm plethysmograph maintained at constant temperature ( 3 4 + 1  °C) by the 

thermostatically controlled water pump. By ensuring that the temperature of the water 

in the hand and calf plethysmographs was between 34.5 and 35 “C at the beginning of 

the test runs and calibration of the system, the blood flow assessments were conducted 

within the same allowed temperature range. It was necessary to fill the hand or calf 

plethysmograph with water that was slightly warmer than the desired temperature to 

account for redistribution to the colder metal jacket and rubber sleeves. Once the 

temperature of the system had equilibrated, however, the insulation of the metal jacket 

greatly reduced any heat loss to the environment so that the temperature remained 

relatively constant during the measurement of resting blood flow. The room 

temperature was maintained at 24 + 1 °C.

The importance of temperature control was shown by Barcroft and Edholm (1943) 

who found that between 25 and 45 °C, there was a direct but non-linear relationship 

between the temperature in the plethysmograph and forearm blood flow. Similarly 

ambient room temperature was maintained around 24 °C to avoid significant 

alterations in blood flow which would otherwise have occurred due to the body's 

physiological mechanisms for temperature control - skin vasodilatation or 

vasoconstriction in warm or cold environments respectively. This precaution improves 

reproducibility in serial measurements and avoids the introduction of errors in blood 

flow measurements.
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Peripheral blood flow is also affected by various environmental stimuli such as noise, 

visual stimulation, psychic or noxious stimuli. The subjects were therefore exposed to 

a minimum of external stimuli in order to make the results accurate and reproducible. 

The light was subdued in order to minimise all distractions, and the movement of 

people in and out of the laboratory during any flow recording session was prevented to 

ensure that noise was kept to a bare minimum.

During the recordings, the subject was encouraged to lie as still as possible since any 

voluntary movement of the limb under study would have introduced an artefact in the 

recordings or altered the alignment of the segment of the limb in the plethysmograph, 

thereby altering the limb volume - a source of error in the calculation of the blood 

flows. Finally, the conditions under which the measurements were made were 

recorded for follow-up visits and for auditing laboratory practice.

Calibration of the system:

The recording system was calibrated before each recording session by injecting a 

measured quantity of air (usually 5 ml) from a 50 ml syringe through a three-way 

stop-cock into the rubber tubing leading from the plethysmograph to the ink-writing 

system. This resulted in an upright deflection of the pen. The same quantity of air was 

then removed from the system resulting in a downward deflection of the pen. This 

procedure was repeated and the average distance moved by the pen in response to the 

introduction or exit of 5 ml of air from the system was used as the calibration distance 

for the calculation of blood flow.
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Blood flow measurements:

Blood flow measurements were performed in the post-prandial state (at least two 

hours after a meal). Subjects were instructed to refrain from alcohol in the preceding 

24 hours and from caffeine-containing drinks for the four hours before each test; for 

serial measurements on different days, subjects were asked to take a similar meal (eg 

breakfast) before each visit. On arrival, the subject was familiarized with the apparatus 

and relaxed on the couch while the plethysmograph was set up. Within about ten 

minutes of the subject's arrival, during which period she was acclimatized to the room 

temperature, supine blood pressure and heart rate were measured with the automatic 

sphygmomanometer three times at intervals of one minute. The first readings were 

discarded and an average of the last two readings was taken as the representative 

values. The blood pressure cuff was then removed and the plethysmographs applied.

Blood flow was measured in the left forearm in all the subjects reported in this thesis, 

but in an unselected few, resting blood flow was also measured in the right calf 

simultaneously. The left forearm was placed in the water-filled plethysmograph and 

the distance from the distal edge of cylinder to the styloid process of the ulna was 

measured and recorded for use at subsequent visits. In this way, the same segment of 

limb was used during each subject's visit. Nevertheless, the volume of the segment of 

limb used was measured at each visit for calculation of the blood flow. Pneumatic 

cuffs were then applied to the limb proximal and distal to the plethysmograph.

The distal cuff* was inflated to and maintained at supra-systolic pressure (between 180 - 

200 mmHg) throughout the blood flow measurements in order to exclude the
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circulation from the hand (or the foot for calf flow measurements). Blood flow 

measurements were commenced two minutes after inflation of the distal cuff. By 

inflating the proximal cuff to just below diastolic pressure (usually at 50 - 60 mmHg) 

for five seconds every 15 seconds, venous return from the limb was prevented but the 

continuing arterial inflow resulted in an increase in the volume of the enclosed segment 

which was then recorded as a blood flow wave on a rotating kymograph (Fig 4.3). 

After equilibration, blood flow measurements were made every fifteen seconds for at 

least ten minutes.

For measurements of calf flow, the distance from the distal edge of the cylinder to the 

medial malleolus was recorded at the first visit and used at subsequent visits. At the 

end of the resting flow measurements, all the cuffs were deflated to restore free 

circulation for two minutes. During this period, the calf was marked with a pen at the 

edges of the cylinder to enable accurate measurement of the segment of the limb within 

the cylinder. The plethysmograph and cuffs on the calf were then removed.

Reactive hyperaemia in the left forearm was assessed in unselected subjects as 

indicated in the relevant chapters. For this purpose, the venous occlusion cuff for the 

forearm was rapidly inflated to supra-systolic pressure, usually between 180 and 200 

mmHg but at least 20 mmHg above the subject's systolic pressure, in order to occlude 

the blood supply to the limb segment under study. After two minutes' occlusion, the 

subject was asked to squeeze a sphygmomanometer bulb with sealed air ducts ten 

times with the left hand - a form of anoxic exercise. After eight minutes' occlusion, the
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Fig 4.3

Blood flow wave recorded by plethysmography
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distal cuff on the forearm was inflated to suprasystolic pressure in preparation for the 

resumption of blood flow recording. This procedure excluded hand circulation from 

the blood flow recordings as noted previously. Subsequently, after a total of ten 

minutes of circulatory arrest, the proximal cuff was rapidly deflated to about 40 

mmHg, thus allowing a surge of blood through to the forearm. The blood flow 

measurements were immediately resumed in a rapid but decreasing frequency, initially 

with a venous occlusion pressure of 40 mmHg for about thirty seconds, before 

returning to an occlusion pressure of 50 - 60 mmHg. This was necessary because it 

had been shown by several workers (Eichna and Wilkins, 1941; Patterson and Whelan, 

1955) that in the early state of reactive hyperemia, the blood pressure in the main 

artery supplying the limb was reduced, thus necessitating the application of a lower 

occlusion pressure. Blood flow measurements were then continued for about seven 

minutes by which time flow had returned to resting levels in most subjects. The distal 

cuff was then deflated to restore hand circulation and the forearm was marked at the 

edges of the cylinder as was done with the calf. The cuffs were then disengaged, the 

thermostatic water pump switched off and the limb removed from the cylinder.

The volumes of the segment of forearm, and of calf or hand that were in the 

plethysmographs were then measured by water displacement in a water bath and 

recorded in a register to be used in the calculation of the blood flow. The subject's 

height (in metres) and weight (in kilograms) were also measured and recorded for the 

calculation of body mass index (BMI):

BMI (kg/m^) = Weight/(Height x Height)
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Calculation of the blood flow:

The determination of the peripheral blood flow fi'om the plethysmographic tracings 

involved the calculation of a constant (k) using the formula:

k = Drum's speed (cm/secl x Calibration air volume (mil 

Volume of limb (ml)/100 x Calibration distance (cm)

The speed of the drum/kymograph (cm/sec) was determined by calculating the time 

required for 100 cm of rotating paper to pass the pen. The calibration air volume 

(quantity of air introduced during calibration) was noted during calibration as was the 

calibration distance. Peripheral blood flow was calculated by drawing a tangent to the 

horizontal along the summits of the first three pulse waves recorded with each venous 

occlusion. The distance represented by the constant, k, was marked off along the 

horizontal line from the intersection with the tangent, and blood flow was then 

calculated as the height (in cm) of a perpendicular line from this point to the slope of 

the tangent (Fig 4.4). Blood flow was taken as the mean of 13 successive blood flow 

recordings after a steady state had been reached; it was expressed in mis/100ml 

tissue/min because the volume of the limb was divided by 100 in the formula above. 

The coefficient of variability of peripheral blood flow was calculated as the percentage 

of the peripheral blood flow represented by the standard deviation of the 13 

recordings.
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Fig 4.4

Calculation of blood flow recording
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The peak incremental blood flow during reactive hyperaemia was the difference 

between the peak flow recorded after release of proximal arterial occlusion and resting 

baseline blood flow. The total metabolic deficit during the ten minutes of anoxia 

before reactive hyperaemia was calculated as the area under curve of the blood flow 

recordings from the re-establishment of limb circulation until the return to resting 

blood flow levels in those subjects where resting flows were reached. This was 

calculated by the trapezoid method with a computer programme that summated the 

areas of individual small rectangles and triangles filling the area under the curve, so 

that any small areas under the curve that are excluded from the polygons were 

compensated for by a few areas from outside the curve that were included. Although 

the values thus calculated were approximate, any marginal errors would be systematic 

and therefore did not invalidate comparison of the values at different measurements or 

between subjects.

Forearm peripheral vascular resistance (PVR) was calculated as the ratio of mean 

arterial pressure (MAP) to resting forearm blood flow (F), and was expressed in 

peripheral resistance units (PRU) (Green et al, 1944):

PR = MAP/F

where MAP = Svstolic pressure + 2 (Diastolic pressure)

3
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Elimination of Potential Sources of Error;

The limb under study: As stated earlier, the segment of limb under consideration

fitted snugly inside the plethysmograph, otherwise small deflections due to very low 

blood flow might have been missed. However, it was important to use the appropriate 

diameter of rubber sleeve for individual subjects, because a tight-fitting rubber sleeve 

would itself apply pressure on the limb and introduce an error into the measurements 

of blood flow.

The forearm (or hand) was supported and positioned level with the subject's right 

atrium in such a way as to avoid excessive deflections caused by respiratory 

movements (Fig 4.5) which would have made blood flow calculations difficult or 

inaccurate. Since the proportion of muscle or skin varies at different levels of the 

forearm (or calf), and since this could affect local blood flow, for longitudinal 

measurements in the same subject, particular care was taken to ensure that blood flow 

was measured in the same segment of limb on each occasion. This was achieved, as 

stated earlier, by recording the distance from the styloid process of the ulnar (in the 

case of forearm measurements) or the medial malleolus (in the case of calf 

measurements) to the distal opening of the plethysmograph.

Application of the cuffs: The distal cuff for exclusion of hand (for forearm flows) or 

foot (for calf flows) circulations was maintained at supra-systolic pressure of between 

180 - 200 mmHg throughout the determinations of blood flow. Any air leaks in the 

system would alter this pressure and so constant attention was paid to the meters
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Fig 4.5

Deflections from respiratory movements
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displaying the pressures of the cuffs. All the cuffs were applied snugly to the limb in 

order to avoid applying a lower or higher pressure on the limb than that being 

displayed on the meter.

The venous occlusion cuff was applied close to the proximal opening of the 

plethysmograph but care was taken to ascertain a position that was neither too close 

nor too far. Application of the cuff too close to the plethysmograph results in an 

inward or outward movement of the limb on application of pressure thereby causing a 

significant artefact on the recording (Fig 4.6), which will make interpretation of the 

blood flow recording difficult or inaccurate.

On the other hand, a proximal cuff applied too far from the plethysmograph means that 

swelling occurs first in the intervening tissue before any increase in volume of the 

segment of limb under study. This also would have introduced an error in the blood 

flow recording (Fig 4.7).

A rule of thumb was always to apply the venous occlusion cuff above, and as close as 

practicable to, the corresponding joint (elbow, knee or wrist for forearm, calf or hand 

flows respectively). The position was then minimally adjusted to eliminate any 

artefact.

Particular attention was paid to the exclusion of air bubbles before commencement of 

blood flow measurements as any bubbles would have otherwise reduced the sensitivity 

of volume displacement on which this technique depends. Compression of air bubbles
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Fig 4.6

Positive artefact - venous occlusion 

cuff too close to plethvsmograph
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Fig 4.7

Delay between application of cuff pressure and recording of blood flow 

deflection: venous occlusion cuff too far from plethysmograph

i  If
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would have resulted in negative artefact (Fig 4.8) or inappropriately low deflections. 

This was achieved with the water pump during forearm flow measurements. For the 

hand, the subject was asked to move her fingers in the plethysmograph to displace any 

bubbles trapped in the system. Similarly, by massaging the rubber sleeve of the calf 

plethysmograph with the fingers, any trapped air bubbles were displaced.

The water level in the chimney: The level of water in each chimney was monitored 

by means of two concentric lines drawn 2.5 cm apart on the glass. The level was 

always ascertained before any blood flow measurement to ensure that a constant 

hydrostatic pressure was applied to the segment of limb under consideration at each 

visit.

The recording system: The float recorder was cleaned at regular intervals to remove 

sediments and encrusted deposits from hard water which might interfere with its 

sensitivity. The insides of the metal cylinder and rubber sleeves were also cleaned 

regularly. The float recorder was finely balanced before starting any blood flow 

measurements. The pen floated freely and wrote horizontally on a rotating paper 

before blood flow measurements were made. A falling baseline would occur if there 

was inaccurate balancing of the float recorder, or more commonly if there was seepage 

of water from the recording system or the plethysmograph. A rising baseline would 

result from a tight venous occlusion cuff causing some degree of venous occlusion 

even at rest, or from inaccurate balancing of the recorder.



Fig 4.8

Negative artefact - trapped air bubbles or 

incorrectly fitting venous occlusion cufY
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Reproducibility of the technique:

The reproducibility of water-filled plethysmography as used in the studies in this thesis 

was 8.2 %. This was determined by serial measurements of forearm blood flow, on 

four consecutive days, in a healthy, non-smoking male volunteer who was not taking 

any medication known to affect the cardiovascular system. All the tests were 

performed under similar laboratory conditions with rigorous control of external stimuli, 

as discussed above. The same segment of the left forearm was used at each session as 

previously described.

The reproducibility of the technique was taken as the percentage of the mean of the 

four blood flow measurements represented by the the standard deviation of the four. 

The reproducibility of 8.2 % that was obtained during this period was similar to the 

values obtained in the laboratory by my predecessor (Hardiman, 1991).
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BLOOD PRESSURE AND HEART RATE MONITORING:

Blood pressure and heart rate were measured in each subject at each visit with a 

non-invasive automatic sphygmomanometer - the EME Auto BP monitor, model 3100 

(Electro Medical Equipment, Brighton, UK). The equipment consisted of bladder 

cuffs of various sizes, a 3.5 metre cuff hose and a monitor (Fig 4.1) that utilises the 

oscillometric technique via a microprocessor and stored programme. This technique 

defined the mean arterial pressure as the minimum cuff pressure at which perceived 

cuff oscillations were maximal. Systolic pressure was defined as the cuff pressure at 

which oscillations began to increase in magnitude and diastolic pressure as the lowest 

cuff pressure at which oscillations were no longer decreasing. Heart rate was 

measured during the presssure cycle and was used to enhance an "artifact rejection 

programme" incorporated in the pressure cycle. To take a reading, the subject was 

encouraged to lie as calm and motionless as possible. A cuff of appropriate size was 

wrapped round the upper arm, the machine was switched on, and a "start" button was 

pressed to activate a reading cycle. The cuff was then automatically inflated by the 

sphygmomanometer and the cuff oscillations monitored. Any voluntary movements 

and similar artifacts were eliminated through an inbuilt artifact rejection programme 

over 13 seconds, before determination of the blood pressure and heart rate. The 

readings were then printed automatically by the machine on a roll of paper and the 

whole sequence repeated at any desired interval.

The automatic sphygmomanometer was calibrated against a standard manual mercury 

manometer every three months. For this purpose, the manual manometer was 

connected to the patient pressure hose and the automatic sphygmomanometer switched
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on whilst depressing the "start" button. The response of the monitor to manual 

inflation of the manometer to any given pressure was then assessed to ensure that the 

monitor's reading corresponded to the manometer's pressure.

COLLECTION OF BLOOD SAMPLES AND HORMONAL ASSAYS

As mentioned earlier, an aliquot of a venous blood sample taken for clinical reasons 

was obtained for biochemical measurements. The opportunity was then taken to 

monitor serum oestradiol and/or progesterone levels when relevant to this thesis. For 

convenience of the subjects, the venepuncture was performed after blood flow 

measurements. With a tourniquet applied to the upper arm, the skin of the right cubital 

fossa was cleaned with alcohol wipes, and 10 mis of blood was withdrawn from an 

ante-cubital vein through a size 21 gauge needle into a sterile tube (vacutainer) 

containing a gel activator. The blood was allowed to clot over 15 minutes and was 

centrifuged at 50 rpm for 5 minutes. The serum was then separated and stored at -20 

°C for assay of the appropriate hormones in batches.

Oestradiol and progesterone were measured by direct radioimmunoassay (RIA). 

Coated tube RIA (Diagnostic Products Limited, UK) with antibody against oestradiol 

was used for assay of 1713-oestradiol in a competitive assay involving ’̂ ^Iodine-labelled 

oestradiol. The detection level of 1713-oestradiol was 70 pmol/1. For progesterone 

assay, direct RIA (NETRIA, UK) was again used in a competitive assay involving 

’̂ ^Iodine-labelled progesterone, but with a second (goat) antibody to separate free 

from bound hormone. The detection level for progesterone was 2 nmol/1. During the 

study, precision of the assays was less than 7 %.
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DOPPLER ECHOCARDIOGRAPHY

Doppler echocardiography has evolved over the years as the standard non-invasive 

tool for measuring cardiac output, its accuracy being comparable to invasive 

techniques. Nishimura et al (1984) demonstrated close correlation between the 

invasive thermodilution technique and continuous wave doppler echocardiography for 

the measurement of cardiac output in 80 patients aged 2 0 - 9 1  years (52 men and 28 

women).

In the present studies, a commercially available cardiac ultrasound equipment (Toshiba 

Sonolayer-SSH 160A) with both pulsed and continuous wave colour doppler facilities 

was used (Fig 4.9). This had a 3.75 MHz phased array transducer for cardiac imaging 

and measurements of left ventricular outflow tract and a 2.5 MHz phased array duplex 

transducer for both colour flow imaging and doppler flow velocity measurements. The 

studies were recorded on half-inch video tapes (U-matic) for subsequent analysis using 

the equipment's in-built computer software. On arrival, the patient was familiarized 

with the equipment and encouraged to relax while lying semi-recumbent on a couch. 

After about ten minutes, a complete two-dimensional and doppler echocardiographic 

examination was performed to exclude intracardiac pathology, especially any 

haemodynamically significant valvular leaks or shunts. No such abnormalities were 

found in any of the subjects I studied.

The diameter of the left ventricular outflow tract was then measured, from the 

parasternal long axis projections during systole, as the distance between the points of 

insertion of the anterior and posterior aortic cusps into the aortic walls. This
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measurement (d) was noted for all subsequent volume calculations in order to minimise 

errors and was used to calculate the cross-sectional area of the outflow tract;

Area = where 7t = 3.14.

From the apical four-chamber view of the heart, the transducer was rotated slightly 

with a superior tilt until the aortic valve and proximal ascending aorta were visualised 

- an apical five-chamber view. Colour flow imaging was then applied to determine the 

optimal site for velocity measurement by the pulsed Doppler mode. To ensure 

accurate monitoring of the velocity profile in the outflow tract, a tear-drop sample 

volume (measuring 2 by 2 mm) was placed near the valve where the aliased flow 

(colour reversal) appeared on colour flow mapping, and this sample volume was 

adjusted to a maximum depth of 16 cm from the transducer. Particular attention was 

taken to avoid the accelerated and turbulent flow occurring very close to the valve; 

rather, the maximal outflow tract velocity was recorded only after obtaining the 

"cleanest" envelope that remained steady for 5 - 10 cardiac cycles. The gain and filter 

settings of the equipment were also reduced to a minimum to exclude any velocities 

outside the velocity profile being measured.

After recording the flows, the contour of the Doppler signal was delineated using a 

trackball. The peak flow velocity was regarded as the midpoint of the signal 

coinciding with the time of maximal velocity. The time from onset of flow to this peak 

velocity was the acceleration time and mean acceleration was calculated as the ratio of 

peak velocity to acceleration time. The trackball was used to delineate the area under 

the systolic portion of the velocity curve, the flow velocity integral, and this area was
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Fig 4.9

Doppler Echocardiograph in use

u□
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*Only a male subject was willing to be photographed bare-chested!
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determined by the equipment's internal software programme. The average for five 

consecutive beats was taken as the representative value at each measurement. Heart 

rate was determined directly from the RR interval of an electrocardiogram 

simultaneously recorded by the equipment. Stroke volume (SV) and cardiac output 

(CO) were calculated as follows;

SV (ml) = velocity integral (cm) x cross-sectional area (cm^)

CO(l/min) = stroke volume x heart rate (min ')/1000

Reproducibility of Doppler studies:

The reproducibility of stroke volume and cardiac output determinations had been 

assessed by Dr Nihoyannopoulos in a previous collaborative study (Playford et al, 

1992). Basal measurements of cardiac function were made in the morning (0900 

hours) on ten normal individuals (seven males and three females), and were repeated 

under similar conditions and at 0900 hours after a minimum of seven days. The 

variability of measurements within a study day was determined by repeated basal 

measurements, three hours apart, in six normal volunteers (four males and two 

females). The reproducibility (coefficients of variation) of stroke volume and cardiac 

output were 3 and 4 % respectively, between study days; but 3 and 1 % respectively 

within a study day.
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^XENON INHALATION TECHNIQUE FOR MEASUREMENT OF 

CEREBRAL BLOOD FLOW

Cerebral blood flow was measured by the two minute ’̂ ^Xenon inhalation technique of 

Wyper, Lennox and Rowan (1976). The objective was to measure the clearance of an 

inhaled radioactive tracer (’̂ ^Xenon) using an external detector placed over the left 

frontal area of the skull. This inhalation technique has almost entirely replaced 

intra-carotid injection of radioactive tracers for the measurement of cerebral blood 

flow in volunteers over the past 15 years, since it is atraumatic and reasonably 

accurate. The major disadvantage, however, is that errors might arise from 

re-circulation of the isotope from the rest of the body and from contamination of 

extracerebral tissues. Wyper et al (1976) reported that this was minimised by 

calculating the clearance of radioactive material over a relatively short period of time 

so that the more slowly perfused extra-cerebral tissues do not have enough time to 

take up the isotope, rather the highly perfused brain tissue was usually the first to 

acquire inhaled isotope. To determine an appropriate duration of clearance time to use 

for this calculation, the authors synthesized artificial clearance curves using various 

arterial concentration fimctions and a range of cerebral blood flow values. These 

synthetic curves, when plotted on semi-log paper, were approximately linear for a two 

minute period starting thirty seconds into the desaturation phase after inhalation. 

Moreover, the curves were similar to actual clearance curves recorded from patients, 

an indication that this method of analysis using an initial slope of radioactive material 

clearance was at least as valid after inhalation as after injection.
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The calculation of cerebral blood flow so determined was then performed by either 

using computer analysis of the initial slope or by a series of equations suggested by 

Wyper et al (1976b) as follows. The concentration values of end-tidal air at 30 and at 

60 seconds were first determined to represent the initial rapid clearance of radioactive 

material from the lungs and the subsequent slower clearance. An arterial concentration 

function was then calculated and when correction for re-circulation of ’̂ ^Xenon was 

performed using a bi-directional nomogram, 99.1 % of the cerebral blood flow results 

were within 1 ml of results obtained by computer. This was the method we employed 

in calculating cerebral blood flow since it was relatively quick, reasonably accurate, 

inexpensive and reproducible. The mean brain partition coefficient for each 

measurement was taken as 1.10 according to the data of Wilkinson et al (1969). The 

radiation dose involved in a single measurement was approximately 70 millirads.

On arrival, the subject was first familiarised with the apparatus (Fig 4.10), and 

encouraged to relax for about twenty minutes while preparations were made for 

measurement of cerebral blood flow. With the subject supine, a single sodium iodide 

scintillation detector with a 2.5 cm aperture was placed over the left frontal cortex 

where all measurements were carried out. A second heavily shielded sodium iodide 

detector was used to monitor the radioactivity of the end-tidal air continuously. The 

gateing was set in such a way as to measure energies of 78 - 80 Ke.V or more. 

Amplified counts of both detectors were simultaneously recorded on a chart recorder. 

'^^Xenon (lmCi/1) in air was rebreathed by the subject for two minutes through a Royal 

Air Force pilot's mask connected to a 12 litre closed circuit system.
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Fig 4.10

Apparatus for measuring cerebral blood flow

by the —Xenon inhalation technique
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To reduce the subject's anxiety and minimise problems that would have arisen due to 

hyperventilation, the mask incorproated a microphone for free communication during 

the measurements. End tidal C02 was continuously measured with a Gould Mark 3 

capnograph (Gould Medical Ltd, Leicester UK). The cerebral clearance curve was 

recorded for three minutes after ’̂ ^Xenon inhalation and used for determination of 

cerebral blood flow. The first thirty seconds of the trace was discarded because this 

often recorded extraneous counts from sinuses, face mask and tubing. This potential 

source of error was no longer significant after thirty seconds. Correction for 

re-circulation of the isotope was then made in the conventional way using the 

bi-directional nomogram of Wyper et al (1976).

Reproducibility o f—Xenon inhalation technique:

The reproducibility of this technique in Dr Ian James's laboratory was determined 

previously by five consecutive daily measurements of cerebral blood flow under 

identical conditions in a healthy male volunteer. The coefficient of variation was 10 %.
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STATISTICAL ANALYSIS OF THE RESULTS

All the statistical analyses in this thesis were performed using Statsgraphics Version 

5.0 statistics computer software (STSC Inc., USA) on an IBM-compatible computer. 

The results of the measurements (ie the haemodynamic variables) were normally 

distributed and so parametric tests were used. One way analysis of variance was 

applied to the means and 95 % confidence intervals in order to determine inter-group 

differences in a specific variable between several groups. Longitudinal before and after 

treatment data were analysed using paired t-tests as appropriate. In the presence of 

confounding variables, multiple regression analysis was applied to the continuous 

variables to determine their relative contributions to a dependent variable.
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SECTION m

THE PRESENT STUDIES
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CHAPTER 5

THE EFFECTS OF AGE ON 

PERffHERAL VASCULAR RESPONSES IN WOMEN

As discussed earlier (Chapter 2), previous studies of circulatory changes with age 

indicate that resting systolic blood pressure rises with age in both sexes with the peak 

achieved five years earlier in men than in women (Lasser and Master, 1959). Resting 

diastolic pressure, on the other hand, is relatively unaffected by age in both sexes. The 

systolic and diastolic blood pressure responses to mental or physical exercise are 

higher in men than in women (Matthews and Stoney, 1988). There is, however, no 

data on the effects of age on quantitative limb blood flow and peripheral vascular 

responses in women.

In this study therefore, limb blood flow and vascular responses were measured in 

women of different ages in order to determine whether these change with age in 

women as in men, and if so, whether any differences exist between men and women in 

the patterns of change.
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Subjects and Methods:

205 healthy female volunteers, aged between 18 and 76 years participated in this study 

(Fig 5.1). 16 women were aged between 1 5 - 2 4  years, 23 were between 2 5 - 3 4  

years, 25 were 35 - 44, 84 were 45 - 54, 48 were 55 - 64, and 9 were between 65 and 

76 years old.

The body mass index of the subjects ranged from 15.5 to 40.9 kg/m^; 12 women (5.9 

%) were underweight (< 19 kg/m^), 145 (70.7 %) were of a desirable weight (19 - 28 

kg/m^), and 32 (15.6 %) were overweight (> 28 kg/m^). 16 women (7.8 %) declined 

to be weighed, but were clearly of normal body weight on inspection. The mean age 

(±sem) at menopause in the 131 postmenopausal participants was 47.0 ± 0.5 years 

(range: 20 - 55).

Forearm blood flow was measured in all subjects. Calf blood flow was measured in an 

unselected subgroup of 106 women and forearm reactive hyperaemia in 172. 

Menstruating women were tested in the menstrual phase of the cycle within the first six 

days of bleeding. Serum oestradiol assay was performed in 179 women.
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Statistics: The haemodynamic variables were analysed in several ways. Age-related 

differences between individual subjects were determined by simple linear regression of 

the various variables over age, and when appropriate, by multiple regression of the 

specific variable over age and any other relevant factors. On the other hand, one-way 

analysis of variance (ANOVA) was applied to the means ± 95 % confidence intervals 

of the variables in order to determine differences between the 10-year age groups listed 

above or the three bands of body mass index.

Thus, to determine the effect of individual age on the individual forearm blood flow, a 

simple regression analysis of blood flow on individual age was performed. However, 

since blood flow is also dependent on blood pressure and heart rate, these were 

included in a multiple regression model involving age and body mass index in order to 

evaluate the selective effects of these confounding variables on resting peripheral flow 

in women.

Differences in forearm blood flow, peripheral vascular resistance and incremental peak 

forearm flow (during reactive hyperaemia) between pre and postmenopausal women 

were analysed using a two-sample analysis which estimates and tests the means and 

variances of two independent samples. In postmenopausal women, the influence of 

time since menopause on these variables was analysed using both simple linear 

regression and a multiple regression model that included years since menopause, blood 

pressure, heart rate, and body mass index.



134

Results;

The haemodynamic indices for each subject are hsted in Table A5 of the appendix. The 

means ± 9 5 %  confidence intervals for different age decades are shown in Table 5.1.

Blood pressure and Heart rate: On simple regression analysis, systohc blood

pressure increased linearly with individual age (/-value of slope = 3.907, p  = 0.0001), 

as did diastolic pressure (/ = 3.195, p  = 0.002). However, as shown in Fig 5.2, there 

was only a slight increase in mean systolic blood pressure with increasing age decades 

until the age of 64 years, after which there was an abrupt rise which was not 

significant. There were no differences in the pattern of age-related changes in systolic 

pressure between women experiencing frequent hot flushes (2 or more flushes per day; 

n = 88) and those who were not {n = 101). Mean diastolic blood pressure increased 

gradually with increasing age decades in the whole study population, with no 

differences between flushing women and non-flushers.

There was no linear correlation of heart rate with individual age in the subjects, 

irrespective of flushing frequency. Mean heart rate did not show any specific pattern 

of change with increasing age decades, but tended to be lower in the older women than 

in younger ones.
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Table 5.1

MEAN (+95% CD HAEMODYNAMIC INDICES IN WOMEN 
OF DIFFERENT AGES

Age Group 15-24 25-34 35-44 45-54 55-64 65-76

Measurement («=16) («=23) («=25) («=84) («=48) («=9)
Systolic 119 118 122 124 128 143
pressure
(mmHg) 112-126 112-125 116-128 120-127 124-132 133-153

Diastolic 76 77 79 81 81 86
pressure
(mmHg) 72-81 74-81 75-83 79-83 78-84 80-92

Heart rate 
(beats/min)

71

65-76

76

72-81

74

69-78

74

71-76

75

72-79

72

65-79
Resting 
forearm blood 
flow (ml/ 100 
ml tissue/min)

2.520

1.724
-3.316

2.717

2.053
-3.381

2.944

2.307
-3.581

3.365

3.017
-3.712

3.132

2.672
-3.592

3.794

2.733
-4.856

Variability of 
forearm blood 
flow (%)

15.7

12.5-18.9

15.2

12.5-17.8

15.4

12.8-17.9

16.0

14.6-17.4

14.2 

12.3 -16.0

15.7

11.5-20.0
Peripheral
Vascular
Resistance
(PRU)

43.8

34.6-53.0

42.4

34.8 -50.1

37.7 

30.3 -45.0

35.9

31.8-40.0

38.0

32.7-43.3

37.5 

25.3 -49.7

Peak forearm 
flow (ml/ 100 
ml tissue/min)

35.3

29.2-41.3

23.7

18.6-28.7

22.6

17.8-27.5

26.5 

23.8 -29.3

30.8 

27.2 - 34.4

20.0

12.0-28.0
Incremental 
forearm flow 
(ml/100 ml 
tissue/min)

3Z8

26.7-39.0

21.1

15.9-26.2

19.7

14.8-24.6

212

20.4-25.9

27.8

24.1-31.4

16.1 

8.0 - 24.2

(«=11) («=14) («=14) («=40) («=25) («=2)
Calf blood 
flow (ml/ 100 
ml tissue/min)

2.906

2.151
-3.662

2.193

1.523
-2.862

2.750

2.081
-3.420

2.085

1.688
-2.481

2.126

1.624 
- 2.627

2.395

0.624 
- 4.166

Variability of 
calf blood flow 
(%)

13.6

9.8 -17.4

15.2

11.9-18.6

13.7 

10.3 - 17.0

14.7

12.7-16.7

15.0

12.5 - 17.5

13.3

17.5 - 19.1
Cl = Confidence Intervals; n = number of subjects
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Fig 5.2

MEAN (+ sem) BLOOD PRESSURE AND HEART RATE 

AT DIFFERENT AGE DECADES
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Resting peripheral blood flow:

Age and forearm flow: On simple regression analysis, resting forearm blood flow

was directly proportional to individual age (lvalue of slope = 2.272; p  = 0.02; Fig 

5.3a). However, since forearm blood flow had been shown to be higher in flushing 

women than in non-flushers (Ginsburg et al, 1989), a further analysis to take account 

of this was performed. In non-flushing women (Fig 5.3b), there was no linear 

relationship between resting forearm flow and individual age = 1.538;p  = 0.13).

As with systolic pressure, changes in mean resting forearm blood flow with increasing 

age decades were minimal until after the age of 64 years, when there was an abrupt 

increase in flow (Fig 5.4a), an increase that was more pronounced when women with a 

surgical menopause were excluded (Fig 5.4b). These mean differences between the 

age groups were however not statistically significant and only represented trends in 

forearm flow. In the women aged between 45 and 54 years, resting flow was 

marginally higher than in the adjacent age bands. Re-analysis to take account of 

flushing frequency revealed that the higher flow in the 45 - 54 year age band was 

contributed by flushing women. In non-flushers (Fig 5.4c), mean resting forearm flow 

was highest in women over the age of 64, and there was no increase in flow in the 

45-54 year age group.
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Fig 5.3a 

LINEAR REGRESSION OF 

RESTING FOREARM BLOOD FLOW OVER AGE (n = 205^
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Fig 5.3b

LINEAR REGRESSION OF RESTING FOREARM BLOOD FLOW 

OVER AGE IN NON-FI.ITSHING WOMEN (n = lOlI
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Fig 5.4b

MEAN (+ 95 % CD FOREARM FLOW AT DIFFERENT AGE DECADES
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Fig 5.4c

MEAN (+ 95 % c n  FOREARM BLOOD FLOW AT DIFFERENT AGE 

DECADES AFTER EXCLUSION OF FI.USHTNG WOMEN (n = 1011
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Body mass index (BMI) and forearm flow: Forearm blood flow was directly

proportional to individual body mass index in all women (lvalue of slope = 2.342; p  = 

0 .02;); a relationship that was stronger after the exclusion of flushing women {t = 

2.525; p  = 0.01). Mean resting forearm blood flow was significantly lower in 

underweight women (BMI < 1 9  kg/m^) than in others, but there was no significant 

difference between the mean forearm flow in women of a desirable weight and that of 

overweight women.

Multiple regression model (Table 5.2): To determine the relative importance of 

confounding factors (ie systolic pressure, diastolic pressure, heart rate, age and body 

mass index) on resting forearm flow in non-flushing women, the factors were included 

as independent variables in a multiple regression model for regression of resting 

forearm flow. With this model, the only significant determinants of resting forearm 

flow were systolic pressure {t = 3.284, p  = 0.002) and heart rate {t = 2.010, p  = 0.048).

Table 5.2

MULTIPLE REGRESSION OF RESTING FOREARM BLOOD FLOW IN 
NON-FLUSHING WOMEN (w=101I: EFFECT OF SELECTED VARIABLES

INDEPENDENT
VARIABLES

Regression
Coefficient

Standard
Error r-value /7-value

Systolic
pressure (mmHg) 0.036 0.011 3.284 0.002*
Diastolic 
pressure (mmHg) -0.041 0.021 -1.969 0.052
Heart rate 
(beats/min) 0.025 0.012 2.010 0.048*
Age (years) 0.013 0.010 1.292 0.200

BMI (kg/m") 0.075 0.044 1.728 0.088
BMI = Body Mass Index 
* Statistically significant correlation
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Variability of forearm flow: Variability of forearm flow was not proportional to age 

and was similar in the different age decades in all women, irrespective of whether they 

were flushers or non-flushers.

Calf flow: Calf blood flow was measured in an unselected subgroup of 106 women. 

There was no specific pattern of change in mean calf flow between the different age 

decades, nor was there any specific pattern of change in calf flow variability with age.

Peripheral vascular resistance: Peripheral vascular resistance was not proportional 

to individual age nor was it altered between the various age bands, irrespective of 

whether the women experienced frequent hot flushes or not.

Reactive hyperaemia: In response to ten minutes' anoxic exercise, neither peak 

forearm flow nor incremental peak forearm flow changed with individual age. Mean 

peak forearm flow, as well as mean incremental peak forearm flow (Fig 5.5), were 

however significantly {p < 0.05) lower in the oldest group of women (65-76 year age 

group) than in the preceding two age decades, a difference that was still evident when 

non-flushers were analysed separately. Overall, mean incremental peak forearm flow 

followed an "S"-shaped curve (Fig 5.5) with successive age decades between 15 and 

76 years. There were no age-related differences in the total area under curve of blood 

flow during reactive hyperaemia, irrespective of whether the women were flushers or 

non-flushers.
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The influence of the menopause and duration of menopause; Mean systolic blood 

pressure was significantly higher in postmenopausal than in premenopausal women 

(127 versus 119 mmHg; p  = 0.003) as was mean diastolic pressure (81 versus 77 

mmHg; p  = 0.006). However, simple regression of systolic or diastolic blood pressure 

on time since menopause (in years) did not reveal any linear relationship { t = \ 3 S l , p  =

0.18 and t = -O.ll, p  = 0.87 respectively). And when age and time since menopause 

were included in a multiple regression model, systolic blood pressure was significantly 

related to age {t = 2.854, p  = 0.005) but not to years since menopause (t = -0.841, =

0.40). Similarly, diastolic pressure was related to age (t = 2399, p  = 0.02) but not to 

years since menopause (/ = -1.716, /? = 0.09). Thus, the differences in mean systolic or 

diastolic blood pressures between pre and postmenopausal women would seem to be 

due to the effect of age, rather than the effect of menopause per se. Mean heart rate, 

on the other hand, was similar in both groups of women.

Postmenopausal women had a significantly higher mean resting forearm flow than 

premenopausal women (3.31 versus 2.56 ml/100ml tissue/min;p  = 0.003), a difference 

that was still evident (p = 0 .02) after the exclusion of flushing women who are known 

to have high peripheral flows. Mean peak incremental flow during reactive hypaeremia 

was however significantly lower in postmenopausal women than in premenopausal 

women (22.9 versus 27.5; p  = 0.02); this difference was not evident when non-flushers 

were analysed separately. There were no significant differences in variability of 

forearm flow or peripheral vascular resistance between the two groups.



146

Fig 5.5

MEAN (+ 95 % c n  INCREMENTAL PEAK FOREARM FLOW 
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As with blood pressure, simple regression analysis did not reveal any linear 

relationships between resting forearm blood flow, variability of forearm flow, 

peripheral vascular resistance or incremental forearm flow during reactive hyperaemia 

and time since menopause (in years). On a multiple regression model including systolic 

pressure, diastolic pressure, heart rate, body mass index and years since menopause, 

resting forearm blood flow (Table 5.3) was significantly related only to systolic 

pressure {t = 2.389, p  = 0.02) and to heart rate (t = 2.492, p  = 0.01). Variability of 

forearm flow was not significantly related to any of the variables in the model. 

Peripheral vascular resistance was proportional to only diastolic pressure (t = 3 .066, p  

= 0.003) and heart rate (t = -2.311,/? = 0.02). Incremental peak forearm flow (Table

5.4) was inversely related to systolic pressure (t = -3.447, p  = 0.001), and years since 

menopause {t = -2.533, p  = 0.01).

In summary, systolic and diastolic blood pressures were higher in postmenopausal than 

in premenopausal women in association with increasing age. Resting peripheral flow 

was also higher in postmenopausal women. This seems to be associated with the 

age-related increase in systolic blood pressure, but this relationship could not be 

assumed to be due to cause and effect. The only haemodynamic parameter that was 

significantly related to time since menopause in a multiple regression model was 

incremental peak forearm flow during reactive hyperaemia, a measure of vascular 

reactivity.
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Table 5.3

MULTIPLE REGRESSION OF RESTING FOREARM BLOOD FLOW IN 

MENOPAUSAL WOMEN (#i=121): EFFECT OF SELECTED VARIABLES

INDEPENDENT
VARIABLES

Regression
Coefficient

Standard
Error /-value p-\a\uQ

Systolic
pressure (mmHg) 0.028 0.012 2.389 0.019*
Diastolic 
pressure (mmHg) - 0.038 0.021 -1.805 0.074
Heart rate 
(beats/min) 0.035 0.014 2.492 0.014*
BMI (kg/m") 0.068 0.041 1.678 0.096
Years since 
menopause - 0.004 0.029 -0.146 0.884

BMI = Body Mass Index 
Statistically significant correlation

Table 5.4

MULTIPLE REGRESSION OF INCREMENTAL FOREARM BLOOD FLOW 

IN MENOPAUSAL WOMEN (n=10U: EFFECT OF SELECTED VARIABLES

INDEPENDENT
VARIABLES

Regression
Coefficient

Standard
Error /-value /7-value

Systolic
pressure (mmHg) - 0.297 0.086 -3.447 0.001*
Diastolic 
pressure (mmHg) 0.118 0.162 0.728 0.468
Heart rate 
(beats/min) 0.188 0.104 1.811 0.073
BMI (kg/m") -0.538 0.303 -1.777 0.079
Years since 
menopause -0.561 0.221 -2.533 0.013*

BMI = Body Mass Index 
Statistically significant correlation
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Discussion:

This study has demonstrated that several haemodynamic variables change with age in 

women, but in varying patterns which in turn differ from some of the patterns reported 

in men. Systolic blood pressure, and to a lesser extent, diastolic pressure, increased 

linearly with age in our subjects. However, the change in mean systolic pressure was 

small in each decade of life until the age of 64, after which it increased. In men, 

however, mean systolic blood pressure increases with successive age decades to a peak 

at the age of 70 years with no further rise thereafter (Chapter 2). I found no consistent 

changes in heart rate although it tended to be lower in older women.

In non-flushing women, resting forearm blood flow was not proportional to individual 

age, whether in isolation or after taking into consideration the confounding effects of 

blood pressure and body mass index. Mean resting forearm blood flow was similar 

with increasing decades of life until after the age of 64 when the flow increased. 

Multiple regression analysis revealed that the level of resting forearm flow in women at 

any age was dependent on the systolic pressure and heart rate, but not age. On the 

other hand, in men, resting forearm flow rises progressively with age, but independent 

of the increase in blood pressure (Hellon and Clarke, 1959). As I did not use strain 

gauge plethsymography, the relative estimates of skin and muscle blood flows could 

not be assessed as in Hellon and Clarke's study (Chapter 2).

This study has also demonstrated the influence of the menopause on limb blood flow 

and peripheral vascular responses. The higher mean blood pressure in the 

postmenopausal women than in the premenopausal ones was associated with
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postmenopausal women being older - a function of age rather than menopausal status. 

Similarly, resting forearm flow (considerably higher in the oldest age group we 

studied) was higher in postmenopausal than in premenopausal women partly due to the 

contribution from women over the age of 64 and partly due to the contribution from 

flushing women. It would seem that despite the "cessation" of ovarian oestradiol 

production at the menopause, a lag phase of over fifteen years passes before any 

changes appear in mean blood pressure and mean resting forearm flow - from the 

mean age of menopause at 47 years in the subjects to the age of 64. That this lag 

phase may be accounted for by the effects of endogenous oestrogens is indicated by 

the higher increase in mean resting flow after the age of 64 when oophorectomized 

women were excluded. It may be that due to the absence of the weak oestrogens 

produced both directly by postmenopausal ovaries and indirectly by peripheral 

conversion of ovarian androgens, oophorectomized women had earlier vascular 

changes which diminished the magnitude of change in the whole study population at 

the age of 64.

The present findings regarding vascular reactivity in women were very interesting. The 

"S"-shaped curve of mean incremental peak forearm flow with increasing age decades 

is difficult to explain. That vascular reactivity was lowest in after the age of 64 is 

understandable because of the structural changes in blood vessel walls associated with 

ageing (Chapter 2). For the same reasons, the youngest women had the highest 

vascular reactivity. I cannot however explain why there was an increase in reactivity in 

two successive decades from the age of 45. When compared to premenopausal 

women, postmenopausal women had signifcantly lower vascular reactivity. And when
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they (postmenopausal women) were analysed separately, vascular reactivity was 

inversely proportional to time since menopause, being higher the closer to the 

menopause a woman was. Such a relationship indicates that whilst there may be a lag 

phase from the menopause before the emergence of changes in resting haemodynamic 

variables (see above), changes in dynamic peripheral vascular responses are more 

readily apparent after the menopause, being determined not so much by chronological 

age, but by degree of oestrogenization.

Another interesting finding of this study was the linear relationship between resting 

forearm blood flow and body mass index (BMI) in all women, irrespective of whether 

or not they were experiencing hot flushes. The underweight women had significantly 

lower mean forearm flow than the others, even though such women were not confined 

to any particular age bands. Although this study did not assess the separate 

contributions of skin or muscle circulations to the measuured forearm flow, the 

difference in muscle mass between uunderweight women and the others may have 

contributed to this finding. Moreover, the lower flows may be one of the peripheral 

vascular consequences of being underweight, modulated by the 

hypothalamo-pituitary-ovarian axis, just as anovulation, amenorrhoea and low bone 

mass. It would be interesting in future studies to determine if there was any 

relationship between limb blood flow and bone mass in women since both are reduced 

in underweight women.

These results provide baseline values for the inclusion of women in clinical drug trials 

and for assessing any deviant cardiovascular responses in women.



152

Summary

1. Blood pressure, heart rate, resting limb blood flow, peripheral vascular resistance 

and forearm reactive hyperaemic response to 10 minutes' anoxic exercise have been 

measured in 205 healthy women aged 18-76 years.

2 . Systolic and diastolic pressures increased with individual age, but for each age 

decade, the change in mean systolic pressure was gradual until after the age of 64 

when there was an abrupt increase.

3. Heart rate did not change significantly with age.

4. In women, resting forearm blood flow was determined by systolic blood pressure, 

rather than by age. Mean resting forearm blood flow exhibited only minimal changes 

with increasing age decades until after the age of 64 when there was an abrupt rise. 

Slightly higher forearm flow in the 45 - 54 year age group was contributed by flushing 

women. Resting forearm flow was lower in underweight women than in others.

5. Mean vascular reactivity decreased after the age of 64.

6 . After the menopause, women had higher forearm blood flows in association with 

increased blood pressure and increased age. Vascular reactivity was, however, 

independently inversely related to time since menopause.
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CHAPTER 6 

PERff HERAL VASCULAR RESPONSES 

DURING THE MENSTRUAL CYCLE

The cyclic hormonal variations during an ovulatory menstrual cycle offer a unique 

opportunity for investigating the vascular effects of endogenous female sex hormones. 

With the onset of menstruation, serum oestradiol is very low for about five days, but 

gradually increases over the next seven days to reach a peak around ovulation, before 

falling rapidly over a few days. It then rises more gradually to a second smaller peak 

about seven days after ovulation before finally returning to the low levels of the 

menstrual phase. The usual range of serum concentrations achieved during a natural 

menstrual cycle are detailed in Table 2.3. Serum progesterone, on the other hand, is 

low in the menstrual and ovulatory phases, and although it starts to rise just before 

ovulation, a peak is only achieved by the mid-luteal phase. Since oestradiol is 

dominant in the ovulatory phase whilst progesterone is dominant in the luteal phase, 

phasic variations in blood flow and vascular responses during the menstrual cycle can 

be reasonably attributed to the relative effects of the relevant hormone.

As discussed previously (Chapter 2), there are no accurate studies of the influence of 

the menstrual cycle on peripheral blood flow measured quantitatively. The few 

available studies employed mercury-in-rubber strain gauge plethysmography which 

only provides an estimate of limb flow. Moreover, it cannot be assumed that the 

available studies involved ovulatory menstrual cycles because several of them did not
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document evidence or timing of ovulation, but relied instead on the presence of regular 

menstrual cycles - a notorious yardstick for assessing ovulation.

A study was, therefore, undertaken to determine whether there was any association 

between peripheral blood flow and the phase-related increases in oestradiol or 

progesterone in ovulatory menstrual cycles.

Subjects and Methods:

The subjects (Table 6.1) were 20 healthy, regularly menstruating women with 

menstrual cycles of 26 - 30 days over the preceding three months. They were aged 19 - 

42 years (mean ± sem: 29.4 ± 1.7), were non-obese (body mass index 18-28 kg/m^).

Evidence of ovulation: In the cycle under investigation, ovulation was

determined by transvaginal ultrasound monitoring of ovarian follicular development 

(Hackeloer and Sallam, 1983) and/or a mid-luteal phase progesterone of 30 nmol/l or 

more (see Table A6 of the Appendix). Taking the first day of menstruation as day one, 

three visits for haemodynamic tests were scheduled for each subject - in the menstrual 

phase (days 1-5), in the ovulatory phase (days 12-15) and in the luteal phase (days 

19-23). In those being monitored with ultrasound, testing in the ovulatory phase was 

deferred until a pre-ovulatory follicle (17 mm diameter or more) was noted. 13 

subjects attended during all three phases, and 7 subjects attended during the menstrual 

and ovulatory phases only.
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Blood flow studies: Blood pressure, heart rate, forearm blood flow and reactive 

hyperaemia were measured under standardized laboratory conditions at each visit as 

previously described (Chapter 4).

Table 6.1

BASELINE CHARACTERISTICS OF SUBJECTS STUDIED 

DURING AN OVULATORY MENSTRUAL CYCLE

SUBJECT
Age

(years)

Body
mass
index
(kg/m^)

Menstrual cycle day of 
measurements

Menstrual Ovulatory Mid-luteal
AG 35.8 17.1 2 15 nd
AJ 29.5 21.5 1 12 21

BE 37.8 21.3 5 12 nd
BJ 38.2 25.8 5 12 21

BS 41.6 24.5 3 12 nd
CF 24.1 21.3 4 14 22

CS 18.5 22.9 3 15 nd
DA 27.9 19.2 5 12 21

DL 23.7 24.6 1 13 20

DM 37.7 28.0 5 14 20

HC 19.9 22.9 5 12 20

KI 21.1 19.5 1 15 nd
KS 228 23.8 5 13 20

MF 40.5 18.7 5 15 nd
MJ 28.3 28.0 5 13 23
ML 28 3 22.8 2 12 22

PA 22.4 23.7 2 12 19
RH 31.7 18.7 4 12 20

SM 22.0 23.6 1 12 nd
VO 34.8 20.1 5 15 22

nd = not done
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Statistics: Phase-related changes in the haemodynamic measurements were analysed 

using a paired t-test to determine differences between the means and 95 % confidence 

intervals for each phase of the cycle.

Results:

The individual values of the haemodynamic indices monitored in all the subjects are 

listed in Table A6 of the appendix to this thesis. The mean values during the three 

phases of the menstrual cycle are shown in Table 6.2.

Blood pressure and Heart rate: As can be seen fi-om Fig 6.1, mean systolic and 

diastolic pressures were unchanged in the three phases of the menstrual cycle. Mean 

heart rate was lowest in the ovulatory phase but this difference was not statistically 

significant.

Resting peripheral blood flow (Fig 6.21: Mean (+ sem) resting forearm blood flow 

was similar in the menstrual and ovulatory phases at 2.39 + 0.23 and 2.47 + 0.25 

ml/100ml tissue/min respectively, but decreased significantly to 1.56 + 0.12 ml/100ml 

tissue/min in the mid-luteal phase. This difference in flow was significant both between 

the menstrual phase and the mid-luteal phase (t = -2.433, p = 0.03; paired t-test); and 

between the ovulatory phase and the mid-luteal phase (t = -2.537, p = 0.03; paired 

t-test). Mean (+ sem) variability of forearm blood flow was, however, unchanged at 

13.5 + 0.9, 15.3 ±  1.2, and 13.9 + 0.9 % in the menstrual, ovulatory and mid-luteal 

phases respectively.
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Table 6.2

MEAN (+ sem^ HAEMODYNAMIC INDICES 

DURING THE MENSTRUAL CYCLE

MEASUREMENT
Menstrual

phase
Ovulatory

phase
Mid-luteal

phase

Number of subjects 20 20 13

Systolic pressure 
(mmHg)

117
(4.4)

112 
(2 5)

114
(1.8)

Diastolic pressure 
(mmHg)

75
(2 .2)

72 
(2 6)

70
(1.8)

Heart rate 
(beats per minute)

74
(2.4)

70
(2 .6)

74
(3.3)

Forearm blood flow 
(ml/100ml tissue/min)

2.39
(0.23)

2.47
(0.25)

1.56 » 
(0 .12)

Variability of forearm flow 
(%)

13.5
(0.9)

15.3
(1 2 )

13.9
(0.9)

Peripheral vascular resistance 
(PRU)

43.3
(3.9)

42.9 
(4 2)

58.1
(4.4)

Peak forearm flow 
(ml/100ml tissue/min)

24.3
(2 .0)

26.6
(1 2 )

23.9
(1.7)

Incremental flow 
(ml/100ml tissue/min)

21.9
(19)

24.2 
(1.8)

22.3
(1.7)

< 0.05 (significantly different from menstrual and ovulatory phases)
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Fig 6.1

MEAN (+ sem) BLOOD PRESSURE AND HEART RATE 

DURING THE MENSTRUAL CYCLE
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Fig 6.2

MEAN (+ 95 % Cn FOREARM BLOOD FLOW 

DURING THE MENSTRTIAT. CYCLE

Of=5 *Ao\
-  2

<S)CO

o

«TÎOf

5

5

5

M i d - l u t e a lOvul atoryM e n s t r u a l

M e n s t r u a l  c y c l e  p h a s e



160

Peripheral vascular resistance: The mean peripheral vascular resistance to flow in 

the forearm was maximal in the luteal phase of the menstrual cycle. It was 43.3 + 3.9 

PRU in the menstrual phase, 42.9 + 4.2 PRU in the ovulatory phase and 58.1 ± 4.4 

PRU in the luteal phase.

Forearm reactive hyperaemia: In response to 10 minutes of anoxic exercise, mean 

peak forearm blood flow was unchanged at 24.3 ± 2.0, 26.6 + 1.2, and 23.9 ±1 . 7  

ml/100ml tissue/min in the menstrual, ovulatory and mid-luteal phases respectively. 

The incremental peak forearm flow above resting levels was similarly unchanged at 

21.9 ± 1.9, 24.2 ± 1.8, and 22.3 ±1.7 ml/100ml tissue/min.
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Discussion:

This study has shown that in women with ovulatory menstrual cycles, progesterone 

dominance in the mid-luteal phase was associated with significant peripheral 

vasoconstriction whereas resting peripheral blood flow in the oestrogen-dominant 

ovulatory phase was not significantly different from the flow in the menstrual phase 

with very low levels of sex steroids. This is the first evidence of menstrual cycle 

phase-related differences in quantitatively measured forearm blood flow in women with 

accurately determined ovulatory cycles.

These results contrast with the findings of Ginsburg and Hardiman (1990), who using 

identical plethysmographs, reported that six weeks' therapy with transdermal oestradiol 

patches, which yields physiological levels of serum oestradiol similar to the late 

follicular phase, was associated with peripheral vasodilatation in non-flushing 

postmenopausal women. The difference between the results of the two studies may 

be explained in terms of duration of oestrogen influence. This implies that the 

cardiovascular effects of postmenopausal oestrogen replacement therapy may relate to 

duration of oestrogen use, provided an optimal therapeutic dose that is effective for 

symptomatic relief and achieves physiological serum oestradiol concentrations is 

administered. The divergent results may also have arisen because of the compounding 

effects of progesterone and other hormones, such as 17-hydroxy progesterone, in the 

midcycle of premenopausal women. Whether the vascular effects of oestradiol in 

premenopausal women are different from those in postmenopausal women also 

requires further investigation. Theoretically, one could argue that there may be 

differences in the vascular effects of administered oestradiol and endogenously
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produced oestradiol, irrespective of similar serum concentrations, but this is most 

unlikely since the transdermal oestradiol patch delivers natural 17(3-oestradiol directly 

to the circulation, bypassing the first-pass effects of the liver and so simulating ovarian 

production of IVg-oestradiol.

The reduction in resting forearm blood flow associated with progesterone dominance 

in the mid-luteal phase of the menstrual cycle is of considerable interest. The absence 

of any change in blood pressure during the cycle excludes the possibility that this was 

due to a fall in perfusion pressure, rather it seems likely to be due to a local vascular 

effect. Skeletal muscle blood flow, which constitutes the bulk of forearm blood flow is 

under both sympathetic and humoral or metabolic control. Sympathetic control, 

however, is primarily involved with maintenance of vascular tone, and since the 

variability of blood flow measurements in the subjects remained unchanged in the three 

phases of the menstrual cycle, the blood flow differences seen here would most likely 

have been mediated through humoral or metabolic pathways.

It must, however, be realised that the reduction in peripheral blood flow in the luteal 

phase occurs during progesterone dominance in pre-oestrogenized vessels. 

Furthermore, serum oestradiol is also relatively high during the mid-luteal phase and so 

the observed effects cannot be attributed solely to progesterone. Unfortunately, there 

is no known physiological condition in the human when serum progesterone is elevated 

without prior elevation of oestradiol. Such a condition would have represented the 

perfect model for investigating the peripheral vascular effects of endogenously 

produced progesterone alone. Nevertheless, whether this luteal phase vasoconstriction
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could be reproduced by progesterone in the absence of pre-oestrogenization required 

investigation and this study was therefore performed (Chapter 7).

There are potential clinical applications of these findings. It is well known that 

gynaecological surgery in the menstrual phase of the cycle tends to be more 

haemorrhagic than usual. This study suggests that intra-operative tissue bleeding 

might be lowest in the mid-luteal phase of the menstrual cycle than at other times. It is 

therefore relevant that Badwe et al (1992) reported that the 10-year survival rate was 

better when surgery for breast cancer was performed in the luteal phase of the 

menstrual cycle (84 %) than when it was performed at other times (54 %). A 

plausible explanation for this may be that the reduced peripheral blood flow 

demonstrated in the luteal phase of the cycle is also present in the vasculature of the 

breast and is thus associated with reduced dissemination of blood-borne metastatic 

cells. In premenopausal women, surgery for certain malignant diseases should 

therefore be scheduled for the luteal phase of the menstrual cycle, or at least that a trial 

should be undertaken with this in mind.

One cannot, however, assume from these observations that luteal phase 

vasoconstriction occurs in all vascular beds since a significant increase in blood 

pressure would have occurred under such circumstances. Further studies are needed 

to establish the haemodynamic changes during the menstrual cycle in other circulatory 

beds. Landesmer et al (1953) reported variable changes in bulbar conjunctival 

circulation during ovulatory menstrual cycles in 15 healthy women aged 18-36  years. 

The mid-luteal phase was associated with greatly reduced conjunctival flow and the
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vasoconstriction continued premenstmally till 48 hours after the commencement of 

menstrual flow. Brass et al (1990) reported inappropriately low velocity of blood flow 

in the middle cerebral artery during the luteal phase in women with premenstrual 

migraines. In one patient, her symptoms and velocity of cerebral blood flow 

(measured by transcranial Doppler ultrasound) improved dramatically on treatment 

with sublingual 17-13 oestradiol. In women with premenstrual tension and cyclical 

symptoms such as mastalgia or pelvic pain, elucidation of the vascular changes during 

the menstrual cycle in the relevant circulatory beds may improve our understanding of 

the underlying pathophysiology thereby improving the approach to treatment.

The long term consequences of these cyclical haemodynamic variations in 

premenopausal women are unclear. It would be interesting to determine if any 

differences exist in the patterns of peripheral blood flow or cardiovascular morbidity 

between women with normal ovulatory menstrual cycles and those with polycystic 

ovaries who often have prolonged, anovulatory but well oestrogenized cycles. The 

influence of exogenous oestradiol alone should also be investigated for longer than six 

weeks, as should the influence of progesterone alone. Preliminary studies in this 

regard are reported in Chapters 8 and 7 respectively.
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Summary

1. Blood pressure, heart rate, resting limb blood flow, peripheral vascular resistance 

and forearm reactive hyperaemic response to 10 minutes' anoxia have been monitored 

in 20 healthy premenopausal women during an ovulatory menstrual cycle.

2. Mean forearm blood flow was significantly reduced in the mid-luteal phase of the 

cycle in comparison to the menstrual or ovulatory phases.

3. There were no significant changes in blood pressure (and hence perfusion pressure) 

in the three phases of the cycle. All the other haemodynamic parameters that were 

monitored were also unchanged.

4. Progesterone dominance in the mid-luteal phase of the menstrual cycle is associated 

with vasoconstriction in the forearm, but there was no significant vascular effect 

attributable to oestrogen dominance in the ovulatory phase.
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CHAPTER 7 

THE PERH>HERAT. VASCULAR EFFECTS OF 

PROGESTERONE IN THE ABSENCE OF PRIOR OESTROGENIZATION

Progesterone dominance in the mid-luteal phase of ovulatory menstrual cycles is 

associated with significant peripheral vasoconstriction (Chapter 6). However, since 

serum oestradiol is also elevated in the same phase, and since oestradiol and 

progesterone may exhibit antagonistic haemodynamic effects (Anderson et al, 1977), it 

is difficult to determine accurately the magnitude of the peripheral vascular effects of 

progesterone alone from such a study. This difficulty is compounded by the lack of 

any physiological condition in which serum progesterone is elevated in the absence of 

pre-oestrogenization.

In postmenopausal women with undetectable serum oestradiol, the vascular effects of 

any administered steroid can be studied separately. Progestogens alone have been 

shown to relieve some climacteric symptoms (Erlick et al, 1981) and to preserve bone 

mass (Prior, 1990), but synthetic progestogens are different from natural progesterone 

in many respects. Sodium and water retention are decreased by progesterone but 

increased by progestogens (Jenkins, 1961). Progesterone does not significantly alter 

serum lipids and lipoproteins, but progestogens do (Ottoson et al, 1985). The 

potency of progesterone is derived solely from its innate progestational characteristics 

such as receptor binding, but the effects of any progestogen depends on both its innate 

progestational characteristics (receptor binding and subsequent decidualization of
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oestrogen-primed endometrium) and on its androgenic property. This androgenic 

attribute is responsible for the side effects of several progestogens and for their lipid 

effects. For these reasons, progesterone is often considered to be less potent than 

progestogens.

There is no information on the haemodynamic effects of progesterone or progestogens 

alone in the absence of prior oestrogenization. There had hitherto been no orally 

active form of natural progesterone for such studies. Recently, it was reported that a 

single 100 mg dose of micronized progesterone administered orally delivers luteal 

phase values of circulating progesterone (Ottoson et al, 1984), and is converted to the 

natural metabolites of progesterone (Padwick et al, 1986). Because of its rapid 

metabolic dissipation, a twice daily dose regimen is however required for clinical 

efficacy. The peripheral vascular effects of natural progesterone were, therefore, 

studied in postmenopausal women after the administration of this oral micronized 

progesterone.

Subjects and Methods:

The subjects (Table 7.1) were five healthy, non-obese (mean body mass index ± sem:

23.3 ±1.1 kg/m^) postmenopausal women aged 38 to 60 years (mean ± sem: 48.5 ±

4.5), who were not experiencing any hot flushes. The duration of menopause ranged 

from 7 to 120 months.

Oral micronized progesterone (Utrogestan, Besins Iscovesco France) was administered 

in a dose of 100 mg twice daily for eight weeks. Subjects were asked to record in a
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Table 7.1

DEMOGRAPHIC DATA ON POSTMENOPAUSAL WOMEN TREATED 

WITH ORAL MICRONIZED PROGESTERONE

SUBJECT
Age

(years)
Body mass 
index (kg/m^)

Years since 
Menopause

Number of 
flushes per day

AB 50.1 26.0 2.1 0

ED 60.3 25.4 10.3 0

BE 55.5 21.7 3.5 0

JN 38.7 20.0 0.7 0

JS 38.0 23.5 2.0 0

diary whenever they missed a tablet and to return all remaining tablets at their second 

visit.

Peripheral vascular responses were measured twice, as in previous studies, before and 

after progesterone therapy. Progesterone therapy was started within 48 hours of the 

first measurement, while the second measurement was performed at the end of the 

eight weeks' course of progesterone, but no later than 24 hours after the last 

progesterone tablet was taken. Compliance was monitored by counting the number of 

tablets returned and comparing this with the expected duration of therapy in days. 

None of the subjects missed any tablets.

Statistics: Changes in the monitored haemodynamic indices before and after

progesterone therapy were analysed by applying paired t-tests to the means and 95 % 

confidence intervals for each group.
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Results:

The results of each subject's haemodynamic indices are listed in Table A7 of the 

appendix. Mean values before and after progesterone therapy are shown in Table 7.2.

Blood pressure and Heart rate (Fig 7.11: Mean (± sem) systolic pressure was

unchanged at 121 + 2.2 mmHg before and 125 + 4.2 mmHg after progesterone therapy 

while mean diastolic pressure was similarly unchanged at 77 + 2.1 and 82 + 3.8 mmHg 

respectively. Mean heart rate, however, decreased significantly from 76 + 5.5 to 71 + 

4.1 beats per minute (t = -2.008, p  = 0.04).

Resting forearm blood flow (Fig 7.2): Resting forearm blood flow fell in all

subjects. Mean forearm flow decreased significantly from 2.83 + 0.63 ml/100ml 

tissue/min before treatment to 1.77 + 0.26 ml/100ml tissue/min after eight weeks' 

progesterone therapy {t = -2.157, p  = 0.03) Mean variability of forearm flow was 

unchanged at 12.4 + 2.1 % and 14.7 + 2.9 % respectively.

Forearm reactive hyperaemia: The peak blood flow in the forearm in response to 10 

minutes of anoxic exercise was similar before and after progesterone therapy at 29.5 +

3.3 and 26.0 + 3.4 ml/100ml tissue/min respectively. Mean incremental peak forearm 

flow from resting levels was also unchanged at 26.7 + 2.9 and 24.1 + 3.1 ml/100ml 

tissue/min respectively.

Peripheral vascular resistance: Mean peripheral vascular resistance in the forearm 

increased significantly from 38.3 + 7.0 to 58.1 + 6.6 PRU {t = 2.157, p  = 0.03).
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Table 7.2

MEAN (+sem) HAEMODYNAMIC INDICES DURING POSTMENOPAUSAL 

TREATMENT WITH ORAL MICRONIZED PROGESTERONE

MEASUREMENT
Before Treatment 
(CONTROL)

After 8 weeks' 
Treatment

Number of subjects («) 5 5

Systolic pressure 
(mmHg)

121 (2 .2) 125 (4.1)

Diastolic pressure 
(mmHg)

77 (2 .1) 82 (3.8)

Heart rate 
(beats per minute)

76 (5.5) 71 (4.1)*

Forearm blood flow 
(ml/100ml tissue/min)

2.83 (0.63) 1.77 (0.26)*

Variability of forearm flow (%) 12.4 (2 .1) 14.7 (2.9)
Peripheral vascular resistance 
(PRU) 38.3 (7.0) 58.1 (6 .6)*
Peak forearm flow 
(ml/100ml tissue/min) 29.5 (3.3) 26.0 (3.4)
Incremental flow 
(ml/100ml tissue/min) 26.7 (2.9) 24.1 (3.1)

n = number of subjects
* p  < 0.05 (significantly different from Control)
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Fig 7.1

MEAN (+ sem) BLOOD PRESSURE AND HEART RATE DURING 

POSTMENOPAUSAL TREATMENT W ITH ORAL MICRONIZED

PROGESTERONE
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F ig  7,2

M EAN (+ stm)  RESTING FOREARM BLOOD FLOW  
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Discussion:

This study demonstrates that eight weeks' therapy with natural progesterone alone in 

postmenopausal women results in a significant reduction of resting peripheral blood 

flow, thus confirming that the peripheral vasoconstriction in the mid-luteal phase of 

ovulatory menstrual cycles (Chapter 6) was a direct vascular effect of endogenous 

progesterone. Absolute confirmation of this would require intra-arterial infusion of 

progesterone and simultaneous blood flow measurements. The absence of any change 

in blood pressure excludes a decreased perfusion pressure as the cause of this 

reduction in flow. On the contrary, the significant increase in forearm peripheral 

vascular resistance would point to a local action of progesterone on peripheral 

vasculature.

It would however seem that the vasoconstrictor action of progesterone is not universal 

to all circulatory beds since there was no change in blood pressure. This differential 

action of progesterone in various tissues is further proof that although progesterone 

receptors may be widespread in both animal and human vasculture. (Lin et al, 1982; 

Ingegno et al, 1988), the action of progesterone does not always exhibit classic 

receptor function in all tissues. For example, Lessey et al (1988) demonstrated that 

while oestrogen and progesterone receptor content of endometrial epithelium is 

decreased by progesterone in the luteal phase of the menstrual cycle, progesterone 

receptor content is maintained in the stroma. Therefore, in order to establish the 

cardiovascular effects of progesterone, it is important to establish its vascular effects 

on specific circulatory beds.
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It is important to note that there was no difference in the forearm reactive hyperaemic 

response to 10 minutes anoxic exercise before and after progesterone therapy. 

indicates that whilst its haemodynamic effects may be exerted through a local 

mechanism, progesterone does not apparently alter vascular reactivity. It is also 

another evidence of the qualitative action of progesterone, exerting effects on 

peripheral tissues that may be totally different from its effects on other vascular beds.

The mechanism of these vascular effects of progesterone are not known. Whilst 

infusion of natural progesterone has been reported to reduce prostacyclin production in 

human umbilical arteries in vitro (Makila et al, 1982), this may not reflect the in vivo 

situation, especially in human forearm vessels.

Although the study population was small, oral micronized progesterone apparently 

delivers sufficient natural progesterone to the circulation as to clearly exert a 

significant influence on peripheral circulation. This has clinical implications, 

particularly if the results were reproduced in some other vascular beds. It is obvious 

that since blood pressure was unchanged, progesterone-induced vasoconstriction 

would not be expected in all vascular beds. Nevertheless, progesterone therapy should 

be considered when there is a need to reduce resting blood flow in some regional 

circulations in women. For example, prior treatment with progesterone may reduce 

intra-operative haemorrhage in postmenopausal women undergoing elective surgery 

and may decrease the chances of blood borne métastasés during cancer surgery in such 

women. The common practice of prescribing progesterone for cyclical disturbances 

such as premenstrual tension may also need to be reviewed.
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Summary

1. Blood pressure, heart rate, resting limb blood flow, peripheral vascular resistance 

and forearm reactive hyperaemic response to 10 minutes' anoxia have been monitored 

in five postmenopausal women before and after eight weeks' treatment with oral 

micronized natural progesterone.

2. Blood pressure was unchanged, but heart rate fell significantly.

3. Mean forearm blood flow fell after treatment while peripheral vascular resistance 

increased significantly. Variability of forearm flow and the forearm reactive 

hyperaemic response were not changed by progesterone therapy.
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CHAPTER 8

CARDIOVASCULAR EFFECTS OF TRANSDERMAL OESTRADIOL  

IN  POSTMENOPAUSAL W O M EN

As discussed in Chapter 2, postmenopausal oestrogen replacement therapy (ERT) 

reduces cardiovascular mortality by 50 % (Stampfer et al, 1991), with a possible 

reduction in cerebrovascular mortality (Paganini-Hill et al, 1988). Serum lipid 

alterations account for about a third of this "cardioprotection", but the other 

mechanisms whereby oestrogens influence cardiovascular physiology to achieve these 

benefits are not fully established.

There are few studies of the effects of 17p-oestradiol on blood flow in various 

circulatory beds in women, particularly the effects on cardiac function and cerebral 

circulation which are relevant to ischaemic heart disease and strokes. Epidemiological 

studies, from which we derive most of our knowledge of the relationship between 

postmenopausal ERT and cardiovascular disease, do not necessarily differentiate 

between the type, dose or route of oestrogen administration. Such a distinction is 

important since most of the effects of oestrogen are dose dependent and the metabolic 

and haemodynamic effects of oestrogens may vary with route of administration. The 

available laboratory and clinical studies employed mixed oestrogen types (eg 

conjugated equine oestrogens), sometimes in pharmacological doses.

With the advent of transdermal technology (Fig 8.1), natural 17P-oestradiol can 

however be administered to the circulation in physiological doses, achieving
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premenopausal serum concentrations and bypassing hepatic first-pass metabolism. 

Thus, transdermal administration of oestradiol is currently the best approach to 

simulating ovarian production of oestradiol. In a recent study, Ginsburg and Hardiman 

(1991) demonstrated increased forearm blood flow in non-flushing postmenopausal 

women after six weeks therapy with transdermal oestradiol patches.

The effects of longer term (twelve weeks) therapy with transdermal oestradiol patches 

on limb blood flow and on cardiac function and cerebral blood flow in postmenopausal 

women were therefore investigated.

Subjects and Methods:

The subjects were 22 healthy, non-obese (mean body mass index ± sem: 24.8 ± 0.6 

kg/m^) postmenopausal women requesting oestrogen replacement therapy for various 

menopausal symptoms or for prevention of osteoporosis. They were aged 44 - 60 

years (mean + sem: 53.7 + 0.9); 21 of them had a natural menopause. The duration of 

menopause ranged from one to ten years with a mean (± sem) of 3.6 ± 0.5 years. 

These demographic data are listed in Table 8.1.

Subjects were excluded from this study if they had been treated with oestrogen 

implants within the preceding five years, or if they had any contraindication to 

oestrogen therapy, such as cancer of the breast. All those with chronic medical 

illnesses, chronic migraine, or any skin allergy likely to reduce the adhesion or 

tolerability of the transdermal oestradiol patches used were also excluded.
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Fig 8.1
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Table 8.1

DEM OGRAPHIC DATA OF POSTMENOPAUSAL W O M E N  TREATED

W IT H

TRANSDERMAL OESTRADIOL PATCHES IN  PHYSIO LO G ICAL DOSE

SUBJECT
Age

(years)

Body mass 
index (kg/m^)

Years since 
Menopause

Number of 
flushes per day

AG 52.6 20.6 1.2 6

BR 59.5 25.4 7.5 0

CB 55.3 28 9 1.3 6

DS 57.5 23.3 5.5 10

EB 50.4 27.5 3.4 3
FC 55.5 27.7 1.5 2

GO 53.8 25.7 1.3 3
IM 57.0 26.3 5.0 3
JE 59.5 28.0 9.5 0

JI 54.2 26.0 6.2 0

MR 50.9 26.7 2.9 3
MJ 56.8 23.8 4.8 0

MZ 55.6 22.7 7.6 0

PD 54.9 23.1 3.9 10

RG 47.5 27.3 1.0 0

SB 44.6 20.7 1.1 0

SdP 50.1 22.1 3.1 5
SE 45.1 23.1 3.9 5
SG 54.8 25.0 1.8 2

SW 57.3 18.8 3.3 0

VM-1 52 9 24.7 1.9 2

VM-2 50.7 23.1 1.7 4
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Treatment: Treatment was given as transdermal oestradiol patches twice weekly to

deliver 17|3-oestradiol in a dose of 50 g per 24 hours (Estraderm TTS 50, Ciba Geigy 

UK). Compliance and tolerability of the patches were monitored at each visit by 

counting the number of patches used and asking the subject about the degree of 

adhesion of the patch and any side effects such as redness or itching at the site of 

application. In those seen within 48 hours of application of a patch, 10 ml of venous 

blood was also withdrawn by venepuncture, as described earlier, for monitoring 

oestradiol levels as a check on compliance and absorption.

In all the women with a uterus in situ, a 12-day course of a progestogen was given at 

the completion of the study to prevent endometrial hyperplasia.

Blood flow measurements: Subjects were seen for blood flow measurements three 

times - before commencing therapy, after six weeks, and after 12 weeks of treatment. 

Blood pressure, heart rate, limb blood flow and forearm reactive hyperaemia were 

measured as previously described. After a rest period of about 20 minutes, regional 

cerebral blood flow was measured by the ’̂ ^Xenon inhalation technique (Chapter 4). 

The subject was then taken in a car to Hammersmith Hospital, London (some 9 miles 

away) for measurement of cardiac function by Doppler echocardiography (Chapter 4).

Statistics: Mean values were expressed as means ± standard error of mean, but

comparisons were made as means + 95 % confidence intervals. Student's two-tailed t 

test for paired observations was used for comparing the values during treatment with 

the pre-treatment values (control). A p  value less than 0.05 was considered significant.
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Results:

The individual values of the haemodynamic indices monitored in all the subjects are 

detailed in Tables AS.i - AS.iii of the appendix. The mean values at each visit are listed 

in Tables 8.2a - 8.2c).

Blood pressure and heart rate: As shown in Fig 8.2, mean systolic blood

pressure was significantly reduced from 122 ± 3.3 mmHg before treatment to 118 + 

2.9 mmHg afl;er 12 weeks' oestradiol therapy. Mean diastolic pressure also fell overall 

fi’om 82 ± 2.2 mmHg to 80 + 2.1 mmHg, but this change was just short of statistical 

significance (t = -1.897; p = 0.07). In women who were not experiencing significant 

hot flushes, the reduction in diastolic pressure was more robust than in those 

complaining of frequent hot flushes, and attained significance (85 ± 3 .3  versus 77 ± 

2.5; t = -2.690, p = 0.04). Heart rate followed a similar pattern to diastolic pressure 

overall, falling from 80 + 3.1 beats per minute before treatment to 77 + 2.9 beats per 

minute after 12 weeks' treatment (t = -1.973; p = 0.06). These changes were apparent 

at six weeks of treatment, but without statistical significance.

Peripheral blood flow: Overall, mean limb blood flow was unchanged before

and afi;er oestradiol therapy (Table 8.2a), but since peripheral blood flow had been 

shown to be higher in postmenopausal women who flush than in those who do not and 

transdermal oestradiol therapy to exert differential effects, the values were analysed 

separately for the two groups - 8 women who did not complain of frequent hot flushes 

(average of 2 or less flushes in 24 hours), and 14 who did (Fig 8.3).
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Table 8.2a

MEAN (+ semi HAEMODYNAMIC INDICES DURING POSTMENOPAUSAL

TRANSDERMAL 17B-OESTRADIOL THERAPY: 

PERIPHERAL BLOOD FLOW

MEASUREMENT
Before
Treatment
(CONTROL)

After 
6 weeks' 
Treatment

After 
12 weeks' 
Treatment

Number of subjects («) 22 22 17

Systolic pressure 
(mmHg)

122 (3.3) 119 (3.7) 118 (2.9)*

Diastolic pressure 
(mmHg)

82 (2 .1) 81 (2 .6) 80 (2 .1)

Heart rate 
(beats per minute)

80 (3.1) 76 (3.0) 77 (2.9)

Forearm blood flow 
(ml/100ml tissue/min)

2.94 (0.32) 2.74 (0.43) 2.55 (0.34)

Variability of forearm flow 
(%)

17.2 (1.4) 16.3 (1.2) 15.2 (1.5)

Peripheral vascular resistance 
(PRU)

42.6 (4.6) 44.2 (4.3) 44.2 (4.1)

Peak forearm flow 
(ml/100ml tissue/min)

32.4 (2.2) 34.8 (2.4) 30.5 (2.2)

Incremental flow 
(ml/100ml tissue/min)

28.6 (2 .1) 32.2 (2.6) 28.5 (2.3)

Calf blood flow 
(ml/100ml tissue/min)

(n = 20)

1.73 (0.2)

(» = 20)

1.67 (0.2)

(n = 77)

1.54 (0.2)
Variability of calf blood flow 
(%) 13.3 (1.0) 13.9 (0.9) 15.3 (3.7)
* p  < 0.05 (significantly different from Control)
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Table 8.2b

MEAN (+ semi HAEMODYNAMIC INDICES DURING POSTMENOPAUSAL

TRANSDERMAL 17B-OESTRADIOL THERAPY: CARDIAC FUNCTION

MEASUREMENT
Before
Treatment
(CONTROL)

Afl;er 
6 weeks' 
Treatment

After 
12 weeks' 
Treatment

Tests of Cardiac function 
(subjects) {n = 17) (» = 18) {n = 17)
Left Ventricular End- 
Diastole (mm) 41.5 (0 .8) 41.4 (0 5) 41.8 (0 .6)

Left Ventricular End- 
Systole (mm) 25 (0 9) 24.6 (0 7) 24.9 (0.7)
Inter-V entricular 
Septum (mm) 7.94 (0 3) 8.33 (0 3) 8.24 (0.3)

Posterior Wall (mm) 8.29 (0 2) 8.61 (0 .20) 8.47 (0.17)
Fractional 
Shortening (%) 39.7 (19) 40.6 (16) * 40.3 (1.3)

Heart rate
(R-R interval on ECG) 71 (1.7) 67 (19) * 67 (2 .0) *
Left Ventricular Outflow 
Tract Area (cm^) 39.9 ( 1.1) 39.6 ( 1.1) 39.5 (1.2)

Left Ventricular Outflow 
velocity (cm/sec^) 82.4 (2 3) 85.5 CZ6)* 84.1 (2 .6)

Stroke distance (cm) 17.0 (0.7) 18.3 (0 .6)** 17.5 (0 .6) *

Stroke volume (ml/beat) 67.9 (2 9) 72.5 (2 .8)** 69.0 (2 .6) *

Cardiac output (1/min) 4.83 (0 3) 4.89 (0 3) 4.65 (0.25)

Cardiac index (1/min/m^) 2.87 (0 .1) 2.90 (0 .1) 2.77 (0 .1)

Mean acceleration (cm/sec^) 9.88 (0 7) 11.5 (0.5) # 11.0 (0.4)

* p  < 0.05 (significantly different from Control) 
** p  < 0.005 (significantly different from Control)
# p  = 0.08
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Table 8.2c

M EA N  (+ semi H A EM O DYN A M IC  INDICES DURING POSTMENOPAUSAL

TREATM ENT W IT H  TRANSDERMAL 17B-OESTRADIOL:

CEREBRAL FLOW

MEASUREMENT
Before
Treatment
(CONTROL)

After 
6 weeks' 
Treatment

After 
12 weeks' 
Treatment

Monitoring of cerebral blood 
flow (Subjects)

(n = 18) in = 18) (n = I7)

Cerebral blood flow 
(ml/lOOgm tissue/min)

58.0 (2 9) 49.9 (3.1) * 49.8 (1.9) *

End Tidal PCO^ 
(mmHg)

40.5 (0.9) 39.9 (0.5) 40.5 (0.5)

Respiratory rate 
(inspirations/min)

13.6 (1.0) 12.9 (1.0) 12.2 (1.0)

p  < 0.05 (significantly different from Control) 
PCO2 = partial pressure of carbon dioxide
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Fig 8.2

MEAN (+sem) BLOOD PRESSURE AND HEART RATE DURING

POSTMENOPAUSAL TRANSDERMAL 17B-OESTRADIOL THERAPY

Systolic
(mmHg)

I I Before transdermal oestradiol 

^  After 6 weeks' treatment 

I  After 12 weeks' treatment 

*  p < 0.05

Diastolic
(mmHg)

Heart rate
(beats/mln)
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Fig 8.3

MEAN (+ semi RESTING FOREARM BLOOD FLOW DURING

POSTMENOPAUSAL TRANSDERMAL 17B-OESTRADIOL THERAPY

O (A 2.5

I I Before transdermal 
oestradiol

^  After 6 weeks' 
treatment

H  After 12 weeks' 
treatment

*  p < 0.05

# p = 0.08

All subjects Non-flushers Flushers
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In the non-flushing women (Table 8.3a), mean resting forearm blood flow was 

significantly increased from 2.10 + 0.31 to 3.35 + 0.98 ml/100ml tissue/min at six 

weeks and remained increased at 3.34 + 0.59 ml/100ml tissue/min after 12 weeks' 

oestradiol administration. The coefficient of variability of forearm flow, a measure of 

the vascular tone, was unchanged at 16.1 ± 1.2, 13.9 + 1.2, and 14.5 ±2.5 % before 

treatment, at six weeks, and after 12 weeks' treatment. Calf flow followed a similar 

pattern of change to forearm flow, increasing significantly from 1.24 ± 0.3 to 1.4 ± 0.3 

ml/100ml tissue/min after 12 weeks oestradiol administration. The variability of calf 

flow did not exhibit any significant changes during treatment.

In the flushing women (Table 8.3b), mean forearm blood flow was reduced from 3.28 

± 0.44 to 2.50 ± 0.44 ml/100ml tissue/min at six weeks and to 2.05 ± 0.4 ml/100 ml 

tissue/min after 12 weeks of treatment with oestradiol. These changes were not 

statistically significant. Variability of flow was unchanged at 17.8 + 2.0, 17.8 + 1.6, 

and 15.7 + 2.1 % before treatment, at six weeks and at 12 weeks of treatment 

respectively. Mean calf flow was similarly reduced from 2.05 + 0.26 ml/100ml 

tissue/min before treatment to 1.78 + 0.24 at six weeks and to 1.67 + 0.27 after 12 

weeks. Calf flow variability was unchanged.
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Table 8.3a

MEAN (+sem^ HAEMODYNAMIC INDICES DURING POSTMENOPAUSAL 

THERAPY WITH TRANSDERMAL 17B-OESTRADIOL IN NON-FETTSHERS

MEASUREMENT
Before
Treatment
(CONTROL)

After 
6 weeks' 
Treatment

After 
12 weeks' 
Treatment

Number of subjects (n) 8 8 7

Systolic pressure 
(mmHg)

125 (5.3) 121 (6.5) 120 (5.2)

Diastolic pressure 
(mmHg)

85 (3 3) 84 (3.0) 79 (2.5)

Heart rate 
(beats per minute)

80 (T 6) 82 (5.6) 78 (5.2)

Forearm blood flow 
(ml/100ml tissue/min)

2.10 (0.31) 3.35 (0.98) 3.34 (0.59)"'

Variability of forearm flow (%) 16.1 (1.2) 13.9 (1.2) 14.5 (2.5)

Peripheral vascular resistance 
(PRU) 53.4 (6.5) 41.1 (8.4) 32.7 (4.8)
Peak forearm flow 
(ml/100ml tissue/min) 30.8 (3.4) 34.7 (3.2) 28.3 (2.8)
Incremental flow 
(ml/ 100ml tissue/ min) 28.7 (3.5) 31.3 (3.1) 25.0 (2.9)

Calf blood flow 
(ml/100ml tissue/min)

(n = 8)

1.24 (0.3)

(n = 7)

1.36 (0.3)

(n = 7)

1.4 (0.3) *
Variability of calf blood flow 
(%) 12.9 (1.8) 10.9 (0.8) 14.1 (0.3)

* p  < 0.05 (significantly different from Control)
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Table 8.3b

MEAN (+ semi HAEMODYNAMIC INDICES DURING POSTMENOPAUSAL 

TRANSDERMAL 17B-OESTRADIOT. THERAPY IN FLUSHING WOMEN

MEASUREMENT
Before
Treatment
(CONTROL)

After 
6 weeks' 
Treatment

After 
12 weeks’ 
Treatment

Number of subjects («) 14 14 10

Systolic pressure 
(mmHg)

120 (4 .6) 118 (5.0) 117 (4.1)

Diastolic pressure 
(mmHg)

79 (2.8) 79 (3.8) 80 (3.3)

Heart rate 
(beats per minute)

77 (3.4) 72 (3.6) 74 (2.9)

Forearm blood flow 
(ml/100ml tissue/min)

3.28 (0.44) 2.50 (0.44) 2.05 (0.40)#

Variability of forearm flow 
(%)

17.8 (2.0) 17.8 (1.6) 15.7 (2.1)

Peripheral vascular resistance 
(PRU)

36.4 (5.7) 46.0 (4.8) 52.3 (4.7) =

Peak forearm flow 
(ml/100ml tissue/min)

32.0 (2.9) 35.3 (3.7) 33.0 (3.4)

Incremental flow 
(ml/100ml tissue/min)

28.5 (2.7) 32.7 (3.7) 30.9 (3.2)

Calf blood flow 
(ml/100ml tissue/min)

(n = 12) 

2.05 (0.3)

(n = 13) 

1.78 (0.2)

(» = 10) 

1.67 (0.3)

Variability of calf blood flow 
(%) 13.2 (1.3) 15.6 (1.1) 16.9 (6.5)

# p  = 0.08
B p = 0.09



190

Peripheral vascular resistance: Mean forearm vascular resistance was significantly 

reduced fi'om 53.4 + 6.5 PRU before treatment to 32.7 ± 4.8 PRU after 12 weeks 

oestradiol therapy in non-flushing women. In flushing women, it increased fi'om 36.4 

± 5.7 to 52.3 + 4.7 PRU during the same period. At 6 weeks, the changes in mean 

vascular resistance were not significant in both flushing and non-flushing women.

Forearm reactive hyperaemia fFig 8.41: During treatment, there was no change in 

peak forearm flow or incremental forearm flow in response to 10 minutes' anoxic 

exercise in both groups of women during treatment with oestradiol.

Cardiac function: As shown in Table 8.2b, there was no difference in the cardiac 

dimensions as measured by echocardiography at the three points of assessment. 

Twelve weeks' oestradiol therapy was therefore not associated with any alterations in 

cardiac or ventricular size. The constant left ventricular outflow tract area at each visit 

in each subject confirms that the serial doppler flow measurements were performed at 

the same site and so were comparable for each subject. Mean heart rate, as 

determined from the Doppler measurements, was similar to that determined by an 

automatic electronic sphygmomanometer during measurement of peripheral vascular 

responses - it fell significantly fi'om 71 + 1.7 beats per minute before treatment to 67 

± 1.9 at six weeks and was 67 ± 2.0 beats per minute at 12 weeks.
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Fig 8.4

MEAN (+ sem) FOREARM REACTIVE HYPERAEMIA DURING

POSTMENOPAUSAL TRANSDERMAL 17B-OESTRADIOL THERAPY

I I Before transdermal 
oestradiol

After 6 weeks' 
treatment

After 12 weeks' 
treatment

Peak forearm flow Incremental peak flow



192

There was a significant increase in the mean left ventricular fractional shortening from 

39.7 + 1.9 to 40.6 + 1.6 % at six weeks, but not at 12 weeks when it was 40.3 ±1.3 

%. Similarly, mean left ventricular outflow velocity increased significantly from 82.4 ±

2.3 to 85.5 ± 2.6 cm/sec^ at six weeks, but not at 12 weeks when it was 84.1 ± 2.6 

cm/sec^. Mean stroke distance increased significantly from 17.0 ± 0.7 cm before 

treatment to 18.3 ± 0.6 cm at six weeks and to 17.5 ± 0.6 cm at 12 weeks of 

treatment. Mean stroke volume (Fig 8.5) was similarly increased from 67.9 ± 2.9 ml 

to 72.5 ± 2.8 at six weeks and to 69.0 ± 2.6 at 12 weeks. The range of percentage 

change in stroke volume in individual subjects was between 0 and 22 % at six weeks 

and between -5 and 13.7 % at 12 weeks of oestradiol therapy. There was no 

significant change in cardiac output, cardiac index or mean acceleration of left 

ventricular flow in the subjects during oestradiol therapy. The changes were similar in 

both non-flushing and flushing women.

Cerebral blood flow: Regional cerebral blood flow was reduced from 58 ± 2.9 

ml/100 gm brain tissue/min before treatment to 49.9 ±3.1 after 6 weeks of oestradiol 

therapy, but remained unchanged at 49.8 ± 1.9 at 12 weeks of treatment (Table 8.2c 

and Fig 8.6). The changes were similar in both non-flushing and flushing women. 

There was no change in the end-tidal partial pressure of carbon dioxide {PCO^ or the 

respiratory rate.
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Fig 8.5

SELECTED MEAN (+ sem) VARIABLES OF CARDIAC FUNCTION DURING 

POSTMENOPAUSAL TRANSDERMAL 17B-QESTRADIOL THERAPY
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treatment

I  After 12 weeks' 
treatment

* p < 0.05

+  p < 0.005
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Fie 8.6

MEAN (+ sem) CEREBRAL BLOOD FLOW DURING 

POSTMENOPAUSAL TRANSDERMAL 17B-OESTRADIOL THERAPY

60  -

Cerebral blood flow End tidal PC02 

(ml/1 OOg tissue/min) (mmHg)

Respiratory rate

I I Before transdermal 
oestradiol

^  After 6 weeks' 
treatment

I  After 12 weeks' 
treatment

★ p < 0.05
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Discussion;

This study has shown that in postmenopausal women, twelve weeks' oestradiol therapy 

increases peripheral blood flow, stroke volume and stroke distance, and lowers blood 

pressure. Mean regional cerebral blood flow was reduced at six weeks but there was 

no further significant reduction at 12 weeks. Heart rate was decreased after six weeks, 

but not after 12 weeks of therapy.

This is the first comprehensive study of the vascular effects of natural oestradiol in 

physiological dose on the circulation in women. The results emphasise the varying 

vascular effects of oestradiol in different regions of the body. The divergent effects of 

l?P-oestradiol - increasing forearm blood flow in non-flushing postmenopausal women 

whilst decreasing it in flushers have now been shown to continue beyond six weeks 

until 12 weeks, although the magnitude of change was reduced between the sixth and 

twelfth week of treatment. This divergent effect would suggest that in physiological 

dose, oestradiol acts centrally rather than locally. There was no difference in the 

variability of forearm blood flow nor in the forearm blood flow response to ten minutes 

of anoxic exercise. Lieberman et al (1994), however, recently reported that oral 

oestradiol in physiological dose (1 mg/day or 2 mg/day) increased forearm reactive 

hyperaemia. The difference between their results and the present studies could be due 

to differing techniques. They investigated only five minutes' reactive hyperaemia, they 

did not apply an arterial occlusion cuff at the wrist to exclude hand circulation, and 

critically they wrongly assumed that changes in brachial artery diameter measured 

ultrasonically represented reactive hyperaemia, a volume measurement.
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The increases in stroke distance, stroke volume and mean acceleration reflect an 

inotropic action of oestrogen on the heart which could be beneficial in the presence of 

cardiac muscle dysfunction. This finding is supported by the significant increase in 

mean ventricular fi-actional shortening, a measure of the strength of ventricular 

contractility, observed at six weeks of therapy. Whether this improvement in cardiac 

function is sustained over several years as in women on long-term ERT requires 

further study. It is however relevant that administration of sublingual oestradiol to 

women with coronary heart disease improves their exercise tolerance 

electrocardiograms and delays the onset of myocardial ischaemia (Rosano et al, 1993). 

The improvement in cardiac function may therefore be relevant to the higher survival 

rate of women with angiographically proven coronary artery stenosis after treatment 

with ostrogens (Sullivan et al, 1990; Chapter 2). The present study thus confirms that 

oestrogen therapy is indicated, not contra-indicated, in women at high risk of coronary 

heart disease.

The changes observed, although significant, were small in contradistinction to previous 

reports of up to 25 % change in parameters of cardiac function after hormone 

replacement therapy (Pines et al, 1991). As discussed in Chapter 2, it would have been 

surprising if the magnitude of changes reported by these authors were reproduced in 

the present study since in clinical practice, patients on transdermal oestradiol patches 

do not experience significant clinical symptoms as would be associated with large 

increases in cardiac output, etc. Rather, the methodological flaws in the study by Pines 

et al (Chapter 2) may have accounted for the disparity in results.
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It is of interest that a lower mean left frontal cerebral blood flow was recorded after 

oestradiol therapy. Cerebral blood flow, cerebral oxygen consumption and cerebral 

activity are usually closely coupled processes. For example, a primary fall in cerebral 

blood flow leads to decreased cerebral oxygen supply which will ultimately result in 

hypo-ventilation, as in the arterial spasm associated with subarachnoid haemorrhage. 

The absence of any change in respiratory rate or end-tidal PCO^ in the subjects 

excludes the possibility that subjects were more anxious at their first "encounter" with 

the pilot mask and the equipment for ’̂ ^Xenon inhalation, resulting in higher cerebral 

blood flows, and that repeated pre-treatment measurements should have been made. 

This is unlikely since the procedure was explained thoroughly in the clinic before the 

subject's visit and time was spent familiarizing her with the apparatus before actual 

recording of cerebral flow. In previous studies in the unit, no such reductions in flow 

were observed during longitudinal measurements, and the coefficient of variation was 

only 10 % (Chapter 4). It would not have been ethically justified to expose the 

volunteers to undue multiple radiation since the advantages of any extra measurements 

are offset by the extra radiation entailed. Transient anxiety alone is most unlikely to 

have been responsible for the reductions observed because cerebral blood flow is 

known to be under rather strict control with a limited range of fluctuations under 

physiological conditions, a peculiarity of cerebral circulation that protects the brain 

from the potential consequences of wide fluctuations in tissue perfijsion.

On the other hand, the fall in cerebral blood flow could be a secondary fall, resulting 

from reduced cerebral activity such as occurs during sleep or after a decrease in 

alerting/activation. Madsen et al, (1991a) and Roald et al (1986) demonstrated
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reductions in cerebral blood flow in association with deep sleep in human and animal 

studies respectively. Therefore, the reduced regional cerebral flow after oestrogen 

therapy may have been due to an oestrogen-mediated effect on mood and sleep 

patterns, since oestrogen is known to improve sleep patterns, probably through altered 

tryptophan levels (Thomson and Oswald, 1977).

It must, however, be realised that only frontal cerebral flow was monitored in this 

study, and under resting conditions. It is unclear, therefore, whether the observed 

reduction in flow to the frontal areas of the brain was part of a re-distribution of total 

cerebral flow and whether there was any difference in flow in response to increased 

demand before and after oestradiol therapy. Madsen et al (1991b) demonstrated that 

sleep-associated changes in cerebral blood flow may vary in different brain regions. In 

11 healthy volunteers, they found a reduced flow in the inferior frontal cortex during 

rapid eye movement sleep, but an increased flow in the associative visual area of the 

brain; and emphasised that regional cerebral blood flow reflects neural activity in 

different brain regions. Thus differential cerebral flow may account for the present 

results.
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Summary

1. Blood pressure, heart rate, resting limb blood flow, peripheral vascular resistance, 

forearm reactive hyperaemia, cardiac function and frontal cerebral blood flow have 

been monitored in 22 postmenopausal women before, during and after twelve weeks' 

treatment with transdermal oestradiol patches.

2. Mean systolic blood pressure was reduced.

3. Mean forearm blood flow was increased in non-flushing women, but decreased in 

those experiencing frequent hot flushes.

4. There were significant increases in various aspects of cardiac function during 

treatment - left ventricular contractility, stroke distance, stroke volume and left 

ventricular outflow velocity, all reflecting an inotropic effect of oestradiol on the heart.

5. Frontal cerebral blood flow was decreased, probably due to the effects of oestradiol 

on mood and activation.
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CHAPTER 9

PERIPHERAL VASCULAR EFFECTS OF SUBCUTANEOUS 

OESTRADIOL IMPLANTS

The regular administration of subcutaneous implants of 17P-oestradiol is a convenient 

way of providing postmenopausal oestrogen replacement therapy (ERT), particularly 

in women who have undergone a hysterectomy. As with transdermal oestradiol 

administration, subcutaneous implants bypass the hepatic first pass metabolism, thereby 

avoiding the induction of liver enzymes associated with oral oestrogen preparations 

and the consequent alterations in oestrone and lipid fractions and the renin-angiotensin 

mechanism. Unlike transdermal oestradiol, however, implants at the dose commonly 

employed (50 mg pellet) inevitably produce very high serum concentrations of 

oestradiol, far in excess of the levels usually found in the follicular phase of 

premenopausal women and which are sustained over much longer periods than is the 

case with peak oestrogen levels in the menstrual cycle. Oestradiol implants may 

therefore be regarded as unphysiological, but their administration provides an 

opportunity to assess the dose dependent effects of oestradiol alone on peripheral 

vascular responses over a relatively short interval.

Transdermal oestradiol is known to act in a dose dependent manner to alleviate 

climacteric symptoms, reduce serum gonadotrophins and improve bone mass (Selby 

and Peacock, 1986). There are, however, no studies of the dose dependent effects of 

17p-oestradiol on peripheral vascular responses. As shown in Chapter 6, a rise in 

endogenous serum oestradiol does not significantly alter peripheral vascular responses 

within the 7 - 1 0  days between menstruation and the ovulatory phase, whereas six
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weeks therapy with transdermal oestradiol which yields similar serum levels of 

oestradiol was sufficient to induce significant changes in resting forearm blood flow in 

menopausal women (Chapter 8).

A pilot study was therefore performed to determine whether the higher oestradiol 

concentration produced by oestradiol implants was associated with any alterations in 

peripheral vascular responses within a short duration, the degree of any such 

alterations and the interval in weeks from administration of the implant to any 

significant changes in peripheral haemodynamics.

Subjects and Methods:

The subjects (Table 9.1) were five postmenopausal women who had undergone 

hysterectomy and oophorectomy and were offered oestradiol implants as climacteric 

therapy. They were aged between 27 and 73 years (mean ± sem: 51.8 + 7.3) and 

were not obese (mean body mass index ± sem: 26.9 + 1.2 kg/m^). Three of them who 

had never received climacteric therapy previously were studied after hysterectomy, the 

first blood flow measurements being performed after six weeks had elapsed from the 

time of surgery because of the haemodynamic changes accompanying major surgery 

(Ginsburg, 1959). One of these three had premature ovarian failure due to 

autoimmune oophoritis five years prior to her operation. Two subjects who had 

undergone hysterectomy several years earlier had previously been treated with 

subcutaneous oestradiol implants after entering on the menopause (determined by 

elevated serum gonadotrophins (FSH > 20 IU/1) and undetectable oestradiol ( < 7 0  

pmol/1)), but none had received an oestradiol implant within six months of their
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participation in the study. The mean (+ sem) duration of menopause in the five 

subjects was 7.0 ± 4.2 years. Three of the subjects were experiencing frequent hot 

flushes (2 or more per day), but two were not.

Treatment: A 50 mg pellet of 17|3-oestradiol (Oestradiol 50 mg, Organon UK) was

inserted subcutaneously into the abdominal wall using a clean "no-touch" technique. 

With the patient lying down on a couch, the skin of either iliac fossa was cleaned with 

alcohol swabs. The implant was usually inserted about 5 cm above the middle of the 

inguinal ligament and away from any obvious vessels. The chosen site within this area 

was then anaesthetized with 5 mis of 2 % lignocaine hydrochloride down to the 

subcutaneous tissue layer. An incision of about 5 mm was made on the skin and using 

a small trochar and cannula, the oestradiol pellet was introduced into the subcutaneous 

layer. The incision was approximated with "Steri-Strip" (3M, USA) skin closures and 

the wound covered with elastoplast; these dressings were removed after 48 hours.

Measurement of peripheral vascular responses: Blood pressure, heart rate and 

forearm blood flow were measured immediately before the insertion of the implant, 

seven days after the insertion, and then at weekly or fortnightly intervals up to 5 weeks 

after the administration of oestradiol.

Monitoring of serum oestradiol: At each visit, 10 mis of venous blood was

withdrawn for measurement of serum oestradiol concentrations as described in 

Chapter 4.
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Table 9.1

DEMOGRAPHIC DATA OF POSTMENOPAUSAL WOMEN TREATED 

WITH SUBCUTANEOUS 17B-OESTRADIOL IMPLANTS

SUBJECT
Age

(years)
Body mass 
index (kg/m^)

Number of 
flushes per day

Date of TAH 
and BSO

AA 52.1 23.5 4 1987 $
CL 73.0 30.5 8 1970 $
CR 55.6 26.6 6 1993
HP 51.6 27.8 2 1993
MP 27.0 26.1 0 1992 gg

$ previously on ERT
@ premature menopause due to autoimmune oophoritis

TAH and BSO = Total Abdominal Hysterectomy and 
Bilateral Salpingo-Oophorectomy
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Statistics: The results were expressed as mean + sem and the values at each

assessment (means ± 95 % confidence intervals) were compared with the 

pre-treatment value (control) by paired t-test.

Results:

The results of all the haemodynamic indices monitored in the five subjects are listed in 

Table A9 of the appendix. The mean (+ sem) values at each visit are shown in Table 

9.2. Most of the results lacked statistical significance because of the small number of 

subjects, but definite trends were apparent.

Blood pressure and Heart rate: As shown in Fig 9.1, there was no change in systolic 

or diastolic blood pressure or heart rate up to 5 weeks after an oestradiol implant.

Resting forearm blood flow (Fig 9,1): Resting forearm flow increased in a

non-linear fashion in all subjects after an oestradiol implant, irrespective of flushing 

fi-equency, and remained above the pre-treatment levels for at least 5 weeks. Resting 

forearm flow was substantially higher in two subjects at one week after oestradiol 

implant therapy, in another subject at two weeks and in the remaining two subjects at 

three weeks of therapy. Due to the small study population and the variation in the 

magnitude of flow changes between the subjects, the mean values during treatment 

were, however not statistically different from the mean pre-treatment value. Mean 

forearm flow (± sem) increased from 2.60 + 0.44 ml/100ml tissue/min before treatment 

to 3.20 + 0.68, 4.96 + 1.12, 3.13 ± 0.38 and 4.81 ± 1.61 ml/lOOml tissue/min at 1, 2, 3 

and 5 weeks treatment respectively.
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Table 9.2

MEAN (+ sem) HAEMODYNAMIC INDICES AND OESTRADIOL DURING

POSTMENOPAUSAL TREATMENT WITH 17B-OESTRADIOL IMPLANTS

MEASUREMENT

Before 
Implant ie 
CONTROL

Visit 2 Visit 3 Visit 4 Visit 5

Number of subjects («) 5 5 2 5 3

Weeks of Treatment 0 I.O
(0.1)

2.0
(0.1)

3.0
(0.1)

5.0
(0.2)

Serum oestradiol 
(pmol/1)

190.4
0%3)

522.6*
(87.8)

392
(96)

453.3*
(63.2)

483.3*
(182)

Systolic pressure 
(mmHg)

131
(10.2)

126
0 3 )

112
0 )

125
(5.4)

118
(11)

Diastolic pressure 
(mmHg)

88
0 ^ )

81
(4.6)

84
(4.9)

85
(4.5)

78
0 3 )

Heart rate 
(beats per minute)

77
(5.9)

74
(4.7)

79
(11.5)

75
(7.4)

88
(3.6)

Forearm blood flow 
(ml/100ml tissue/min)

2.60
(0.44)

3.20
(0.68)

4.96
(1.12)

3.13
(0.38)

4.81
(1.6)

Variability of forearm flow 
(%)

12.8 
(2 0)

6.4*
(0.7)

9.8 
0  3)

7.3
(1.0)

11.8
(2.4)

Peripheral vascular 
resistance (PRU)

42.9
(5.1)

34.7
(5.7)

19.6
(3.5)

32.8
(3.0)

23.4
(7.2)

Peak forearm flow 
(ml/100ml tissue/min)

23.9
015)

32.3 
(5 6)

32.3
(6.1)

25.7
(5.3)

30.9
(9.4)

Incremental flow 
(ml/100ml tissue/min)

21.3
0 5 )

29.1
(5.6)

27.3
(5.0)

22.5
(5.3)

26.1
0 8 )

* p  < 0.05 (significantly different from Control)
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Fig 9.1

MEAN (+ sem) BLOOD PRESSURE AND HEART RATE DURING

POSTMENOPAUSAL 

TREATMENT WITH SUBCUTANEOUS 17B-OESTRADIOL IMPLANTS

140 1

120

100

Systolic
(mmHg)

Diastolic
(mmHg)

Heart rate 
(beats/min)

I I Before implant 
^  1 week after implant 
B]1 2 weeks' after implant 
^  3 weeks' after implant 
H  5 weeks' after implant
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The variability of forearm flow (Fig 9.3), a measure of the moment to moment changes 

in vascular tone, was significantly decreased after only one week of treatment, falling 

from 12.8 ± 2 % before treatment to 6.39 + 0.7 %. It remained below the baseline 

value all through the study period and was 9.8 + 3.3 % at 2 weeks, 7.3 + 1.0 % at 3 

weeks, and 11.8 + 2.4 % at 5 weeks of treatment.

Peripheral vascular resistance: Forearm vascular resistance fell in response to

oestradiol implants, but the changes were not statistically significant.

Reactive hvperaemia (Table 9.2): Peak forearm blood flow and incremental

forearm flow (above resting levels) in response to 10 minutes anoxic exercise did not 

exhibit any significant changes during treatment.

Serum oestradiol concentrations (Table 9.21; As expected, there were significant 

elevations of serum oestradiol in all the subjects studied after only one week of 

administration of the oestradiol implant. Mean (± sem) serum oestradiol increased 

from 190 + 68 pmol/1 before treatment to 523 + 88 at one week, 392 + 96 at two 

weeks, 453 + 63 at three weeks and 483 + 182 pmol/1 at five weeks of treatment. 

There was, however, no correlation between the absolute serum oestradiol values and 

the haemodynamic parameters monitored nor was there any correlation between the 

percentage changes in serum oestradiol and the magnitude of alterations in peripheral 

vascular responses.
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Fig 9.2

RESTING FOREARM BLOOD FLOW IN FIVE POSTMENOPAUSAL 

WOMEN GIVEN SUBCUTANEOUS 17B-OESTRADIOL IMPLANT
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Fig 9.3

MEAN (+ sem) VARIABILITY OF FOREARM FLOW DURING

POSTMENOPAUSAL

TREATMENT WITH SUBCUTANEOUS 17B-OESTRADIOL IMPLANT
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2 -

Variability of 
forearm flow

(%)

Q  Before implant 
^  1 week after implant 
H  2 weeks' after implant 
^  3 weeks' after implant 
I  5 weeks' after implant

★ p < 0.05
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Discussion:

This pilot study has shown that a 50 mg oestradiol implant results in substantial 

increases in resting forearm flow, but not the reactive hyperaemic response, and also in 

significant reductions in varability of forearm blood flow within one week of 

administration. As discussed earlier (Chapter 3), the forearm reactive hyperaemic 

response is a localised phenomenon, and is probably independent of circulating 

metabolites. The absence of any change in forearm reactive hyperaemia does not 

necessarily exclude a localised oestradiol effect. Since forearm vascular tone is under 

sympathetic control, the significant alterations in variability of forearm flow during 

treatment would suggest that when administered as subcutaneous implants, oestradiol 

may exert centrally mediated peripheral vascular effects.

This not withstanding, whether a difference exists between the peripheral vascular 

effects of oestradiol administered in physiological dose (transdermal oestradiol. 

Chapter 8) and those of higher dose (50 mg) subcutaneous oestradiol implants needs 

to be established. Despite the high levels of serum oestradiol induced by the implants, 

blood pressure and heart rates remained unchanged after five weeks' treatment, in 

contradistinction to the reduction in systolic pressure observed during treatment with 

transdermal oestradiol. It therefore appears that oestradiol-induced reductions in 

blood pressure is not a dose-dependent phenomenom. Secondly, although flushing 

postmenopausal women differ from non-flushers in their levels of resting forearm flow 

(Ginsburg et al, 1989) and their patterns of peripheral vascular response to 

physiological administration of oestradiol (Chapter 8; Ginsburg and Hardiman, 1990), 

our subjects on implants did not exhibit such differences. This may have been due to
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the small study population, but the magnitude of increases in resting forearm flow 

induced in the flushing women, in whom a reduction in flow is to be expected, 

indicates a different pattern of response from that observed during physiological 

oestradiol administration. The reasons for this difference are unclear.

It is pertinent, however, that although serum oestradiol levels were very high in 

response to the administration of implants, the levels obtained were unpredictable and 

non-linear, probably reflecting a non-uniform rate of absorption of the oestradiol with 

time. There was also no correlation between any of the peripheral vascular responses 

monitored and the absolute oestradiol concentration nor between the changes in 

vascular responses and the changes in serum oestradiol. No differences were observed 

in the patterns of vascular response to oestradiol between the two women studied soon 

after their oophorectomy and three others who had been menopausal for some time. 

More subjects are, therefore, required in future studies to establish if time since 

menopause influences the vascular effects of oestradiol implants.

Some postmenopausal women may experience a return of climacteric symptoms during 

treatment with oestradiol implants despite the presence of very high serum oestradiol 

concentrations (Gangar et al, 1989). This study indicates that the peripheral vascular 

effects of oestradiol implants (50 mg pellets) may differ from those of transdermal 

oestradiol (50 \xg per 24 hours). The long term cardiovascular implication of this 

remains to be established, but in the short term, lowering the dose of implants used for 

oestrogen replacement therapy or limiting their administration to only those women 

who cannot accept other more physiological forms of therapy may be advisable.
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Summary

1. Blood pressure, heart rate, resting limb blood flow, peripheral vascular resistance 

and forearm reactive hyperaemic response to 10 minutes' anoxia were monitored at 

weekly intervals for five weeks, in five hysterectomized postmenopausal women 

treated with oestradiol implants.

2. Blood pressure and heart rate were unchanged.

3. Irrespective of flushing frequency, resting forearm blood flow increased in all 

subjects, remaining elevated above baseline values at 5 weeks.
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CHAPTER 10

PERIPHERAL VASCULAR EFFECTS OF ADDING A PROGESTOGEN 

TO POSTMENOPAUSAL OESTROGEN REPLACEMENT THERAPY

In postmenopausal women with a uterus in situ, a progestogen is necessary to prevent 

endometrial hyperplasia when oestrogen replacement therapy (ERT) is prescribed. 

Conventionally, this is administered cyclically for 10 - 12 days every treatment cycle of 

28 days. On completion of the progestogen course, a withdrawal vaginal bleeding 

occurs. This regular withdrawal bleeding has, however, been cited as one of the 

commonest reasons why women discontinue ERT (Nachtigall, 1990). Progestogens 

have also been reported to attenuate some of the haemodynamic effects, such as 

vasodilatation, of oestradiol in animals (Resnik 1977); and in humans to decrease the 

oestrogen-induced shift of serum lipids and lipoprotein fractions to a presumed less 

atherogenic pattern (Ottoson et al, 1985). For these reasons, there are concerns that 

the addition of a progestogen to ERT may have a deleterious effect on the 

cardiovascular benefits of oestrogen therapy.

In the combined oral contraceptive (OC) pill, progestogenic dose and potency are 

reputed to be directly related to the incidence of thrombogenic complications and 

cerebrovascular incidents (Kay, 1982). Current OC pills, therefore, contain newer 

generation progestogens (eg gestodene) which are reputed to have less thrombogenic 

properties and cause minimal decreases in serum high density hpoprotein (HDL) 

cholesterol. For postmenopausal hormone replacement therapy, however, the
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commonest progestogens prescribed remain norethisterone, levonorgestrel or 

medroxyprogesterone acetate. I therefore assessed the influence of addition of cyclical 

norethisterone or levonorgestrel on peripheral vascular responses in postmenopausal 

women receiving ERT.

Subjects and Methods;

The subjects were 10 healthy postmenopausal women aged 24 - 59 years (mean + 

sem: 49.2 ± 3.6), who were not obese (mean body mass index ± sem: 23.7 + 0.9 

kg/m^). They had been menopausal for between 6 and 90 months (Table 10.1). None 

of the subjects had an absolute contraindication to oestrogen or progestogen therapy, 

and women with any skin allergies likely to interfere with the transdermal oestrogen 

patches that were used were excluded from this study.

Treatment: Those women considered eligible for the study were first treated with 

natural oestrogen for 12 weeks before inclusion in the study. Transdermal oestradiol 

patches were applied twice weekly to deliver 50 pg of 17p-oestradiol every 24 hours 

(Estraderm TTS 50, Ciba Geigy UK). They were then seen to assess compliance, 

side-effects and willingness to continue treatment. Whilst continuing uninterrupted 

transdermal oestradiol administration at a dose of 50 pg of 17P-oestradiol every 24 

hours, additional cyclical progestogen therapy was then prescribed for 12 days every 

28 days either as:

Norethisterone acetate tablets 1 mg orally once daily - in 8 subjects; 

or as Levonorgestrel tablets 150 pg orally once daily - in 2 subjects.
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Table 10.1

DEMOGRAPHIC DATA ON POSTMENOPAUSAL WOMEN TREATED 

WITH TRANSDERMAL OESTRADIOL AND CYCLICAL PROGESTOGENS

SUBJECT
Age

(years)

Body mass 
index (kg/m^)

Years since 
Menopause

Flushes/day
before
progestogen

AG 52.5 20.6 0.5 0
AP@ 39.7 24.6 4.7 0

BR 59.5 25.4 7.5 0

BT 55.7 28.3 6.7 0

DS 57.5 23.3 5.5 0
Ep@ 39.8 21.3 5.8 0

GO 53.8 25.7 0.8 0

SV 23.6 24.3 2.6 0

SW 57.3 18.8 3.3 0

VM 52.9 24.7 1.9 0

Treated with Levonorgestrel (the others were treated with norethisterone)
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Measurement of peripheral vascular responses: Peripheral vascular responses

were measured twice as in previous studies - before the start of progestogen therapy 

and within three days of completing the second course of progestogen therapy.

Statistics: Changes in the haemodynamic indices after treatment (means ± 95 % 

confidence intervals) were compared with the pre-treatment values (control) using 

Student's t-test for paired observations.

Results:

The results of the haemodynamic indices monitored in all the subjects are shown in 

Table AlO of the appendix, and the mean values before and after progestogen therapy 

in Table 10.2.

Blood pressure and Heart rate: There was no significant difference in mean (±

sem) systolic blood pressure before (120 + 4.4 mmHg) or after (116 + 3.8 mmHg) 

two courses of additional progestogen therapy (Fig 10.1). Mean (+ sem) diastolic 

blood pressure and heart rate were similarly unchanged at 80 ± 3.1 and 77 + 3.2 

mmHg, and 78 + 2.3 and 76 + 4.5 beats per minute respectively.
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Table 10.2

MEAN (+sem> HAEMODYNAMIC INDICES DURING POSTMENOPAUSAL

OESTROGEN REPLACEMENT THERAPY AND CYCLICAL
PROGESTOGENS

MEASUREMENT
Before Treatment 
(CONTROL)

After 8 weeks' 
Treatment

Number of subjects (n) 10 10

Systolic pressure 
(mmHg)

120 (4.4) 116 (3.8)

Diastolic pressure 
(mmHg)

80 (3.1) 77 (3.2)

Heart rate 
(beats per minute)

78 (2.3) 76 (4.5)

Forearm blood flow 
(ml/100ml tissue/min)

2.49 (0.39) 2.10 (0 .20)

Variability of forearm flow (%) 10.4 (1.8) 13.8 (1.6)
Peripheral vascular resistance 
(PRU)

44.3 (5.6) 46.3 (4.3)

Peak forearm flow 
(ml/100ml tissue/min)

26.9 (3.2) 29.1 (3.5)

Incremental flow 
(ml/100ml tissue/min)

24.6 (3.2) 27.1 (3.3)

Calf blood flow 
(ml/100ml tissue/min)

(« = ¥) 

2.17 (0.46)

(n = 4) 

2.02 (0.57)

Variability of calf blood flow (%) 9.8 (2 .1) 20.1 (6 .0)
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Fig 10.1

MEAN (+ semi BLOOD PRESSURE AND HEART RATE DURING

POSTMENOPAUSAL OESTROGEN REPLACEMENT THERAPY AND

CYCLICAL PROGESTOGENS
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Fig 10.2

MEAN (+ semi FOREARM BLOOD FLOW DURING POSTMENOPAUSAL

OESTROGEN REPLACEMENT THERAPY AND CYCLICAL

PROGESTOGENS

r~l Before adding Progestogen 

B  After 2 courses of Progestogen

Forearm blood flow 
(ml/100ml tissue/min)
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Resting peripheral blood flow (Fig 10.2); Mean (± sem) resting forearm blood flow 

decreased marginally from 2.49 + 0.39 ml/100ml tissue/min before the introduction of 

a progestogen to 2.10 + 0.20 ml/100ml tissue/min after two courses of combined 

oestrogen-progestogen therapy, but this difference was not significant. Mean 

variability of forearm flow similarly showed a non-significant increase from 10.4 + 1.8 

to 13.8 ± 1.6%.

Resting mean calf blood flow, monitored in an unselected group of four subjects 

showed a similar pattern of change to those in the forearm, with mean calf flow 

decreasing marginally from 2.17 + 0.46 to 2.02 + 0.57 ml/100ml tissue/min, while 

variability of calf flow showed a non-significant increase.

Peripheral vascular resistance: This was assessed in the forearm as the ratio of

mean arterial pressure to resting forearm flow. There was no significant difference in 

mean peripheral vascular resistance before (44.3 ±5.6 PRU) or after (46.3 ±4.3 PRU) 

two courses of added progestogen.

Forearm reactive hvperaemia (Fig 10,2): In response to 10 minutes of anoxic 

exercise, peak forearm blood flows before and after administration of progestogen 

were similar at 26.9 ± 3.2 and 29.1 ± 3.5 ml/100ml tissue/min respectively; while the 

incremental forearm flow above resting levels was also unchanged at 24.6 ± 3.2 and 

27.1 +3.3 ml/100ml tissue/min.
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Discussion

The addition of a cyclical progestogen to postmenopausal oestrogen therapy does not 

modify the peripheral vascular effects of oestradiol. Resting forearm flow after two 

cycles of combined oestradiol and progestogen therapy tended to be lower than before 

the introduction of a progestogen, but the magnitude of change was too small to 

achieve statistical significance. This was despite the fact that all the subjects received 

19-nortestosterone derivatives which are reputed to have pronounced adverse effects 

on the serum levels of lipids and lipoprotein fractions (Himoven et al, 1981).

The finding that addition of a progestogen to oestradiol therapy does not negate the 

cardiovascular effects of oestradiol is in accord with the large ongoing cohort study of 

Falkebom et al (1992) which has demonstrated a 50 % reduced risk of myocardial 

infarction in postmenopausal women taking 2 mg of oestradiol valerate daily with 250 

ug of levomogestrel added for 10 days every month. It is also in accord with results of 

animal studies. Haarbo et al (1991) investigated the effects of oestrogen monotherapy 

and combined oestrogen-progestogen therapy on aortic accumulation of cholesterol in 

ovariectomized cholesterol-fed rabbits. They also used norethisterone or 

levonorgestrel as in our study, and found that while oestrogen attenuated aortic 

atherogenesis in the rabbits, progestogens did not counteract the effects. Adams et al 

(1990) similarly demonstrated, in ovariectomized cynomolgous monkeys maintained 

on an atherogenic diet, that the addition of a progestogen did not reduce 

oestrogen-induced inhibition of coronary atherosclerosis progression.
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The daily doses of progestogens used in this study were the minimal doses that have 

been found to be effective for secretory transformation of the endometrium which is 

the primary objective of adding progestogens to oestrogen replacement therapy 

(Whitehead et al, 1981). There is, therefore, no reason to suppose that the addition of 

cyclical progestogens to postmenopausal oestrogen replacement therapy would 

interfere with the protective effect of oestrogen alone on the cardiovascular system.

The subjects were first treated with IVg-oestradiol for 12 weeks by which time it was 

presumed that any haemodynamic changes due to the introduction of oestradiol would 

have stabilized. Even if this assumption was wrong, the results would still be valid 

since the objective of the study was to assess the peripheral vascular effects of 

administration of progestogens to women who continued to receive oestradiol therapy.

This study has demonstrated the short term effects of conventional combined 

oestrogen-progestogen therapy on peripheral vascular responses. It does not address 

the question of whether continuous oestrogen and progestogen administration, as used 

to prevent unacceptable withdrawal bleeding (Mattsson et al, 1982), will have different 

vascular effects from those of oestrogen alone. Any approach to climacteric therapy 

that is fundamentally different from the treatment regimen investigated will itself need 

to be evaluated to determine its cardiovascular imphcations.
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Summary

1. Blood pressure, heart rate, resting limb blood flow, peripheral vascular resistance 

and forearm reactive hyperaemic response to 10 minutes' anoxia in 10 postmenopausal 

women on transdermal oestradiol patches were monitored before and after 8 weeks' 

additional cyclical progestogen (norethisterone or levonorgesterol) therapy.

2 . No significant changes were found in all the haemodynamic indices monitored.

3. Cyclical therapy with 19-nortestosterone derivatives for 12 days every month does 

not appear to attenuate the peripheral vascular effects of oestradiol in women.
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CHAPTER 11 

FINAL DISCUSSION AND SUMMARY

The studies in this thesis were undertaken to determine some of the factors that 

contribute to the sex difference in cardiovascular morbidity and mortality. In order to 

separate the effects of age per se from those of female sex hormones, haemodynamic 

variables were first monitored in healthy women of different ages who were not taking 

any steroid hormones or medications known to affect the cardiovascular system. The 

influence of female sex hormones on these variables were then investigated.

Differences have been demonstrated in the age-related changes in peripheral blood 

flow and vascular responses in women when compared to those found in men. In 

women, limb blood flow was proportional to blood pressure, but not to individual age, 

unlike in men in whom limb flow was proportional to age, independent of blood 

pressure. Mean forearm blood flow was highest in women over the age of 64 years, in 

whom systolic pressure was also highest. Peripheral vascular reactivity, as determined 

by the incremental peak forearm flow, was not proportional to individual age, but was 

lowest in women over the age of 64 years. The overall pattern was that of an S-shaped 

curve with an intriguing increase in reactivity around the age of natural menopause. 

Whether this was due to wide oestradiol fluctuations during the menopausal transition 

is unclear. In postmenopausal women, vascular reactivity was inversely proportional to 

time since menopause, suggesting a vascular influence of female sex hormones.

Oestradiol and progesterone have been shown to exert effects in non-genital 

circulations in the human. Progesterone dominance in the mid-luteal phase of
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ovulatory menstrual cycles was associated with reduced forearm blood flow, a 

vasoconstriction that was reproduced in postmenopausal women treated for eight 

weeks with natural micronized progesterone in the absence of pre-oestrogenization. 

On the other hand, exogenous oestradiol administration in physiological dose reduced 

blood pressure and fi'ontal cerebral blood flow while increasing myocardial 

contractility, stroke distance and stroke volume, in addition to limb blood flow in 

non-flushing women. Limb blood flow was reduced in flushing women. However, 

when given in "supraphysiological" doses associated with implants, oestradiol 

increased blood flow irrespective of flushing frequency. The addition of cyclical 

progestogens for 12 days every month did not alter the peripheral vascular effect of 

oestradiol over two months.

These findings illustrate interesting sex-differences in cardiovasular physiology. It 

would seem that in women, a time lag of between 15 and 20 years occurs from the 

diminution in oestrogen production at the menopause to the emergence of a change in 

mean resting limb flow. Presumably this latent phase is due to a residual vascular 

effect of the premenopausal hormones, particularly oestradiol. It is pertinent that this 

pattern of age-related haemodynamic change mirrors the trend in coronary heart 

disease (CHD) mortality where mortality increases in women only gradually after the 

menopause and does not begin to catch up with the rates in men until after about 20 

years. Nevertheless, it would seem that an immediate alteration of dynamic vascular 

responses occurs with the menopause since there was an inverse linear relationship 

between time since menopause and vascular reactivity.
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The present studies have contributed to our knowledge of the mechanisms of action of 

oestradiol on non-genital and systemic circulations in women. The final event before 

any changes in blood flow is an alteration in the calibre of arterioles. This alteration 

may, however, be initiated by a complex process of humoral, cellular and/or 

sympathetic (neurogenic) activities. Local factors such as tissue metabolism and 

oxygen availability may additionally be involved in different regional circulations. To 

alter blood flow, oestrogens and progesterone would have either to influence these 

initiating factors or exert a direct action on vascular smooth muscle. There is in fact 

some evidence that most of these factors are influenced by female sex hormones.

For example, catecholamine concentrations fluctuate during ovulatory menstrual 

cycles, with norepinephrine being elevated throughout the luteal phase (Goldstein et al, 

1983), or altered in response to serum oestradiol levels (Davidson et al, 1985). 

Oestradiol may influence extraneural retention of norepinephrine at adrenergic nerve 

endings, block neuronal uptake of released norepinephrine (Hamlet et al, 1980) or 

interfere with epinephrine synthesis and release from sympathetic nerves (Haigh et al, 

1965). Oestradiol administration may stimulate histamine formation (Spaziani and 

Szengo, 1959), increase vasoactive intestinal peptide (Helm et al, 1985), increase 

vascular responsiveness to angiotensin, acetylcholine and serotonin (Altura and Altura, 

1977) and increase prostaglandin synthesis and release. Oestradiol is also believed to 

act through endothelium derived relaxing factor (EDRF), a local vasodilator released 

by endothelial cells. Gisclard et al (1987) reported that 17B-oestradiol augmented 

endothelium-dependent relaxation to acetylcholine in isolated rabbit femoral arteries; a 

response that was not thought to be due to prostaglandins since the relaxation was not
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prevented by indomethacin, an inhibitor of prostaglandin synthetase. Koudy-Williams 

et al (1990) demonstrated a paradoxical constriction of atherosclerotic coronary 

arteries to intracoronary infusion of the endothelium-dependent dilator, acetylcholine, 

in estrogen-deficient oophorectomized cynomolgous monkeys. The arteries were 

however dilated by acetylchohne in oestrogen-treated monkeys. On the other hand, 

Jiang et al (1991) showed that 1713-oestradiol is involved in the regulation of rabbit 

coronary artery tone in vitro resulting in an endothehum-independent relaxation. And 

Chester et al (1993) recently demonstrated that oestradiol relaxes, in vitro, human 

coronary arteries denuded of endothelium a response that persists despite the addition 

of EDRF inhibitors or prostaglandin synthetase inhibitors. Therefore, oestradiol would 

appear to exert a vascular effect both through and independent of EDRF.

In women, the peripheral vascular effects of oestradiol in physiological dose (Chapter 

8) appear to be mediated more at a central than a local level, as evidenced by the 

divergent effects on non-flushing and flushing women. But when given in 

"supra-physiological" dose (Chapter 9), these divergent effects do not seem to occur, 

resulting in substantial increases in resting forearm flow irrespective of flushing 

frequency. Thus, increasing the dose of exogenous oestradiol may alter the "central" 

control processes that determine peripheral vascular effects of oestradiol. It is unclear 

why this occurs, but since oestradiol receptors are known to be present in both 

vascular smooth muscle and endothelium (Ingegno et al, 1988) this phenomenom may 

reflect a differential dose-dependent site of oestrogen action. It may be that oestradiol 

acts primarily through EDRF release only in certain species or circulatory beds; that 

EDRF release occurs only after a basal threshold concentration of, or a threshold
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increase in, oestradiol had been achieved; or that EDRF release during "physiological" 

oestradiol therapy is secondary to an alteration in blood flow. In fact, there is now 

evidence that increased arterial blood flow, whether pulsatile or steady, may itself 

result in EDRF release which may then perpetuate a vasodilatory state (Rubanyi et al, 

1986; Holtz et al, 1984). What remains to be demonstrated however is whether the 

oestradiol effects that were observed in the present studies could be reproduced to the 

same degree in vivo in the absence of endothelium. It is feasible to denude a segment 

of blood vessel of endothelium and then utilise the segment for studying the influence 

of either intra-arterial oestradiol infusion or prior transdermal oestradiol therapy on 

vascular contractility, etc. This is an area for future research.

Oestrogens and progesterone may also influence blood flow through direct effects on 

vascular smooth muscle. Oestrogens may cause hyperpolarization of muscle cells, 

increasing membrane potential in dog's coronary artery independent of 

sodium-potassium pump activity. (Harder and Coulson, 1979). Oestradiol decreases 

smooth muscle hypertrophy (Wolinsky, 1972) whilst progesterone has the opposite 

effect. Atherosclerosis, which involves smooth muscle proliferation and migration, 

may therefore be modulated by this lipid-independent mechanism in women.

The findings of this thesis have some clinical applications. For the first time, reference 

ranges have been provided for quantitative forearm blood flow measurements in 

women, an indispensable tool in assessing the effects of drugs in women and any 

deviant cardiovascular responses at different ages. The influence of the menopause on 

these responses has been shown.
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Similarly, the effects of the menstrual cycle on peripheral vascular responses have been 

demonstrated as a guide to future comparative studies in women. Menstrual cycle 

phase is a compounding factor in cardiovascular, as in endocrine, research and all such 

studies should stipulate in which phase of the cycle they were performed. The findings 

of luteal phase vasoconstriction in limb circulation and a vasoconstrictor effect of 

administered progesterone may have clinical applications. It may be that menstrual 

phase-associated variations in blood flow and vascular responses in other regional 

circulations would explain some cyclical disturbances in premenopausal women, such 

as menstrual migraine, premenstrual pelvic pain and cyclical mastalgia. Moreover, the 

occurence of mid-luteal phase vasoconstriction in certain circulations might be 

exploited in the timing of surgery in women in order to minimise tumour embolization 

or intra-operative haemorrhage. Pre-operative progesterone therapy might also be 

considered for these indications. Clinical trials of these aspects are therefore 

warranted, and the haemodynamic effects of progesterone in other regional vascular 

beds should also be investigated.

The vascular effects of progesterone contrasts with those of cyclical progestogens 

during postmenopausal oestrogen replacement therapy (ERT), as demonstrated in 

Chapter 10. In pharmacological terms of potency (ie progestational effects on the 

uterus), the 19-nortestosterone progestogens used here are regarded as more potent 

than natural progesterone. However, while the cyclical progestogens did not exert any 

discernible vascular effect on limb circulation, natural (and endogenous) progesterone 

did, an indication that conventional assessments of progestational potency which is 

based on the uterine action do not reflect the cardiovascular effect of such hormones.
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The vascular effects of progesterone should therefore not be extrapolated from those 

of progestogens.

This thesis has demonstrated the simultaneous effects of exogenous oestradiol in 

physiological dose on blood flow through three important circulations - limb, cerebral 

and cardiac. Previous work in our department had shown similar effects of oestradiol 

on limb circulation over six weeks (Hardiman, 1991), and the longer term (12 weeks) 

effects of oestradiol have now been demonstrated. The reduction in blood pressure 

after oestradiol administration (Chapter 8) is beneficial in terms of cardiovascular and 

cerebrovascular disease and may contribute to the sex differential in cardiovascular 

mortality. Since life-time exposure to increased intravascular tension and 

haemodynamic stresses are associated with detrimental changes in blood vessel walls 

(Chapter 2), the role of oestrogens may be to modulate these factors and improve 

overall cardiovascular health in women. This may be the basis for the accelerated 

increase in cardiovascular morbidity and mortality in women after the "withdrawal" of 

these hormones at the menopause.

These cardiovascular effects of oestradiol may help explain its reported beneficial 

effect on exercise-induced myocardial ischaemia in women with coronary artery 

disease (Rosano et al, 1993), and if maintained over a long period could contribute to a 

reduction of CHD mortality in postmenopausal women receiving oestrogen 

replacement therapy (ERT, see Chapter 2). Moreover, as previously discussed, the 

well recognised oestrogen effect on mood and activation may be a reflection of the 

decreased frontal cerebral blood flow in subjects during treatment. Viewed together.
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all these circulatory effects of oestradiol would indicate a prominent role for 

oestrogens in modulating cardiovascular stress responses in women as well as 

controlling peripheral vascular responses, similar to the effects of oestrogens in animals 

(Altura, 1976). The simultaneous effects of oestradiol on various fractions of cerebral 

circulation, and also on other regional vascular beds, should be investigated in future.

The effects of 17P-oestradiol administration on the circulation, demonstrated here, are 

relevant to our understanding of the cardiovascular superiority of women to men. It 

would however appear that the dose (or concentration) of oestradiol and the duration 

of therapy (or exposure) both contribute to the observed peripheral vascular effects. 

Thus, whilst no significant vascular changes were observed after about two weeks of 

oestradiol dominance during the menstrual cycle, significant changes occurred after six 

weeks of transdermal oestradiol which yields similar serum oestradiol levels. On the 

other hand, increasing the oestradiol dose, as with implants, resulted in substantial 

increases in limb flow within two weeks. It may therefore be that cardiovascular 

protection due to ERT entails a minimum oestrogen dose and duration, just as there is 

a minimum bone-sparing oestrogen dose for ERT (Lindsay et al, 1984).

Cyclical progestogens do not attenuate the vascular effects of oestradiol. 

Nevertheless, the minimum dose of progestogen necessary to prevent endometrial 

hyperplasia should continue to be used with ERT in postmenopausal women with 

intact uteri. Whether continuous progestogen will also be "safe" needs to be 

established.
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These studies have concentrated on the most important and most potent oestrogen of 

female reproductive life - oestradiol, but the other oestrogens (oestrone and oestriol) 

may also have vascular effects. Oestrone is to a large extent inter-convertible with 

oestradiol and so it is possible that it may contribute to the vascular effects of 

oestradiol. Oestriol has been shown to have peripheral vascular effects (Ginsburg and 

Hardiman, 1989) and to relieve hot flushes and climacteric urogenital symptoms (Fink 

et al, 1985). No studies of its cardiac effects have however been performed. And 

what of testosterone, the characteristic male sex hormone, which is produced in 

negligible amounts in women? In men, testosterone improves muscle mass, bone mass 

and sexual drive, but its long-term vascular effects are not known. It is thus unclear 

whether the cardiovascular superiority of women compared to men could in part be 

due to a lack of detrimental effect of substantial amounts of circulating androgens. 

The vascular effects of testosterone should be investigated in future work either in 

hysterectomized postmenopausal women during treatment with oestradiol and 

testosterone implants, in premenopausal women with polycystic ovary disease and 

excessive amounts of serum testosterone or in hypogonadal men receiving testosterone 

implants.

Finally, several reports have recently highlighted the bias against women in studies of 

cardiovascular disease interventions, especially investigation, treatment and 

post-treatment follow-up of women with coronary heart disease (Tobin et al, 1987, 

Khan et al, 1990, Steingart et al, 1991). There is a widespread but erroneous belief 

that coronary heart disease in women is a benign problem. Because of this, men with 

an abnormal exercise electrocardiogram are ten times more likely to be referred for
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cardiac catheterization and possible coronary bypass surgery than women with the 

same degree of abnormality (Khan et al, 1990). Women are often older, and their 

cardiac state worse than that of men before they are referred for invasive procedures. 

Above all, women are more likely to be referred for emergency rather than elective 

coronary bypass surgery than are men. All these factors result in a higher 

intra-operative mortality of women when compared with men (Bolooki et al, 1975). 

There is therefore a case for earlier intensive investigation of women with 

cardiovascular disease. The effects of oestrogen therapy in postmenopausal women 

with cardiovascular disease, particularly those scheduled for surgery, require 

evaluation.

CONCLUSION

The effects of age and sex steroids on the circulation in women have been investigated 

in an attempt to understand the basis for the sex-differences in cardiovascular 

morbidity and mortality. The studies demonstrate hitherto unreported sex-differences 

in peripheral vascular responses with age, haemodynamic changes in relation to the 

menstrual cycle, vascular effects of oestradiol on cardiac function, cerebral blood flow 

and limb blood flow, and differences between the vascular effects of progesterone 

alone and those of cyclical progestogens after pre-oestrogenization. These 

haemodynamic effects may have potential clinical applications. In women, sex 

hormones play a pivotal role in cardiovascular physiology. It is unwise and may be 

potentially dangerous to extrapolate to women data on vascular responses from studies 

that have been performed only in men.
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APPENDIX:

Results of measurements in individual participants 

in the studies reported in Chapters 5 -10 .



Table A5i 255
HAF.MOnYNAMIC INDICES l \  HEALTHY WOMEN fFOREARM FLOW)

Age 8KI Serum Flushes Systolic Diastolic Heart Resting Var 
SUBJECT (years) (kg/m2) E2 per day pressure pressure rate FAF FAF PVR

Age Type Age BHI 
Nnp Hnp group group

CHE 18.5 22.8 112 0 148 84 94 3.800 15.7 27.7 PRE 17-24 19-28
DEN 20.0 21.6 nd 0 107 77 87 2.000 20 43.5 PRE 17-24 19-28
THO 20.1 27.8 118 na 131 90 90 2.300 29.1 45.0 PRE 17-24 19-28
SAW 20.5 17.2 < 70 0 106 60 55 1.300 20.7 57.9 PRE 17-24 Under 19
KIN 21.1 19.8 797 0 107 69 53 2.600 9.61 31.4 PRE 17-24 19-28
NIL 21.3 nd 516 0 129 70 63 5.800 20.5 15.4 PRE 17-24 nd
HOR 21.5 20.2 nd .5 121 63 70.9 1.870 10 44.0 PRE 17-24 19-28
BAX 21.7 26.8 nd 0 139 95 nd 4.270 10.0 25.6 PRE 17-24 19-28
SAN 22.0 nd 138 0 123 91 71 1.980 13.1 51.3 PRE 17-24 nd
BAR 22.1 20.8 109 0 117 66 78 1.300 12.9 63.8 PRE 17-24 19-28
PET 22.4 23.5 nd 0 131 68 75 2.100 8.57 42.3 PRE 17-24 19-28
KEL 22.8 nd nd 0 105 85 68 1.900 4.73 48.2 PRE 17-24 nd
600 22.9 18.6 < 70 0 107 78 76 .800 30 109. PRE 17-24 Under 19
EVA 23.1 24.1 < 70 20 114 72 63 2.600 20 33.0 PRE 17-24 19-28
FOL 24.6 19.4 254 0 120 78 56 3.100 8.5 29.6 PRE 17-24 19-28
BAR 24.7 17.3 144 1 100 74 62 2.600 17.6 31.7 PRE 17-24 Under 19
ALZ 25.2 18.9 nd 0 115 75 86 4.610 15.5 19.1 PRE 25-34 19-28
O'D 25.2 17.9 599 0 120 78 86 2.500 14.8 36.8 PRE 25-34 Under 19
BHU 25.2 20.2 < 70 0 118 76 ' 101 2.900 22.6 31.0 20 N 25-34 19-28
SPE 26.1 19.8 76 0 123 70 74 4.900 8.8 17.8 PRE 25-34 19-28
KAO 26.4 20.3 344 0 107 69 83 3.040 19.7 26.8 PRE 25-34 19-28
NOR 26.8 20.7 < 70 0 121 85 80 2.500 12.4 38.8 na 25-34 19-28
ELI 26.8 17.6 314 0 113 76 68 1.910 14.6 46.2 PRE 25-34 Under 19
NAS 27.0 25.7 200 .5 103 73 80 1.500 17.3 55.3 21 N 25-34 19-28
6RE 28.0 25.5 158 0 122 75 88 1.090 26.2 83.1 PRE 25-34 19-28
MAR 28.3 30.4 nd 0 107 79 78 1.680 11.9 52.5 PRE 25-34 Over 28
OAR 29.2 22.5 94 0 110 69 59 1.750 8 47.2 PRE 25-34 19-28
NAP 29.4 22.1 nd 0 129 66 71 3.950 9.6 22.0 PRE 25-34 19-28
BRE 29.7 29.1 nd 13 115 74 69 1.670 9.67 52.4 28 N 25-34 Over 28
SLO 29.8 nd nd 0 113 78 81 1.900 8.94 47.1 PRE 25-34 nd
SHA 30.0 25.1 < 70 0 119 81 81 2.270 15.4 41.2 PRE 25-34 19-28
LEE 30.8 nd 155 0 140 95 91 2.450 15.9 44.8 PRE 25-34 nd
HOC 33.2 25.7 < 70 0 126 81 nd 9.310 10.0 10.3 28 N 25-34 19-28
BHA 33.7 25 < 70 na 130 87 63 1.800 15 56.2 PRE 25-34 19-28
Pit 34.0 nd < 70 0 102 66 59 1.900 22.6 41.0 PRE 25-34 nd
LUM 34.2 23.9 < 70 4 123 72 nd 2.110 16.5 42.1 30 N 25-34 19-28
CON 34.7 25.9 < 70 0 110 79 49 2.630 12.1 33.9 PRE 25-34 19-28
SPR 34.7 30.4 nd 0 132 102 72 1.420 23.6 94.9 PRE 25-34 Over 28
VAN 34.8 20.2 138 0 125 76 84 2.700 17.4 34.1 PRE 25-34 19-28
DON 35.7 21.9 nd 0 151 76 71 3.200 23.4 31.5 PRE 35-44 19-28
AND 35.8 17.0 97 na 113 77 71 1.500 15.3 59.3 PRE 35-44 Under 19
MOR 35.8 24.6 nd 0 122 85 75 1.460 15.7 66.6 PRE 35-44 19-28
MUS 36.7 30.4 182 6 133 82 83 2.100 14.7 47.1 PRE 35-44 Over 28
HOW 37.1 32.7 498 5 116 75 64 1.820 12.9 44.3 PRE 35-44 Over 28
DER 37.7 36.5 109 1.5 163 104 90 5.120 13.2 24.1 PRE 35-44 Over 28
BRE 37.8 21.3 244 0 110 72 64 1.840 8.69 46.0 PRE 35-44 19-28
SPA 38.0 23.3 137 na 120 73 71 1.340 14.9 66.1 37 N 35-44 19-28
CHE 38.0 nd < 70 0 113 72 56 1.640 14.9 45.0 na 35-44 nd
NOR 38.7 19.9 288 0 122 79 58 2.400 14.5 38.8 PRE 35-44 19-28
SPE 38.9 20.2 < 70 2 105 70 62 1.900 28.2 42.9 na 35-44 19-28
POU 39.7 25.2 < 70 20 120 88 74 3.510 15.9 28.1 35 N 35-44 19-28
MER 39.9 21.9 311 2 108 84 77 2.500 7.6 36.8 PRE 35-44 19-28
LEW 40.0 23.0 < 70 0 115 67 78 3.400 12.3 24.4 na 35-44 19-28
BLA 40.6 25.8 nd 17.5 134 74 89 7.400 10.7 12.7 38 N 35-44 19-28
PLE 42.1 25.8 < 70 3 130 81 68 3.800 14.4 25.6 PRE 35-44 19-28

Nnp = Menopause; PRE = Premenopausal; N = Natural menopause; S = Surgical menopause
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Age BMI Serum Flushes Systolic Diastolic Heart Resting Var 
SUBJECT (years) (kg/mZ) E2 per day pressure pressure rate FAF FAF PVR

Age Type Age BMI 
Hnp Hnp group group

BLA 42.5 19.8 < 70 2.5 128 82 75 1.690 17.9 57.5 40 N 35-44 19-28
PLA 43.2 nd < 70 .2 116 83 94 3.260 9.94 28.8 na 35-44 nd
HOS 43.5 18.7 252 0 94 66 76 3.600 12.5 20.9 PRE 35-44 Under 19
FRA 43.7 40.9 < 70 3.5 115 82 92 3.100 33.9 30 43 N 35-44 Over 28
LYA 43.8 31.6 nd 2.5 124 75 69 2.800 8.1 32.6 43 N 35-44 Over 28
ING 43.9 23.5 < 70 0 128 76 62 2.300 10.8 40.5 43 N 35-44 19-28
SAC 44.0 21.2 553 0 114 78 84 4.900 18.3 18.3 PRE 35-44 19-28
NOR 44.4 24.3 < 70 0 147 102 73 5.460 14.2 21.4 42 S 35-44 19-28
BRA 44.8 20.7 < 70 0 101 70 66 1.550 21.2 51.8 44 N 35-44 19-28
NEW 45.1 25.9 nd 10 117 68 70 3.200 13.7 26.3 44 N 45-54 19-28
JOH 45.1 15.5 < 70 0 88 57 57 1.300 20.7 51.7 PRE 45-54 Under 19
EMM 45.1 23.1 < 70 5 114 67 66 3.000 15 27.5 44 N 45-54 19-28
THO 45.5 31.8 366 5 120 81 87 2.100 14.2 44.7 PRE 45-54 Over 28
PAV 45.9 21.5 < 70 0 114 67 65 1.800 18.3 45.9 45 N 45-54 19-28
BOW 45.9 24.6 403 0 123 84 75 2.600 8.07 37.3 PRE 45-54 19-28
DOU 46.5 17.6 414 0 131 81 79 2.850 13.3 34.2 PRE 45-54 Under 19
HAR 46.6 21.3 ( 70 10 110 72 87 3.950 6.9 21.4 46 N 45-54 19-28
RUS 46.7 24.1 ( 70 13 110 72 81 2.700 13.8 31.3 na 45-54 19-28
LAT 46.8 24.0 < 70 5 130 88 nd 3.420 15.2 29.8 44 N 45-54 19-28
6RE 47.0 nd 118 6 . 132 81 92 3.100 4.51 31.6 46 N 45-54 né
COL 47.0 21.9 nd 7.5 121 91 71 2.800 11.6 36.0 45 N 45-54 19-28
STE 47.1 22.4 < 70 na 100 70 nd 2.030 6.89 39.4 46 S 45-54 19-28
FRA 47.1 21.5 nd 5 129 74 75 2.800 28.2 32.9 47 N 45-54 19-28
DEM 47.4 24.8 ( 70 7.5 122 86 nd 6.900 15 14.2 47 S 45-54 19-28
COO 47.4 26.2 < 70 10 128 91 87 1.200 13.8 86.1 40 N 45-54 19-28
CUM 47.6 29.6 72 4 109 70 66 3.400 14.7 24.4 46 N 45-54 Over 28
GIL 47.6 25.7 370 .3 106 82 90 3.580 12.2 25.1 47 S 45-54 19-28
SEG 47.7 20.5 796 0 120 76 70 2.600 21.1 34.8 PRE 45-54 19-28
FIT 47.8 27.8 < 70 10 178 91 68 2.200 18.1 54.5 47 N 45-54 19-28
MEL 47.8 29.6 < 70 6 125 86 83 5.800 25.3 17.0 40 S 45-54 Over 28
SWA 48.1 17.7 < 70 na 122 85 86 2.700 5.92 36.0 45 N 45-54 Under 19
MCG 48.3 nd nd 8 120 79 89 8.400 6 11.0 na 45-54 nd
HOW 48.3 22.9 < 70 10 116 79 62 1.300 20 70.2 48 N 45-54 19-28
WIT 48.3 27.1 < 70 17.5 165 87 77 6.450 16.5 17.5 48 N 45-54 19-28
TEU 48.4 29.9 < 70 0 110 89 70 2.740 17.6 35.0 47 N 45-54 Over 28
LAY 48.4 28.3 < 70 5 108 68 59 2.300 7.82 35.3 44 S 45-54 Over 28
RAH 48.5 22.4 < 70 0 106 68 79 4.000 14.5 20.1 46 S 45-54 19-28
TAR 48.7 23.6 < 70 10 116 80 70 2.900 15.5 31.7 PRE 45-54 19-28
L-C 48.7 20.2 < 70 6 119 80 74 5.600 20.5 16.6 47 N 45-54 19-28
LE 48.8 22.3 < 70 0 112 69 75 1.920 27.0 43.4 48 N 45-54 19-28
KEN 48.9 24.4 nd 2.5 112 71 75 2.500 13.6 33.8 na 45-54 19-28
WAI 48.9 nd < 70 4 117 71 70 8.660 17.7 9.96 na 45-54 nd
O'B 49.2 31.2 < 70 20 117 78 86 4.110 9.8 22.1 na 45-54 Over 28
SAN 49.2 25.0 nd 10 130 80 86.9 3.740 31.7 25.8 46 N 45-54 19-28
BUN 49.4 19.0 < 70 15 114 76 70 3.600 18 24.6 38 S 45-54 19-28
JON 49.4 22.8 88 2 142 99 79 2.600 9.23 43.5 47 N 45-54 19-28
PAR 49.4 21.4 < 70 10 142 85 76 1.780 15.1 58.4 49 N 45-54 19-28
ROT 49.5 nd nd 12.5 141 90 75 3.100 21.7 34.5 na 45-54 nd
HEN 49.6 23.8 552 0 120 71 59 1.680 13.6 51.9 PRE 45-54 19-28
GEO 49.7 28.5 187 0 124 71 61 3.300 15.1 26.8 PRE 45-54 Over 28
RIC 49.8 20.2 726 .2 129 83 65 1.100 20 89.3 PRE 45-54 19-28
BRO 50.1 25.9 < 70 na 121 80 87 1.530 10.7 61.2 48 N 45-54 19-28
De 50.1 23.1 < 70 8 108 68 56 1.362 16.2 59.7 47 S 45-54 19-28
ATK 50.1 25.7 < 70 3 125 89 79 4.500 18.4 22.4 46 S 45-54 19-28
BUS 50.4 27.4 < 70 3 104 71 90 6.290 19.0 13.0 47 N 45-54 19-28
FOW 50.4 23.1 < 70 4 108 78 52 1.500 13.3 58.6 46 S 45-54 19-28

Hnp = Menopause; PRE = Premenopausal; N = Natural menopause; S = Surgical menopause
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SUBJECT (years) (kg/mZ) E2 per day pressure pressure rate FAF FAF
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Age Type Age BMI 

PVR Mnp Mnp group group

HAR 50.6 25.5 < 70 20 127 76 57 2.580 15.6 36.0 50 N 45-54 19-28
SIM 50.6 24.7 < 70 0 126 86 85 3.030 5.94 32.7 49 N 45-54 19-28
CRA 50.6 29.1 < 70 0 133 91 83 6.800 15.7 15.4 47 S 45-54 Over 28
EEL 50.6 24.6 < 70 2.5 134 91 75 3.810 9 27.6 50 N 45-54 19-28
BEN 50.6 28.9 < 70 7 126 87 83 3.250 15.3 30.7 na 45-54 Over 28
MAS 50.7 23.0 < 70 4 152 90 83 3.300 32.6 33.5 49 N 45-54 19-28
HEA 50.9 26.7 < 70 2.5 119 84 60 2.300 17.3 41.5 48 N 45-54 19-28
BRO 51.0 25.3 < 70 1 130 82 64 6.320 9 15.5 50 N 45-54 19-28
AIT 51.0 16.4 < 70 0 96 67 65 2.200 10.9 34.8 PRE 45-54 Under 19
MON 51.1 32.6 ( 70 10 140 80 nd 1.900 12.1 52.6 50 N 45-54 Over 28
MER 51.2 nd < 70 5 134 89 84 1.500 21.9 69.3 44 N 45-54 nd
MOO 51.3 19.1 ( 70 0 156 87 62 3.140 10.5 35.0 45 N 45-54 19-28
WEB 51.3 20.1 < 70 5 120 76 76 1.500 11 60.4 49 N 45-54 19-28
1ER 51.4 24.3 < 70 0 141 83 68 3.070 15.9 33.3 51 N 45-54 19-28
DEM 51.4 27.7 < 70 10 110 74 67 2.100 11.4 40.9 47 S 45-54 19-28
HEN 51.5 27.8 < 70 2 136 100 78 2.820 17.1 39.7 51 S 45-54 19-28
SOU 51.6 24.0 < 70 0 139 81 77 3.210 13 31.2 51 S 45-54 19-28
6RE 51.8 29.5 91 2 121 84 75 6.570 5.17 14.6 50 N 55-64 Over 28
TUR 51.9 28.0 < 70 2.5 149 86 66 3.200 26.9 33.4 51 N 45-54 Over 28
HAN. 52.0 29.6 < 70 12 145 85 65 7.680 36 13.6 39 S 45-54 Over 28
60R 52.1 27.7 < 70 0 122 95 70 2.420 14.9 42.9 48 S 45-54 19-28
6RA 52.5 20.6 86 6 105 77 75 ' 3.480 16.0 24.8 52 N 45-54 19-28
PEA 52.6 20.8 < 70 8 145 87 66 2.800 37.5 37.9 45 S 45-54 19-28
MAN 52.9 24.6 < 70 2 132 96 83 1.930 20.7 55.9 51 N 45-54 19-28
COO 53.1 27.9 < 70 5 147 92 84 5.540 6.1 19.9 46 N 45-54 19-28
PEA 53.3 21.7 < 70 8 102 74 67 4.800 12.7 17.3 51 N 45-54 19-28
RAB 53.5 29.4 < 70 1 114 84 56 3.700 14.3 25.4 51 N 45-54 Over 28
MUR 53.6 22.5 ( 70 0 125 95 122 5.070 9.19 20.7 50 N 45-54 19-28
OSB 53.8 24.8 < 70 3 117 78 61 1.650 24.2 55.1 53 N 45-54 19-28
WEB 53.9 26.1 nd 2 162 103 79 4.600 4.6 26.6 na 55-64 19-28
ARH 53.9 28 nd 8 150 106 nd 6.250 14.5 19.3 52 S 45-54 19-28
MEA 54.0 23.8 < 70 8 138 86 63 4.600 32.5 22.4 50 S 45-54 19-28
WAR 54.2 20.2 < 70 2 105 75 66 6.650 10.5 12.7 52 S 45-54 19-28
IMR 54.2 25.6 < 70 0 119 93 85 1.310 22.1 77.6 48 N 45-54 19-28
COH 54.5 21.0 < 70 6 114 70 64 1.100 13.6 76.9 52 N 45-54 19-28
HYA 54.7 24.1 < 70 4 122 88 85 5.200 15 19.1 53 N 45-54 19-28
COS 54.7 nd < 70 12.5 160 100 69 4.330 11.2 27.7 53 N 45-54 nd
FEA 54.8 20.1 < 70 0 113 77 57 1.900 15.7 46.8 51 N 45-54 19-28
DOY 54.9 23.1 < 70 20 99 60 65 3.200 16.2 22.8 51 N 45-54 19-28
BIS 55.2 24.2 < 70 18 127 71 71 1.976 12.7 45.3 54 N 55-64 19-28
PAL 55.3 nd 289 8 149 95 77 3.280 13.1 34.4 na 55-64 nd
BER 55.3 25.5 < 70 4 132 96 80 3.450 22.2 31.3 51 N 55-64 19-28
BRE 55.3 28.9 < 70 6 137 86 89 4.610 13.2 22.3 54 N 55-64 Over 28
MOY 55.4 32.0 < 70 4 142 86 69 2.100 12.3 49.8 52 N 55-64 Over 28
FOX 55.5 22.4 < 70 .5 123 84 77 1.950 13.8 49.7 48 N 55-64 19-28
RAT 55.5 26.3 < 70 0 136 89 62 1.900 15.9 55.0 55 N 55-64 19-28
LEC 55,5 21.7 442 12 115 71 79 5.150 18.6 16.6 na 55-64 19-28
CHA 55.5 26.6 ( 70 6 123 90 100 2.100 8.1 48.0 55 S 55-64 19-28
COH 55.5 27.7 < 70 2 106 76 71 2.670 34.1 32.2 54 N 55-64 19-28
ANT 55.5 22.1 < 70 3.5 95 55 72 4.240 11.3 16.1 50 N 55-64 19-28
ZME 55.6 21.8 < 70 0 129 76 75 1.410 15.6 66.4 48 N 55-64 19-28
LEV 55.6 27.1 1310 0 123 78 71 3.900 12.8 23.8 PRE 55-64 19-28
NIL 56.3 24.6 < 70 1 127 87 72 1.000 30 100. 53 N 55-64 19-28
DUE 56.4 24.9 < 70 12.5 134 76 71 3.180 10.4 29.9 52 N 55-64 19-28
SEA 56.5 20.6 < 70 0 144 85 75 3.500 11.4 29.9 50 S 55-64 19-28
JON 56.8 23.8 160 0 143 98 89 2.050 15.6 55.1 53 N 55-64 19-28

Hnp = Menopause; PRE = Premenopausal; N = Natural menopause; S = Surgical menopause
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Age BMI Serum Flushes Systolic Diastolic Heart Resting Var Age Type Age BMI
SUBJECT (years) (kg/m2) E2 per day pressure pressure rate FAF FAF PVR Nnp Hnp group group

TAL 56.8 20.7 < 70 0 114 75 94 2.630 8.3 33.4 50 N 55-64 19-28
GEO 56.9 24.3 < 70 0 137 80 77 6.230 4.7 15.8 49 S 55-64 19-28
CIA 56.9 25.8 < 70 0 118 79 78 2.510 17.4 36.6 na 55-64 19-28
MOS 57.0 27.1 < 70 3 137 88 87 4.100 12.1 25.4 52 N 55-64 19-28
NR I 57.3 18.8 123 0 131 85 67 2.030 19.7 49.4 54 N 55-64 Under 19
STE 57.5 23.3 < 70 10 142 91 73 1.180 12.7 91.5 52 N 55-64 19-28
HAL 59.1 22.8 < 70 0 129 75 72 4.800 11.6 19.3 50 N 55-64 19-28
PEL 59.4 23.3 < 70 na 130 73 75 4.300 27.9 21.3 50 N 55-64 19-28
ELD 59.5 29.0 < 70 na 131 92 89 1.490 12.4 70.4 50 N 55-64 Over 28
KHA 59.5 29.6 < 70 na 138 88 70 4.400 7 23.7 53 N 55-64 Over 28
RIC 59.5 25.3 ( 70 0 138 87 75 3.340 13.7 31.1 52 N 55-64 19-28
SCH 59.6 nd nd 0 140 80 79 3.800 5.6 26.3 na 55-64 nd
TAÏ 60.3 21.9 < 70 0 126 71 72 2.750 19.6 32.4 47 N 55-64 19-28
DAV 60.3 25.3 < 70 na 129 82 85 3.020 10.9 32.3 42 S 55-64 19-28
CHA 60.4 24.2 < 70 7.5 123 79 66 2.560 17.9 36.5 50 N 55-64 19-28
BRO 60.6 20.4 < 70 10 132 83 81 5.390 22.8 18.4 46 S 55-64 19-28
BAR 60.7 21.3 < 70 0 157 79 76 4.060 8.9 25.8 53 N 55-64 19-28
BAR 60.7 24.9 < 70 5 124 74 60 1.800 14.4 50.3 48 S 55-64 19-28
DEE 60.9 25.1 < 70 2 147 82 71 4.200 16.1 24.6 51 N 55-64 19-28
HIE 60.9 29.1 < 70 0 128 74 ' 91 4.380 18.9 21.0 51 N 55-64 Over 28
CAU 61.2 25.3 < 70 2 130 91 81 2.140 8.87 48.5 52 N 55-64 19-28
LER 61.9 29.8 < 70 0 124 76 68 4.300 7.90 21.3 48 S 55-64 Over 28
JAR 62.3 22.4 < 70 0 112 82 69 1.100 12.4 83.6 50 N 55-64 19-28
SHA 62.6 29.7 < 70 3 132 65 66 3.020 14.7 28.9 49 S 55-64 Over 28
CL I 63.0 21.4 ( 70 0 104 70 78 1.900 11.0 42.8 33 S 55-64 19-28
DUT 63.2 27.0 < 70 0 107 83 57 3.600 12.2 25.2 50 N 55-64 19-28
MAR 64.0 25.8 < 70 na 112 72 73 1.640 14.0 52.0 52 N 55-64 19-28
PR I 64.1 33.0 < 70 3 106 68 55 2.300 10.4 35.0 40 N 55-64 Over 28
HAL 64.5 28.5 < 70 0 101 86 84 1.730 24.8 52.6 na 55-64 Over 28
HER 65.3 24.3 < 70 na 169 97 82 3.400 12.3 35.5 50 N 65-76 19-28
SHI 65.7 23.0 nd 0 148 85 78 5.230 15.9 20.2 50 N 65-76 19-28
TAR 67.0 21.8 < 70 0 114 76 66 2.290 11.1 38.7 50 N 65-76 19-28
DES 67.3 27.9 < 70 1.5 137 79 66 7.700 18 12.7 46 N 65-76 19-28
SIL 68.5 22.2 261 1 149 90 66 2.600 30.3 42.1 54 N 65-76 19-28
MEH 68.6 24.9 ( 70 0 130 86 83 4.470 13.4 22.5 35 N 65-76 19-28
60V 69.0 30.3 < 70 0 130 85 65 1.640 13.4 60.9 37 S 65-76 Over 28
PIN 69.9 24.8 < 70 0 146 75 67 5.418 9.82 18.2 51 N 65-76 19-28
KIS 76.3 27.4 < 70 0 165 99 74 1.400 17.1 86.4 50 N 65-76 19-28

Mnp = Menopause; PRE = Premenopausal ; N = Natural menopause; S = Surgical menopause
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Table ASil 
HAEMOPYNAMTC INDICES IN HEALTHY WOMEN 

fREArTTVE HYPERAEMIA. CALF FLOW!

Age F l u s h e s  P e a k  I n c r  A r e a  B a s a l
SUBJECT ( y e a r s )  p e r  d a y  FAF FAF FAF 'CAF VarCAF

Age
g r o u p

BAR 24 . 70 1 3 2 . 8 3 0 . 2 1 1 . 4 2 3 . 7 7 . 56 1 5 - 2 4
BAR 22 . 10 0 42 .8 4 1 . 5 10 . 02 1 . 6 9 13 . 2 1 5 - 2 4
CHE 18 . 54 0 3 6 . 4 32 . 6 15 . 75 3 . 9 17 . 9 1 5 - 2 4
DEN 20 . 02 0 33 31 10 . 95 6 . 7 12 . 2 1 5 - 2 4
EVA 23 . 11 20 34 3 1 . 4 9 . 2 7 1.  7 11 . 7 1 5 - 2 4
FOL 24 . 64 0 26 . 8 23 .7 11 . 74 1 . 2 6 2 6 . 2 1 5 - 2 4
GOO 22 . 93 0 3 0 . 4 2 9 . 6 6 . 5 7 1 . 3 22 . 3 1 5 - 2 4
KEL 22 . 81 0 1 9 . 4 17 .5 7 . 27 nd nd 1 5 - 2 4
KIN 2 1 .  06 0 50 .4 47 . 8 2 1 .  09 nd nd 1 5 - 2 4
PET 22 . 45 0 30 27 . 9 9 . 5 6 . 72 9 . 72 1 5 - 2 4
SAN 2 1 . 9 9 0 22 . 6 20 . 6 9 . 65 3 . 1 ' 3 . 87 1 5 - 2 4
SAW . 2 0 . 4 9 0 34 .4 3 3 . 1 8 . 94 1 . 7 10 . 5 1 5 - 2 4
THO 20 . 06 na 3 0 . 2 27 . 9 10 . 9 nd nd 1 5 - 2 4
WIL 21 . 31 0 7 0 . 8 65 24 . 84 6 . 2 14 . 1 1 5 - 2 4

BHA 33 . 75 na 20 . 2 18 .4 n d .93 19 . 8 2 5 - 3 4
BRE 29 . 75 13 9 . 2 7 . 5 3 nd nd nd 2 5 - 3 4
CON 34 . 72 0 2 1 .  8 1 9 . 1 9 . 45 2 .12 28 . 7 2 5 - 3 4
DAR 29 . 17 0 39 3 7 . 2 9 . 5 8 nd nd 2 5 - 3 4
FLI 26 . 82 0 22 2 0 . 0 7 . 24 1 . 6 15 2 5 - 3 4
GRE 28 . 04 0 24 . 2 23 .1 9 . 6 8 1 . 2 4 9 . 67 2 5 - 3 4
HOC 33 . 24 0 32 . 8 23 .4 n d nd nd 2 5 - 3 4
KAD 2 6 . 4 1 0 2 8 . 8 25 . 7 10 . 82 1.  67 15 . 5 2 5 - 3 4
LEE 30 . 83 0 3 6 . 6 3 4 . 1 1 0 . 8 4 1 . 6 3 24 . 5 2 5 - 3 4
MAR 2 8 . 2 7 0 2 1 .  8 2 0 . 1 7 . 3 3 1 . 4 9 . 2 8 2 5 - 3 4
MAS 26 .99 . 5 1 8 . 5 17 6 . 19 nd nd 2 5 - 3 4
NAP 29 . 42 0 14 1 0 . 0 n d nd nd 2 5 - 3 4
NOR 2 6 .  81 0 27 2 4 . 5 1 1 . 3 6 3 . 2 12 . 5 2 5 - 3 4
O' D 25 . 19 0 3 3 . 6 3 1 . 1 1 1 . 9 2 4 21 2 5 - 3 4
P I L 34 . 04 0 1 6 . 2 14 .3 6 . 05 1 . 9 1 5 . 7 2 5 - 3 4
SHA 30 . 04 0 22 .4 2 0 . 1 9 . 05 1 . 9 5 9 . 74 2 5 - 3 4
SLO 29 . 76 0 24 .6 22 .7 n d 3 . 8 8 . 15 2 5 - 3 4
SPE 26 . 05 0 1 9 . 8 14 . 9 n d 4 . 16 8 . 7 2 5 - 3 4
SPR 34 . 72 0 18 .4 17 .2 5 . 2 5 1 . 1 14 . 5 2 5 - 3 4
VAN 3 4 . 7 9 0 22 . 8 2 0 . 1 6 . 69 nd nd 2 5 - 3 4

AND 35 . 79 na 2 9 . 6 28 .1 12 . 6 1 . 4 7 17 . 6 3 5 - 4 4
BLA 42 . 5 1 2 . 5 8 . 2 6 .51 nd nd nd 3 5 - 4 4
BLA 40 . 64 17 . 5 1 0 . 5 3 . 1 n d nd nd 3 5 - 4 4
BRA 44 . 78 0 33 .2 3 1 . 6 12 . 08 2 .63 6 . 84 3 5 - 4 4
BRE 37 . 82 0 10 . 8 8 . 9 6 3 . 91 5 .1 9 . 60 3 5 - 4 4
DER 37 . 7 1 1 . 5 17 . 2 12 . 0 6 .41 1.  15 13 . 0 3 5 - 4 4
FRA 43 . 69 3 .5 11 7 . 9 n d nd nd 3 5 - 4 4
HOW 37 . 14 5 17 15 5 . 7 8 2 . 7 1 1 . 8 3 5 - 4 4
ING 43 . 87 0 30 . 6 2 8 . 3 15 . 69 1.  8 8 . 3 3 3 5 - 4 4
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SUBJECT
Age
( y e a r s )

F l u s h e s  
p e r  d a y

P e a k
FAF

I n c r
FAF

A r e a
FAF

B a s a l
CAF VarCAF

Age
g r o u p

LEW 40 . 04 0 21 1 7 . 6 nd nd nd 3 5 - 4 4
LYA 43 . 83 2 .5 21 1 8 . 2 nd n d nd 3 5 - 4 4
MER 39 . 92 2 24 21 .  5 10 . 62 1 32 3 5 - 4 4
MOR 35 . 82 0 42 .4 4 0 . 9 1 1 . 3 6 3 . 1 15 .8 3 5 - 4 4
MOS 43 . 4 8 0 24 2 0 . 4 nd 4 . 6 5 1 1 . 8 3 5 - 4 4
MUS 3 6 . 7 1 6 3 8 . 4 3 6 . 3 1 2 . 6 1 5 . 5 6 . 5 4 3 5 - 4 4
NOR 44 . 4 4 0 1 2 . 5 7 . 04 4 . 5 1 1 . 8 1 1 . 1 3 5 - 4 4
NOR 3 8 . 6 6 0 30 . 6 2 8 . 2 10 .74 2 . 5 1 1 . 6 3 5 - 4 4
PLA 43 . 18 .2 24 .2 20 . 9 nd nd nd 3 5 - 4 4
PLE ' 42 . 13 3 n d n d nd 3 . 5 19 . 7 3 5 - 44
POU 3 9 . 7 1 20 1 8 . 6 1 5 . 0 nd. nd nd 3 5- 44
SAC 43 . 95 0 3 5 . 6 3 0 . 7 14 .25 nd nd 3 5 - 4 4
SPA 37 . 95 n a 17 . 8 16 .4 6 . 3 9 nd nd 3 5- 44
SPE 3 8 . 8 5 2 1 9 . 6 17 .7 n d 1 . 6 15 . 3 3 5 - 44

AIT 5 1 . 0 2 0 28 . 8 2 6 . 6 9 . 3 nd nd 4 5 - 5 4
AKH 5 3 . 9 2 8 10 . 6 4 . 3 5 nd nd nd 4 5 - 5 4
ATK 50 . 14 3 30 . 6 26 .1 10 .68 nd nd 4 5 - 5 4
BEN 50 . 64 7 1 6 . 2 12 . 9 n d nd nd 4 5 - 5 4
BOW 45 . 87 0 24 2 1 . 4 8 . 7 3 1 . 7 1 1 . 7 4 5 - 5 4
BRO 5 1 . 0 1 1 13 .8 7 . 4 8 nd nd nd 4 5 - 5 4
BRO 5 0 . 0 6 n a 3 3 . 6 3 2 . 0 9 . 0 1 n d nd 4 5 - 5 4
BUN 4 9 . 3 6 15 11 7 . 4 n d n d n d 4 5 - 5 4
BUS 5 0 . 3 8 3 3 8 . 4 3 2 . 1 2 1 . 5 7 2 . 47 12 . 9 4 5 - 5 4
COH 54 . 47 6 2 0 . 4 1 9 . 3 4 . 7 2 . 88 25 4 5 - 5 4
COO 5 3 . 1 2 5 13 .2 7 . 66 n d n d nd 4 5 - 5 4
COS 5 4 . 7 3 12 .5 18 13 .6 nd n d nd 4 5 - 5 4
CRA 5 0 . 6 0 0 52 45 .2 n d 2 2 1 . 5 4 5 - 5 4
CUM 4 7 . 5 9 4 n d n d nd 2 . 7 9 . 5 4 5 - 5 4
DEM 5 1 . 4 3 10 3 0 . 4 2 8 . 3 8 . 3 2 1 5 . 5 4 5 - 5 4
DeP 5 0 . 0 9 8 n d nd n d 3 . 9 1 0 . 7 4 5 - 5 4
DOU 46 . 47 0 34 3 1 . 1 1 1 . 4 3 n d n d 4 5 - 5 4
DOY 5 4 . 9 4 20 1 7 . 6 14 .4 n d 1 . 7 8 .23 4 5 - 5 4
EMM 4 5 . 1 3 5 2 0 . 8 17 . 8 7 .16 2 . 7 14 .0 4 5 - 5 4
FEA 54 . 84 0 3 1 . 6 29 .7 1 2 . 2 9 2 . 3 1 9 . 5 4 5 - 5 4
FEL 5 0 . 6 2 2 . 5 3 2 . 4 2 8 . 5 nd n d nd 4 5 - 5 4
FI T 4 7 . 7 8 10 13 .4 11 .  2 4 .44 1 . 9 1 4 . 2 4 5 - 5 4
FOW 5 0 . 3 8 4 38 3 6 . 5 7 . 9 3 2 . 9 17 .2 4 5 - 5 4
FRA 47 . 12 5 1 8 . 6 15 . 8 6 .43 nd n d 4 5 - 5 4
GEO 4 9 . 7 2 0 2 8 . 2 24 . 9 7 . 34 2 .7 7 . 40 4 5 - 5 4
GIL 47 . 62 . 3 3 1 . 2 27 . 6 10 .72 nd nd 4 5 - 5 4
GOR 52 . 06 0 16 . 7 14 .2 nd nd nd 4 5 - 5 4
GRA 52 .45 6 4 6 . 2 42 . 7 12 . 06 nd nd 4 5 - 5 4
GRE 46 . 95 6 26 22 . 9 6 . 9 5 . 9 27 .1 4 5 - 5 4
HAN 52 . 01 12 10 . 8 3 . 12 nd nd nd 4 5 - 5 4
HAR 50 . 60 20 2 9 . 2 2 6 . 6 nd nd nd 4 5 - 5 4
HAR 4 6 . 5 6 10 16 12 . 0 nd nd nd 4 5 - 5 4
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Age F l u s h e s  P e a k  I n c r  A r e a  B a s a l
SUBJECT ( y e a r s )  p e r  d a y  FAF FAF FAF CAF VarCAF

Age
g r o u p

HEA 50 . 88 2 . 5 n d nd n d 2 . 7 14 . 0 4 5 - 5 4
HEN 4 9 . 6 4 0 32 . 2 30 . 5 9 .17 1 . 3 3 9 .02 4 5 - 5 4
HEN 5 1 . 5 5 2 23 . 2 20 . 3 n d nd nd 4 5 - 5 4
HOW 4 8 . 3 1 10 3 5 . 6 3 4 . 3 1 1 .  3 1 . 2 2 0 . 8 4 5 - 5 4
HYA 5 4 . 6 9 4 2 7 .  6 22 .4 1 1 .  72 3 . 8 10 . 7 4 5 - 5 4
IMR 5 4 . 1 9 0 3 7 . 2 3 5 . 8 13 .26 1 16 4 5 - 5 4
JOH 45 . 1 2 0 1 1 . 4 10 . 1 4 . 32 1 23 4 5 - 5 4
JON 49 . 3 9 2 2 8 . 2 2 5 . 6 1 1 . 0 8 2 . 6 1 6 . 9 4 5 - 5 4
KEN 4 8 . 9 1 2 . 5 12 .4 9 . 9 nd nd n d 4 5 - 5 4
L-C 4 8 . 7 3 6 42 .4 3 6 . 8 1 9 . 3 3 1.  5 14 4 5 - 5 4
LAT 4 6 . 7 6 5 3 6 . 4 32 . 9 n d nd n d 4 5 - 5 4
LAY 4 8 , 3 9 5 14 . 4 12 .1 6 , 04 2 . 7 15 . 5 4 5 - 5 4
LeC 4 8 . 8 2 0 n d nd n d 2 . 3 15 . 2 4 5 - 5 4
LER 5 1 . 4 1 0 14 10 . 9 n d nd nd 4 5 - 5 4
MAN 52 . 92 2 29 27 . 0 8 . 89 1.  22 14 .7 4 5 - 5 4
MAS 5 0 . 7 3 4 31 27 . 7 11 .  9 nd nd 4 5 - 5 4
MEA 53 . 97 8 20 . 6 16 n d nd nd 4 5 - 5 4
MER 5 1 .  15 5 17 .4 15 . 9 nd 1.  5 1 1 . 7 4 5 - 5 4
MON 5 1 .  07 10 n d nd n d 2 .1 12 . 8 4 5 - 5 4
MUR 5 3 . 6 2 0 4 9 . 2 44 .1 2 0 . 4 2 1 . 8 18 . 8 4 5 - 5 4
O' B 49 . 18 20 12 . 6 8 .49 n d nd nd 4 5 - 5 4
OSB 5 3 . 8 3 3 3 1 . 6 29 . 9 8 . 69 nd n d 4 5 - 5 4
PAR 4 9 . 4 2 10 4 6 . 8 45 .0 13 . 72 . 62 16 .1 4 5 - 5 4
PAV 45 . 86 0 4 1 .  2 3 9 . 4 8 . 6 2 . 7 12 . 5 4 5 - 5 4
PEA 53 . 3 1 8 2 1 .  6 1 6 . 8 13 .55 3 . 3 13 . 3 4 5 - 5 4
RAB 53 . 4 9 1 2 6 . 8 23 .1 9 . 3 1 10 4 5 - 5 4
RAM 48 . 4 8 0 3 4 . 4 30 .4 12 . 04 nd n d 4 5 - 5 4
RIC 4 9 . 7 6 .2 1 9 . 8 1 8 . 7 6 . 22 1 . 5 1 2 . 6 4 5 - 5 4
SAN 4 9 . 2 4 10 1 4 . 5 1 0 . 7 n d nd n d 4 5 - 5 4
SEG 4 7 . 7 2 0 4 9 . 2 4 6 . 6 1 5 . 0 7 2 . 2 2 1 . 3 4 5 - 5 4
SIM 5 0 . 6 0 0 2 1 . 6 1 8 . 5 10 .19 . 78 1 2 . 6 4 5 - 5 4
SOU 5 1 . 5 9 0 1 8 . 2 1 4 . 9 n d nd n d 4 5 - 5 4
STE 4 7 . 0 5 n a 3 6 . 6 34 .5 n d .63 15 . 8 4 5 - 5 4
SWA 4 8 . 0 6 n a 32 .6 2 9 . 9 9 . 2 2 .75 8 4 5 - 5 4
TAR 4 8 . 7 2 10 42 39 .1 15 .06 3 . 1 1 5 . 1 4 5 - 5 4
TEU 4 8 . 3 8 0 8 . 4 5 . 6 6 n d nd n d 4 5 - 5 4
THO 45 . 4 5 5 4 1 . 6 39 .5 14 .39 2 .1 13 .3 4 5 - 5 4
WAI 4 8 . 9 5 4 12 .4 3 .74 n d nd n d 4 5 - 5 4
WAR 5 4 . 1 7 2 33 2 6 . 3 n d nd n d 4 5 - 5 4
WEB 5 1 . 3 4 5 2 0 . 1 1 8 . 6 5 . 54 2 . 2 7 . 7 4 5 - 5 4
WIT 48 . 33 17 . 5 25 1 8 . 5 n d nd nd 4 5 - 5 4

BAR 60 . 66 0 18 13 .9 n d nd nd 5 5 - 6 4
BAR 6 0 . 6 6 5 17 . 2 15 .4 4 .76 2 . 2 15 5 5 - 6 4
BRE 5 5 . 3 4 6 n d nd nd 1.  9 1 4 . 7 5 5 - 6 4
BRO 60 . 63 10 13 .1 7 . 71 nd nd nd 5 5 - 6 4
CAU 61 . 2 5 2 36 3 3 . 8 10 .33 4 6 . 5 5 5 - 6 4
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SUBJECT
Age
( y e a r s )

F l u s h e s  
p e r  d a y

P e a k
FAF

I n c r
FAF

A r e a
FAF

B a s a l
CAF VarCAF

Age
g r o u p

CHA 60 .42 7 .5 10 .8 8 . 2 4 n d nd nd 5 5 - 6 4
CHA 55 . 52 6 29 . 6 2 7 . 5 nd 1.  2 5 . 8 5 5 - 6 4
CLA 56 . 9 1 0 8 . 2 5 . 6 9 nd nd nd 5 5 - 6 4
CL I 62 . 98 0 40 38 .1 nd 3 . 7 3 . 78 5 5 - 6 4
COH 55 . 54 2 nd nd n d 1 . 8 8 25 5 5 - 6 4
DAV 60 . 34 n a 28 2 4 . 9 7 . 46 1 12 5 5 - 6 4
DEE 60 . 90 2 1 6 . 3 1 2 . 1 9 . 9 2 .48 10 . 8 5 5 - 6 4
DUT 63 . 25 0 44 . 4 4 0 . 8 2 0 . 3 5 nd nd 5 5 - 6 4
ELD 5 9 . 4 6 n a 2 9 . 3 2 7 .  8 nd 2 12 . 8 5 5 - 6 4
FOX 55 .46 .5 3 7 . 2 3 5 . 2 1 0 . 5 6 nd n d 5 5 - 6 4
FRI 64 . 06 3 2 0 . 2 1 7 . 9 8 . 9 5 1.  8 8 . 88 5 5 - 6 4
GEO 5 6 . 8 9 0 4 1 . 2 3 4 . 9 nd nd nd 5 5 - 6 4
GRE 5 1 . 7 7 2 44 3 7 . 4 13 . 43 . 94 13 . 8 5 5 - 6 4
HAL 64 . 52 0 59 . 1 5 7 . 3 8 . 25 1.  82 18 . 6 5 5 - 6 4
JAR 62 . 34 0 3 2 . 4 3 1 . 3 1 1 . 5 7 2 . 2 38 . 3 5 5 - 6 4
JON 56 . 81 0 ' 3 1 . 2 29 . 1 nd 1 . 9 5 8 . 2 0 5 5 - 6 4
KHA 59 . 47 n a 13 . 4 9 nd 2 . 5 7 . 5 5 5 - 6 4
LEC 55 . 49 12 3 7 . 4 32 . 2 1 0 . 6 1 nd nd 5 5 - 6 4
LER 61 . 93 0 2 2 . 8 18 . 5 1 1 . 4 3 nd nd 5 5 - 6 4
LEV 55 . 61 0 6 6 . 8 6 2 . 9 17 . 2 1 2 .46 24 . 3 5 5 - 6 4
MAR 64 . 01 n a 3 9 . 9 3 8 . 2 10 . 1 1 . 0 1 9 . 80 5 5 - 6 4
MIL 56 . 30 1 3 1 . 8 3 0 . 8 7 . 8 8 1 . 5 3 16 . 3 5 5 - 6 4
MOS 57 . 00 3 32 .2 28 .1 12 . 47 2 . 4 7 8 . 0 9 5 5 - 6 4
MOY 5 5 . 3 9 4 1 1 . 5 9 . 4 2 . 24 4 . 9 25 .1 5 5 - 6 4
PAL 55 . 30 8 33 2 9 . 7 n d nd nd 5 5 - 6 4
PEL 5 9 . 3 8 n a 3 0 . 8 2 6 . 5 1 1 . 4 9 1 . 4 1 2 1 . 9 5 5 - 6 4
RAT 55 .48 0 2 0 . 4 1 8 . 5 n d n d nd 5 5 - 6 4
RIC 59 .48 0 1 6 . 6 1 3 . 2 n d .79 22 .7 5 5 - 6 4
SCH 59 . 64 0 12 .8 9 n d 3 .46 7 . 81 5 5 - 6 4
STE 5 7 . 4 8 10 3 5 . 4 3 4 . 2 9 . 8 nd nd 5 5 - 6 4
SWA 6 2 . 6 3 3 28 .8 2 5 . 7 n d nd nd 5 5 - 6 4
TAL 5 6 . 8 3 0 2 7 . 6 2 4 . 9 1 1 . 1 7 nd n d 5 5 - 6 4
TAY 6 0 . 2 9 0 4 6 . 2 43 .4 1 3 . 5 4 n d n d 5 5 - 6 4
WAL 59 .05 0 38 3 3 . 2 1 0 . 0 6 2 . 7 2 2 . 2 5 5 - 6 4
WIE 6 0 . 9 2 0 64 5 9 . 6 1 5 . 9 4 nd nd 5 5 - 6 4
WRI 5 7 . 2 7 0 4 7 . 2 4 5 . 1 1 2 . 7 6 nd n d 5 5 - 6 4
ZME 5 5 . 5 6 0 2 0 . 1 1 8 . 6 5 . 8 2 .84 1 4 . 2 5 5 - 6 4

DES 67 . 34 1 . 5 19 1 1 . 3 n d n d nd 6 5 - 7 6
GOV 68 . 98 0 2 2 . 6 20 . 9 8 . 14 . 79 8 . 86 6 5 - 7 6
HER 65 . 31 n a 14 . 6 11 .  2 nd 4 11 .  7 6 5 - 7 6
KIS 76 . 26 0 2 8 . 3 26 . 9 8 . 6 8 nd nd 6 5 - 7 6
MEH 6 8 . 5 9 0 13 . 6 9 . 1 3 nd nd nd 6 5 - 7 6
PIN 69 .87 0 14 . 2 8 .78 nd nd nd 6 5 - 7 6
SI L 68 . 54 1 3 3 . 2 30 . 6 16 . 88 nd nd 6 5 - 7 6
SWI 65 . 65 0 14 . 8 9 . 57 nd nd nd 6 5 - 7 6
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Table A6

Cycle Systolic Diastolic Heart Basal VarFAF Peak Incr Basa 1 VarHAF
SUBJECT phase pressure pressure rate FAF (X) PVR FAF FAF HAF (X)

AG 1 112 81 70 1.500 15.3 60.9 31.0 29.5
AG 2 119 78 70 2.100 23.3 43.7 37.6 35.5

Ai 1 106 65 68 2.330 17.0 33.8 27.6 25.3 9.640 24.2
AJ 2 91 58 66 1.790 17.0 38.5 22.0 20.2 11.400 8.8
AJ 3 116 59 58 .910 16.0 85.7 23.0 22.1 5.880 44.8

BE 1 110 72 64 1.980 8.3 42.8 10.8 8.8
BE 2 108 72 63 4.560 7.5 18.4 30.4 25.8

BJ 1 100 69 79 2.800 9.6 28.3 35.0 32.2
BJ 2 118 71 70 4. 120 16.2 21.0 38.4 34.3
BJ 3 124 75 84 1 .660 19.0 55.0 24.2 22.5

BS 1 118 72 65 2.370 14.7 36.8 27.2 24.8
BS 2 123 84 75 2.750 6.9 35.3 24.0 21.3

CF 1 114 72 79 3.470 9.7 24.8 14.0 10.5 8.000 41.0
CF 2 113 73 80 4.170 20.9 20.7 20.8 16.6 3.300 30.1
CF 3 114 73 82 2.050 13.6 42.3 12.9 10.9 2.050 55.3

CS 1 148 84 94 4.100 16.8 25.7 36.4 32.3
CS 2 130 82 87 3.200 16.0 30.6 24.4 21.2

DA 1 118 78 67 1.000 16.3 91.3 17.6 16.6
DA 2 99 65 52 1.030 17.3 74.1 16.4 15.4
DA 3 108 69 64 1.200 10.1 68.3 27.4 26.2

DL 1 104 65 59 1.040 18.3 75.0 6.300 37.0
DL 2 116 75 58 1.150 18.6 77.1 13.3 12.3 1.600 41.8
DL 3 103 64 56 1.000 22.5 77.0 19.1 18.1 5.150 37.9

DM 1 163 103 94 5.120 13.3 24.0 17.2 12.1
DM 2 103 68 78 1.940 16.0 41.1 19.5 17.6
DM 3 119 78 74 1.700 16.0 53.9 20.0 18.3

KEY: Basal FAF Basal Forearm Blood Flow Basal HAF = Basal Hand Blood Flow
----- VarFAF = Variability of Forearm Blood Flow VarHAF Variability of Hand Flow

PVR = Peripheral Vascular Resistance Cycle phase 1 = Menstrual Phase
Peak FAF = Peak Forearm Blood Flow Cycle phase 2 = Ovulatory Phase
Incr FAF = Incremental Forearm Blood Flow Cycle phase 3 = Mid-Luteal Phase
UNITS: Blood pressure = mmH&; Heart rate = 1beats/min; Blood flow :: ml/lOOml t issue/min
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Cyc le Systolic Diastolic Heart Basal VarFAF Peak Incr Basal VarHAF
SUBJECT phase pressure pressure rate FAF (X) PVR FAF FAF HAF (X)

HC 1 119 70 81 1.770 18.5 48.8 23.8 22.0
HC 2 120 69 82 2.300 11.8 37.4 20.8 18.5
HC 3 113 72 75 1.820 14.0 47.1 27.6 25.8

KI 1 117 66 58 2.670 10.8 31.1 35.6 32.9
KI 2 107 69 53 2.500 10.6 32.7 39.6 37.1

KS 1 105 85 68 1.900 4.7 48.2 19.4 17.5
KS 2 110 65 58 1.740 13.2 46.0 30.2 28.5
KS 3 107 66 79 1.320 14.7 60.4 17.0 14.7

MF 1 94 66 76 3.600 12.5 20.9 24.0 20.4
MF 2 87 62 71 2.500 14.5 28.1 18.4 15.9

MJ 1 109 78 81 1.680 12.4 52.6 21.8 20.1
MJ 2 119 83 72 1.270 15.0 74.8 22.1 20.8
MJ 3 116 77 90 1.996 14.8 45.1 22.5 20.5

ML 1 107 77 68 1.760 19.9 49.4 37.2 35.4 1.580 30.4
ML 2 115 73 64 1.660 22.6 52.4 38.2 36.5 2.850 36.3
ML 3 120 76 65 1.100 12.1 82.4 27.4 26.3 1.300 49.8

PA 1 126 68 78 2.100 8.6 41.6 30.0 27.9
PA 2 109 73 85 1.270 13.0 66.9 30.6 29.3
PA 3 111 71 65 1.630 7.3 51.7 27.6 26.0

RH 1 104 80 78 1.680 14.4 52.4 26.5 24.8
RH 2 114 73 86 3.180 22.9 27.3 27.6 24.4
RH 3 105 59 86 2.180 18.8 34.1 25.1 22.9

SM 1 114 75 70 1.980 13.2 44.4 22.6 20.6
SM 2 114 69 54 1.900 6.4 44.2 34.8 32.9

VO 1 125 76 84 2.890 25.6 31.9 22.8 19.8
VO 2 121 81 75 4.200 21.2 22.5 23.2 19.0
VO 3 122 76 90 1.780 12.8 51.3 36.8 35.0

KEY: Basal FAF = Basal Forearm Blood Flow Basal HAF = Basal Hand Blood Flow
----- VarFAF = Variability of Forearm Blood Flow VarHAF = Variability of Hand Flow

PVR = Peripheral Vascular Resistance Cycle phase 1 = Menstrual Phase
Peak FAF = Peak Forearm Blood Flow Cycle phase 2 = Ovulatory Phase
Incr FAF = Incremental Forearm Blood Flow Cycle phase 3 = Mid-Luteal Phase
UNITS: Blood pressure = mmH&; Heart rate = beats/min; Blood flow := ml/100ml tissue/min
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Table A7 
HAEMODYNAMIC INDICES DURING POSTMENOPAUSAL 

TREATMENT WITH ORAL MICRONIZED PROGESTERONE

SUBJECT Test
Systolic Diastolic Heart Basal
pressure pressure rate FAF

VarFAF
(X) PVR

Peak
FAF

Incr
FAF

AB
AB

121
118

80
75

87
74

1.930 13.8
1.420 4.9

48.5
62.9

33.6
22.7

31.7
21.3

BL
BL

115
116

71
79

79
77

5.150 18.6
2.670 15.4

16.6
34.2

37.4
34.4

32.3
31.7

ED
ED

129
139

82
95

85
80

3.020 10.9
2.030 15.3

32.3
54.0

28.0 25.0
28.0 26.0

JN
JN

121
129

77
85

57
57

2.500 13.0
1.470 23.0

36.7
67.8

30.6 28.1

JS
JS

120
122

73
75

71
68

1.540 5.4
1.270 15.0

57.6
71.4

17.8
18.8

16.3
17.5

KEY: Basal FAF = Basal Forearm Blood Flow 
VarFAF = Variability of Forearm Blood Flow 
PVR = Peripheral Vascular Resistance
Peak FAF = Peak Forearm B lo o d Flow 
Incr FAF = Incremental Forearm Blood Flow 
UNITS:

Test 1 = Before progesterone
Test 2 = After progesterone
blank = not done

Blood pressure = Heort r.te = be.ts/.i„; Blood flow = .1/100.1 tissue/.in
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Table A8.i 
PERIPHERAL BLOOD FLOW  D UR IN G  POSTMENOPAUSAL

Systolic Diastolic Heart Basal VarFAF Peak Incr Basal VarCAF
SUBJECT Test pressure pressure rate FAF (%) PVR FAF FAF CAF (X)

AG 1 105 77 75 3.480 16.1 24.8 46.2 42.7
AG 2 99 72 67 1.750 18.9 46.3 40.4 38.7 .480 16.7
AG 3 105 69 67 1.800 8.3 45.0 40.0 38.2 .040 75.0

BR 1 138 87 75 3.340 13.8 31.1 16.6 13.3 .790 22.8
BR 2 147 91 81 9.770 15.3 11.2 39.4 29.6
BR 3 144 86 80 5.040 6.9 20.9 31.6 26.6 1.060 18.9

CB 1 137 86 89 4.610 13.2 22.3 1.900 14.7
CB 2 120 90 89 7.400 14.7 13.5 29.6 22.2 2.480 16.5
CB 3 124 77 72 2.070 13.5 44.8 31.0 28.9 ‘ 1.000 16.0

DS 1 142 91 73 1.180 12.7 91.5 35.4 34.2 .570 12.3
DS 2 139 92 84 2.560 18.0 42.1 42.4 39.8 1.100 20.0
DS 3 142 99 81 1.670 9.0 67.9 35.6 33.9 1.390 8.6

EB 1 104 71 90 6.290 19.1 13.0 38.4 32.1 2.470 13.0
EB 2 99 66 74 1.450 22.1 53.1 20.8 19.4 1.820 18.7
EB 3 100 65 84 1.400 27.9 54.8 48.0 46.6 2.980 10.4

FC 1 104 75 70 2.670 34.1 31.7 1.880 25.0
FC 2 116 83 79 2.440 14.8 38.5 51.6 49.2 2.060 14.6
FC 3 114 84 79 1.790 25.1 52.5 19.2 17.4 1.280 14.8

GO 1 106 74 84 1.860 18.3 45.5 25.6 23.7 2.120 9.4
GO 2 110 79 80 1.900 12.1 47.0 24.0 22.1 1.550 14.2
GO 3 112 82 78 1.300 15.4 70.8 22.4 21.1 1.770 6.2

IN 1 137 88 87 4.100 12.2 25.4 32.2 28.1 2.470 8.1
IN 2 127 84 84 1.500 13.3 65.6 34.8 33.3 1.770 11.9
IN 3 130 94 84 5.600 17.9 18.9 48.4 42.8 1.870 13.9

JE 1 131 92 90 1.490 12.4 70.5 29.3 27.8 2.000 12.8
JE 2 126 91 97 4.690 8.5 21.9 35.4 30.7 2.380 8.0
JE 3 111 77 77 4.720 9.3 18.7 22.0 17.3 1.300 13.1

KEY: Basal FAF - Basal Forearm Blood Flow
  VarFAF = Variability of Forearm Blood Flow

PVR = Peripheral Vascular Resistance
Peak FAF = Peak Forearm Blood Flow 
Incr FAF = Incremental Forearm Blood Flow

Basal CAF = Basal Calf Blood Flow
VarCAF = Variability of Calf Flow
Test 1 = Before oestradiol therapy
Test 2 = After 6 weeks' oestradiol
Test 3 = After 12 weeks' oestradiol

UNITS: Blood pressure = mmHs; Heart rate = beats/min; Blood flow = ml/100ml tissue/min
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Systolic Diastolic Heart Basal VarFAF Peak Incr Basal VarC
SUBJECT Test pressure pressure rate FAF (%) PVR FAF FAF CAF (X)

JI 1 119 93 85 1.310 18.1 77.6 37.2 35.9 1.000 16.0
JI 2 125 93 94 1.130 12.4 91.7 34.3 33.2 1.080 11.1
JI 3 120 83 78 2.110 13.7 45.2 23.9 21.8 2.580 10.5

NH 1 119 84 60 2.300 17.4 41.6 2.700 14.1
NH 2 122 82 64 1.300 29.2 73.3 .900 22.2

MJ 1 143 98 89 2.050 15.6 55.1 31.2 29.2 1.950 8.2
MJ 2 138 91 97 2.150 15.3 49.6 34.8 32.7 .410 12.2
MJ 3 133 88 103 5.180 21.4 19.9 29.2 24.0 2.210 10.4

MZ 1 129 76 75 1.410 15.6 66.4 20.1 18.7 .840 14.3
MZ 2 117 83 82 2.370 15.2 39.8 37.2 34.8 1.320 9.1
MZ 3 116 72 80 2.410 23.2 36.0 21.0 18.6 .490 26.5

PD 1 99 60 65 3.200 16.3 22.8 17.6 14.4 1.700 8.2
PD 2 95 62 63 1.900 10.5 38.4 25.2 23.3 2.000 18.0

RG 1 106 82 90 3.580 12.3 25.1 31.2 27.6 .210 9.5
RG 2 95 75 86 2.110 10.7 38.7 13.5 11.4 1.170 11.1

SB 1 101 70 66 1.550 21.3 51.8 33.2 31.7 2.630 6.8
SB 2 96 72 67 2.350 20.0 34.0 40.8 38.5 2.500 10.4
SB 3 105 74 61 2.180 18.3 38.7 42.4 40.2 1.570 10.8

SdP 1 108 68 56 1.362 16.3 59.7 3.900 10.8
SdP 2 106 67 57 1.140 23.7 70.2 21.9 20.8
SdP 3 106 74 55 1.360 16.2 62.3 37.0 35.6 2.900 7.9

SE 1 114 67 66 3.000 15.0 27.6 20.8 17.8 2.700 14.1
SE 2 124 57 43 3.800 19.5 20.9 18.0 14.2 3.200 11.9

SG 1 121 84 75 6.570 5.2 14.7 44.0 37.4 .940 13.8
SG 2 119 77 63 3.570 10.1 25.5 39.8 36.2 1.080 17.6

KEY: Basal FAF = Basal Forearm Blood Flow
  VarFAF = Variability of Forearm Blood Flow

PVR = Peripheral Vascular Resistance
Peak FAF = Peak Forearm Blood Flow 
Incr FAF = Incremental Forearm Blood Flow

Basal CAF = Basal Calf Blood Flow
VarCAF = Variability of Calf Flow
Test 1 = Before oestradiol therapy
Test 2 = After 6 weeks' oestradiol
Test 3 = After 12 weeks' oestradiol

UNITS: Blood pressure = mmHg; Heart rate = beats/min; Blood flow = ml/100ml tissue/min
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Systolic Diastolic Heart Basal VarFAF Peak Incr Basal VarCAF
SUBJECT Test pressure pressure rate FAF (X) PVR FAF FAF CAF (%)

SW 1 131 85 67 2.030 19.7 49.4 47.2 45.2 .480 12.5
SW 2 125 77 52 2.240 13.4 41.5 41.8 39.6 .640 14.4
SW 3 112 73 64 1.740 8.6 49.4 28.2 26.5 .590 8.5

VM-1 1 132 96 101 1.930 20.7 56.0 29.0 27.1 1.220 14.8
VM-1 2 110 86 74 1.500 62.7 58.4 56.9 1.240 12.9
VM-1 3 112 78 78 1.940 9.3 46.0 26.0 24.1 2.000 8.5

VM-2 1 152 90 83 3.300 32.7 33.5 31.0 27.7
VM-2 2 168 113 89 2.780 25.1 47.2 51.6 48.8 3.480 7.5
VM-2 3 122 79 66 1.550 14.8 60.2 22.0 20.5 1.500 8.0

KEY: Basal FAF = Basal Forearm Blood Flow
  VarFAF = Variability of Forearm Blood Flow

PVR = Peripheral Vascular Resistance
Peak FAF = Peak Forearm Blood Flow 
Incr FAF = Incremental Forearm Blood Flow

Basal CAF = Basal Calf Blood Flow
VarCAF = Variability of Calf Flow
Test 1 -  Before oestradiol therapy
Test 2 = After 6 weeks' oestradiol
Test 3 = After 12 weeks' oestradiol

UNITS: Blood pressure = mmHe; Heart rate = beats/min; Blood flow = ml/100ml tissue/min
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T ab le  A 8 .ii

Heart LVED LVES IVS PW FS LVOT-A LVO SD SV CO Mean
SUBJECT TEST Rate (mm) (mm) (mm) (mm) (t) (mm2) (cm/s) (cm) (ml) (1/min) Cl Accn

AG 1 70 41.0 22.0 6.0 9.0 46.0 35.0 80.0 17.0 60.0 4.2 2.9 10.2
AG 2 63 41.0 22.0 6.0 8.0 46.0 35.0 90.0 19.0 67.0 4.2 2.9 12.3
AG 3 63 41.0 22.0 7.0 8.0 46.0 35.0 90.0 17.0 60.0 3.8 2.6 12.5

BR 1 73 44.0 20.0 7.0 8.0 55.0 38.0 93.0 19,0 72.0 5.3 3.1 12.0
BR 2 73 44.0 19.0 7.0 8.0 57.0 38.0 90.0 20.0 76.0 5.6 3.2 12.9
BR 3 68 46.0 21.0 7.0 9.0 54.0 38.0 87.0 19.0 72.0 4.5 2.6 10.4

CB 1 80 40.0 28.0 8.0 8.0 30.0 45.0 80.0 15.0 68.0 5.4 3.0 10.2
CB 2 76 42.0 29.0 8.0 8.0 31.0 45.0 74.0 15.0 68.0 5.2 2.8 12:5
CB 3 67 42.0 28.0 . 9.0 9.0 33.0 45.0 80.0 16-0 72.0 4.8 2.7 10.6

DS 1 73 44.0 31.0 10.0 10.0 30.0 42.0 80.0 15.0 63.0 4.6 2.7 11.8
DS 2 62 42.0 28.0 11.0 10.0 33.0 42.0 78.0 16.0 67.0 4.2 2.5 10.9
DS 3 65 43.0 29.0 10.0 10.0 33.0 42.0 79.0 15.0 63.0 4.1 2.4 11.0

EB 1 65 42.0 23.0 8.0 7.0 45.0 38.0 82.0 16.0 61.0 4.0 2.4 9-0
EB 2 67 40.0 21.0 9.0 9-0 48.0 38.0 84.0 18.0 68.0 4.6 2.8 11.7
EB 3 72 42.0 23.0 8.0 8.0 45.0 38.0 81.0 18.0 68.0 4.9 3.0 11.9

FC 2 65 40.0 28.0 7.0 8-0 30.0 35.0 77.0 16.0 56.0 3-6 2.3 14-8
FC 3 58 39.0 24.0 8.0 8.0 38.0 35.0 82.0 18.0 63.0 3.7 2.3 15-2

GO 1 65 41.0 21.0 9-0 8.0 49.0 35.0 73.0 16.0 56.0 3-6 2.0 9-5
GO 2 62 40.0 23.0 9.0 10.0 43.0 35.0 80.0 18.0 63.0 3-9 2.2 9-9
GO 3 63 41.0 22.0 9.0 9.0 46.0 35.0 78.0 15.0 53.0 3-3 1.9 9-1

IM 1 83 43.0 27.0 10.0 9.0 37.0 38.0 76.0 16.0 61.0 5.1 3.1 9.9
IM 2 80 42.0 25.0 10-0 9.0 40.0 38.0 86.0 18.0 68.0 5.5 3.3 12-2
IM 3 78 41.0 26.0 9.0 9.0 37.0 38.0 71.0 16.0 61.0 4.8 2.9 10.7

JE 1 70 39.0 26.0 8.0 8.0 33.0 45.0 80.0 15.0 68.0 4.8 2.8 1-0
JE 2 77 39.0 25.0 9-0 9.0 36.0 45.0 85.0 17.0 77.0 5.9 3.5 12.4
JE 3 76 40.0 24.0 10.0 9.0 40.0 45.0 88.0 17.0 77.0 5.9 3.4 12-0

KEY: Testi = DeFore Oestradiol ; Test2 = After 6 weeks' Oestradiol; Test3 = After 12 weeks' Oestradiol

LVED » Left Ventricular End Diastole Diameter
LVES = Left Ventricular End Systole Diameter
I VS = Inter-Ventricular Septum Thickness
PW = Posterior Wall
FS « Fractional Shortening
LVOT-A = Left Ventricular Outflow Tract Area

LVO = Left Ventricular Outflow Velocity 
SD = Stroke Distance
SV * Stroke Volume
CO « Cardiac Output
Cl = Cardiac Index

Mean Accn * Mean Acceleration (cm/sec2)
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Heart LVED LÆS IVS PW FS LVOT-A LVO SD SV CO Mean
SUBJECT TEST Rate (mm) (mm) (mm) (mm) (t) (mm2) (cm/s) (cm) (ml) (1/min) Cl Accn

JI 1 69 41.0 28.0 8.0 8.0 32.0 49.0 82.0 18.0 88.0 6.1 2.8 9.2
JI 2 63 42.0 26.0 8.0 8.0 38.0 49.0 90.0 19.0 93.0 5.9 2.7 10.1
JI 3 56 44.0 29.0 8.0 7.0 34.0 49.0 85.0 17.0 83.0 4.7 2.2 9.7

MJ 1 79 34.0 21.0 8.0 8.0 38.0 45.0 67.0 13.0 59.0 4.7 2.6 7.6
MJ 2 72 37.0 23.0 9.0 9.0 38.0 45.0 74.0 16.0 72.0 5.2 2.9 8.3
MJ 3 80 37.0 22.0 9.0 9.0 41.0 45.0 67.0 14.0 63.0 5.0 2.8 8.0

MZ 1 78 40.0 25.0 8.0 8.0 38.0 45.0 86.0 17.0 77.0 6.0 3.6 10.5
MZ 2 72 40.0 24.0 9.0 8.0 40.0 45.0 82.0 18.0 81.0 5.8 3.5 10.2
MZ 3 79 41.0 25.0 7.0 8.0 39.0 45.0 91.0 18.0 81.0 6.4 3.8 11.4

SB 1 72 46.0 30.0 8.0 9.0 35.0 38.0 110.0 25.0 95.0 6.8 4.2 15.0
SB 2 76 , 45.0 27.0 8.0 9.0 40.0 38.0 123.0 26.0 99.0 7.5 4.6 15.9
SB 3 70 44.0 25.0 7.0 8.0 43.0 38.0 115.0 24.0 91.0 6.4 3.9 13.6

ScP 1 60 44.0 30.0 7.0 9.0 32.0 38.0 80.0 16.5 62.7 3.8 2.6 10.1
ScP 2 50 44.0 28.0 8.0 8.0 36.0 38.0 80.0 17.0 64.6 3.2 2.2 9.5
ScP 3 54 45.0 29.0 9.0 9.0 36.0 38.0 78.0 17.0 64.6 3.5 2.4 9.4

SG 1 63 40.0 22.0 8.0 8.0 45.0 42.0 85.0 19.0 80.0 5.0 3.0 10.2
SG 2 65 41.0 22.0 8.0 9.0 46.0 42.0 88.0 20.0 84.0 5.5 3.2 11.3

SW 1 60 45.0 27.0 7.0 8.0 40.0 35.0 78.0 16.0 56.0 3.4 2.1 10.4
SW 2 56 45.0 26.0 7.0 8.0 42.0 35.0 80.0 18.0 63.0 3.5 2.2 10.8
SW 3 56 44.0 28.0 7.0 8.0 36.0 35.0 76.0 17.0 60.0 3.4 2.1 10.7

VM-1 1 79 36.0 22.0 8.0 8.0 39.0 38.0 93.0 20.0 76.0 6.0 3.7 10.1
W-1 2 61 38.0 23.0 8.0 7.0 39.0 38.0 94.0 22.0 84.0 5.1 3.1 12.8
VH-1 3 71 38.0 22.0 8.0 8.0 42.0 38.0 97.0 22.0 84.0 6.0 3.6 11.5

VM-2 1 66 45.0 22.0 7.0 8.0 51.0 32.0 76.0 16.0 51.0 3.4 2.1 11.2
VM-2 2 70 44.0 23.0 9.0 10.0 48.0 32.0 84.0 17.0 54.0 3.8 2.4 7.6
VM-2 3 70 43.0 25.0 8.0 8.0 42.0 32.0 85.0 18.0 58.0 4.1 2.6 9.9

KEY: Testi = Before Oestradiol; Test2 = After 6 weeks' Oestradiol; Test3 = After 12 weeks' Oestradiol

LVED = Left Ventricular End Diastole Diameter
LVES = Left Ventricular End Systole Diameter
IVS = Inter— Ventricular Septum Thickness 
PW = Posterior Wall
FS = Fractional Shortening
LVOT-A = Left Ventricular Outflow Tract Area

LVO = Left Ventricular Outflow Velocity 
SD = Stroke Distance
SV = Stroke Volume
CO = Cardiac Output
01 = Cardiac Index

Mean Accn * Mean Acceleration (cm/sec2)
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Table AS.iii
EFFECT OF TRANSDERMAL 17P-OESTRADIOL ON CEREBRAL BLOOD FLOW

SUBJECT TEST
Cerebral 
Blood Flow

End Tidal 
P002 (nnnHg)

Respiratory
Rate

AG
AG
AG

74.0
52.0
46.0

38.1
43.5
40.8

16
18
14

BR
BR
BR

50.0
54.0
43.0

38.1
40.8
40.8

CB
CB
CB

52.0
38.0
46.0

46.2
40.8
38.1

15
15
16

DS
DS
DS

58.0
42.0
62.0

40.8
40.8 
38.1

10
8
7

EB
EB
EB

41.0
37.0
48.0

38.1 
39.4
38.1

16
15
13

FC
FC
FC

62.0
88.0
70.0

40.8
38.1
43.5

14
8
9

GO
GO
GO

75.0
30.0
46.0

38.1
38.1
38.1

22
14
14

IM
IM
IM

39.0
44.0
49.0

38.1
38.1
38.1

16
14
15

JE
JE
JE

47.0
55.0
48.0

38.1
38.1 
40.8

14
14
14

KEY: Test 1 = Before Oestradiol Treatment
  Test 2 = After 6 weeks' Oestradiol

Test 3 = After 12 weeks' Oestradiol 
UNITS - Cerebral flow = ml/lOOg brain tissue/min 

Respiratory rate = inspirâtions/min
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Cerebral End Tidal Respiratory 
SUBJECT TEST Blood Flow P002 (mmHg) Rate

JI 1 58.0 38.1 12
JI 2 52.0 40.8 12
JI 3 60.0 40.8 12

MJ 1 66.0 40.8 12
MJ 2 47.0 40.8 12
MJ 3 51.0 40.8 16

MZ 1 79.0 40.8 17
MZ 2 69.0 40.8 16
MZ 3 48.0 40.8 9

SB 1 49.0 40.8 9
SB 2 . 43.0 46.2 9
SB 3 56.0 43.5 9

SdP 1 43.0 52.1 19
SdP 2 46.0 38.6 22
SdP 3 46.0 40.8 22

SG 1 68.0 38.1 17
SG 2 53.0 38.1 12

SW 1 51.0 46.2 12
SW 2 47.0 38.1 12
SW 3 38.0 40.8 12

VM-1 1 58.0 40.8 11
VM-1 2 41.0 38.1 17
VM-1 3 44.0 40.8 15

VM-2 1 74.0 35.8 6
VM-2 2 60.0 38.2 6
VM-2 3 46.0 43.5 5

KEY: Test 1 = Before Oestradiol Treatment
  Test 2 = After 6 weeks' Oestradiol

Test 3 = After 12 weeks' Oestradiol 
UNITS - Cerebral flow = ml/lOOg brain tissue/min 

Respiratory rate = inspirâtions/min
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Table A9
HAEMODYNAMIC INDICES AND SERUM OESTRADIOL DURING 

POSTMENOPAUSAL TREATMENT WITH 17B-OESTRADIOL IMPLANT

Weeks after Serum Flushes Systolic Diastolic Heart Basal VarFAF Peak Incr
SUBJECT E2 Implant E2 per day pressure pressure rate FAF (X) PVR FAF FAF

AA 0.00 404 4 124 90 89 4.12 13.1 24.6 23.4 19.2
AA 1.00 576 1 135 83 85 5.29 7.0 18.9 42.8 37.5
AA 2.00 488 0 106 80 90 3.84 6.5 23.0 26.2 22.3
AA 2.71 558 0 132 95 94 3.03 11.2 35.4 35.6 32.5
AA 4.71 391 0 98 85 95 7.97 14.1 11.2 49.6 41.6

CL 0.00 300 8 163 87 55 2.44 8.2 46.0 7.55 5.11
CL 1.29 817 5 141 93 60 4.2 5.2 25.9 17.5 13.3
CL 3.14 nd 3 140 90 51 4.07 5.4 26.2 9.9 5.83
CL 5.29 835 0 136 78 86 2.7 7.0 36.0 20 17.3

CR 0.00 70 6 122 90 85 2.1 8.1 47.9 29.6 27.5
CR 1.00 281 3 117 69 83 2.15 6.3 39.5 22.8 20.6
CR 2.86 323 0 122 78 82 2.74 6.6 33.8 30 27.2
CR 5.40 224 0 120 70 83 3.76 14.3 23.0 23 19.2

HP 0.00 70 1 143 100 77 2.82 17.0 40.5 40.6 37.7
HP 1.00 488 1 129 89 68 2.75 4.7 37.2 46.8 44.0
HP 1.86 296 0 118 87 67 6.07 13.0 16.0 38.4 32.3
HP 2.86 367 0 123 91 67 3.85 5.7 26.4 36.2 32.3

HP 0.00 108 0 103 73 80 1.5 17.3 55.3 18.5 17.0
HP 1.11 451 0 106 73 75 1.62 8.6 51.8 31.8 30.1
HP 3.11 565 108 71 82 1.97 7.6 42.3 16.7 14.7

E2 = Oestradiol
FAF = Forearm blood flow (ml/lOOal tissue/min)
VarFAF = Variability of forearm flow
PVR = Peripheral Vascular Resistance
Incr FAF = Incremental forearm flow (ml/100ml tissue/min):
UNITS: Blood pressure = mmHg; Heart rate = beats/min; Serum oestradiol = pmol/1

nd = not done
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Table AlO
HAEMODYNAMIC INDICES DURING 

17B-OESTRADIOL THERAPY AND CYCLICAL PROGESTOGENS

SUBJECT Test
Systolic Diastolic Heart Basal VarFAF
pressure pressure rate FAF (%) PVR

Peak
FAF

Incr
FAF

Basal
CAF

VarCAF
(X)

AG
AG

105
113

69
63

67
69

1.800 8.3
2.050 7.9

45.0
38.9

40.0 38.2
28.0 26.0

AP
AP

127
103

91
73

83
56

3.170
1.430

3.9
11.5

32.5
58.0

12.8 9.6

BR 144
145

86
95

80
105

5.040
3.110

6.9
8.7

20.9
35.9

31.6 26.6 1.060
.550

18.9
10.9

BT
BT

119
112

71
73

89
90

4.000
2.700

9.4
10.3

21 .8
31.9

DS
DS

142
121

99
90

81
82

1.670
1.410

9.0
20.9

67.9
71.2

35.6 33.9
33.6 32.2

1.390
2.480

8.6
36.3

KP
EP

105
104

73
71

80
79

1.460
1.980 14.6

57.3
41.4

18.4 16.9

GO
GO

112
108

82
78

78
67

1.300
1.740

15.4
14.4

70.8
50.6

22.4 21.1
24.8 23.1

1.770
.496

6.2
12.7

SV
SV

120
118

75
73

77
78

2.820
1.800

22.8
22.4

31.9
48.9

3.510
3.200

15.8
22.1

SW
SW

112
115

73
70

64
61

1.740
3.080

8.6
9.5

49.4
27.6

28.2 26.5
39.6 36.5

VM
VM

112
122

78
86

78
72

1.940
1.670

9.3
17.4

46.0
58.7

26.0 24.1
19.3 17.6

2 .0 0 0
1.900

8.5
9.5

KEY: Basal FAF = Basal Forearm Blood Flow
  VarFAF = Variability of Forearm Blood Flow

PVR = Peripheral Vascular Resistance
Peak FAF = Peak Forearm Blood Flow 
Incr FAF = Incremental Forearm Blood Flow

Basal CAF = Basal Calf Blood Flow 
VarCAF = Variability of Calf Flow
Test 1 = Before progestogen
Test 2 = After progestogen
blank = not done

UNITS: Blood pressure = mmHg; Heart rate = beats/min; Blood flow = ml/100ml tissue/min


