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ABSTRACT

Moving from the supine to the upright posture presents a significant challenge to the human
body since the lower limb veins become distended due to gravitational pooling and venous
return is decreased. An increase in leg venomotor tone would assist in countering pooling and
help to maintain a pressure gradient for forward flow. Quantifiable proof of active
venoconstriction in humans is sparse with the majority of work in this field having been done on
forearms. The studies within this thesis have looked directly at lower limb responses to
venoconstriction in young healthy volunteers and have compared different venous vascular beds
(deep and superficial) and also the influence of female hormones. The data show that increases
in venomotor tone in the calf are relatively modest and are specific to superficial rather than
deep veins and that calf limb responses are attenuated in females. Venous function in women
appears to be modified during oral contraceptive use compared to normally menstruating
women. It is unlikely that the degree of venoconstriction observed in these experiments is

sufficient on its own to maintain venous return during orthostatic challenge.
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OVERVIEW OF THESIS

The venous system is a high volume, low pressure, low resistance capacitance system.
While its primary function is as a series of conduits to facilitate the return of blood to the heart
(venous return), the veins have a number of other physiologically significant functions in
relation to blood volume, capacitance, temperature regulation, post capillary resistance and
fluid filtration that render them important contributors to cardiovascular homeostasis. This
thesis investigates specifically the effects of sympathetic nervous system activation on
venous tone in the lower legs of healthy humans. On moving to an upright posture
(orthostasis), blood pools in the lower body and extremities contributing to a reduction in
venous return, smaller stroke volume, lower cardiac output and fall in blood pressure. Reflex
mechanisms to compensate for this include aortic and cardiopulmonary baroreceptor
stimulation resulting in sympathoexcitation and increased heart rate and peripheral
vasoconstriction. The latter applies not only to arterial resistance vessels but also to venous
vessels and the increase in venomotor tone helps to counter the blood pooling.

Recently there has been debate as to the significance of venoconstriction within the
splanchnic capacitance bed during orthostasis in terms of the contribution it can make to
venous return (Rothe / Drinkhill & Hainsworth 2006). Although the amount of pooling that
occurs in the lower limbs on standing is less than in the abdominal region (Taneja et al.
2007), the ability to increase leg venous tone is also considered an important factor in
tolerance to orthostasis (Streeten, 1999; Smit et al. 1999). The majority of studies examining
venoconstriction in humans have focused on the forearm circulation as this is most
accessible for the range of techniques available. There is therefore a lack of information
about the responses of leg veins, which are more relevant in orthostasis, to reflex

sympathetic activation.

With regard to orthostasis, women are known to be less tolerant and more prone to syncope
than men. The main reason for this appears to be their smaller heart size and consequent
lower capacity to compensate for reduced venous return. However, it has also been
suggested that blood pooling in the capacitance vessels may differ in women and men,
potentially because of greater venous distensibility and / or compliance or because of
reduced venoconstriction. The female reproductive hormones oestrogen and progesterone
are known to act as dilators for arterial resistance vessels (Sarrel, 1999) and there is
evidence that they have similar effects on venous vessels. Venous distensibility is reported to
increase during the high hormone phases of the menstrual cycle, oral contraceptive use and
pregnancy, and women are more prone to venous disease than men potentially because of
hormonal effects weakening vein wall structure. Whereas these effects would facilitate blood

pooling during orthostasis, oestrogen can also modify release or reuptake of noradrenaline to



enhance venous adrenergic constriction. It is not clear therefore whether venoconstriction

differs in women from men under the influence of female hormones.

To address this question, this thesis examines the responses of leg veins to
sympathoexcitation by several different interventions (exercise, mental stress, cold pressor
test) in young healthy men and women either with normal menstrual cycles or taking an oral
contraceptive. The data reported will demonstrate that in males, increases in venomotor tone
in the calf are relatively modest and are specific to superficial rather than deep veins.
Females show little venoconstriction in the calf, consistent with evidence that constriction of
arterial vessels to sympathetic activation is also attenuated in comparison with males. This
could potentially contribute to their orthostatic intolerance. Venous function in women was
not modified by varying levels of endogenous female reproductive hormones during the
menstrual cycle. However, oral contraceptive use led to calf venodilation in response to a
mental stress test and significant venoconstriction to a cold pressor test, whereas women
with normal cycles showed no response to either intervention. The interaction of exogenous
female reproductive hormones with the reactivity of leg veins to sympathoexcitation merits

further investigation in the context of the prevalence of venous disease in women.



Chapter 1:
GENERAL INTRODUCTION



1.1 The venous circulation

The venous system contains around two thirds (~ 3 1) of the body’s total blood volume (adults
~ 5 | total) and shifts in blood volume within it are dependent on either changes in arterial
inflow, the effects of gravity due to changes in posture, changes in surrounding skeletal
muscle tension or changes in venous tone but usually a combination of all. Thus the venous
system is a reservoir of variable capacity, which is capable of redistributing blood (either
actively or passively) in quantities that are sufficient to alter cardiovascular function. Within
the venous system there are two major circuits, which are the splanchnic circuit and the
peripheral circuit. The splanchnic circuit contains around one-fifth (~ 1 1) of the body’s total
blood volume (Shepherd & Vanhoutte, 1975) and refers to the circulation of blood through
the blood vessels supplying the abdominal viscera, including liver, gastrointestinal tract,
spleen and pancreas. The peripheral circulation refers to all other venous vasculature except
that within the pulmonary circulation and includes all veins that originate from a capillary bed

and ultimately drain into the right atrium.

The system is a low pressure system. At rest in the supine position, venous blood pressure
in the venules is ~ 12 — 20 mmHg and in named veins (e.g. femoral) is ~ 8 — 10 mmHg
compared to ~ 95 mmHg in the arterial resistance vessels, but because venous resistance is
small, the resultant low central venous pressure (~ 0 — 10 mmHg) is sufficient to drive the
cardiac output back to the right atrium, where pressure at the veno-arterial junction is ~ 0 —

10 mmHg.

1.1.1 Gross anatomy of the venous circulation in the human lower limb

In addition to cadaver studies, the gross anatomy of the leg veins is now available in vivo for
assessment using modern ultrasound imaging methods. For clinical purposes, there are
consensus guidelines for ultrasound examination (Cavezzi et al. 2006). Within the lower limb,
vein sizes range from 10 um for the smallest post capillary venules to many times that for the
large conduit veins e.g. the femoral vein (~ 10 mm supine resting diameter). The work
presented later in this thesis has been performed on the veins of the lower limb and therefore
it is the structures of the vein systems in that part of the body that are detailed in this section.
However, the principals of these structure and systems within the lower limb can also be

applied to the upper extremities.

Within the lower limb compartment there are two venous systems, the deep and the
superficial. As the name suggests, the deep veins are found deep within the skeletal muscle
of the limb and unlike superficial veins are generally found next to an artery of the same
name. The deep veins transport the majority of the blood within the limb and are connected

to the superficial veins by communicating or perforator veins, which transport blood either



from the superficial veins into the deep veins for drainage or from the deep veins into the
superficial veins for cooling. Superficial veins are found close to the surface of the skin and
are not paired with an artery.

Femoral
vein

Saphenous
opening

Popliteal
vein

Short
saphenous
vein

Long
saphenous
vein

Figure 1.1: Vein anatomy of the leg. Figure identifies some of the key deep (femoral and
popliteal) and superficial (long saphenous and short saphenous) veins of the human lower

limb. lllustrations adapted from Gray’s anatomy.

The main deep veins of the lower limb that are responsible for transporting blood towards the
heart are the anterior and posterior tibial veins and the peroneal vein of the lower/mid portion
of the calf, which drain into the popliteal vein (figure 1.1), the main vessel within the calf
portion of the lower limb, which in turn drains into/becomes the femoral vein (figure 1.1) at or
slightly above the knee line and courses within the thigh towards the pelvis and is the main
route for blood out of the lower limb. The superficial veins are generally very small and as
such are often unnamed. The two most well known superficial veins of the lower limb are the
long or great saphenous vein and the small saphenous vein (figure 1.1). The long saphenous
vein runs the entire length of the leg from the dorsal venous arch of the foot, up the medial
side of the lower leg; above the knee line it then courses up the anterior surface of the thigh

moving deeper through the fascia lata before joining with the femoral vein in the region of the



femoral triangle near the pelvis. The small saphenous vein originates at around the same
point as the long saphenous vein (dorsal venous arch of foot) and courses up the posterior
aspect of the leg before draining into the popliteal vein either at or slightly above the level of
the knee.

Both the long and small saphenous veins are typical of all superficial veins in that they drain
the cutaneous tissue. Most other superficial veins either drain into the two saphenous veins
or drain into the deep system via perforator veins, which penetrate through the deep fascia
on the medial side of the leg (Craven, 2004). Venous valves generally lie immediately below
the point of entry of major tributaries and are found in almost all of the deep, superficial and
perforating vessels (Alexander, 1963; Shepherd and Vanhoutte, 1975; Maros, 1981); they
are even present in vessels as small as 20 um in diameter (Marin et al. 1994; Aharinejad et
al. 2001; Phillips et al. 2004; Caggiati et al. 2006). The valves are more prevalent in the legs
than in the arms, more numerous in the lower than in the upper leg compartments, and in

deep than superficial veins (Shepherd and Vanhoutte, 1975).

1.1.2 Vein morphology

In contrast to arteries, veins have thinner walls, higher compliance and valves to prevent
retrograde flow. The vein wall is constructed of three layers: the tunica intima (inner-most),
the tunica media and the tunica adventitia (outer-most). The tunica intima consists of a thin
layer of connective tissue on the vessel wall’s inner-most surface called the lamina propria
surrounded by a layer of endothelial cells, which are the main barrier to the escape of plasma
from within the vessel (Levick, 2003) and secrete vasoactive agents such as nitric oxide. The
tunica media is predominantly made up of smooth muscle, arranged around the
circumference of the tunica intima to provide mechanical strength and contractile ability.
Dispersed within the smooth muscle fibre layer are collagen and elastin fibres, which provide
the passive properties of the vessel wall (see below). The tunica media is separated from the
inner and outer layers of the vessel wall by two thin elastic fibore membranes: the internal and
external elastic membranes. The tunica adventitia is the outer-most and thickest of the three
layers in the vein wall and consists of connective tissue, which primarily serves to anchor the

vein to the surrounding tissue.

Intrinsic control of venous tone is achieved locally via both the active and passive
components of the vein wall: collagen (passive), elastin (passive) and smooth muscle
(active). Relatively small increases in active tension of the venous smooth muscle can
substantially reduce vessel capacity (see below) (Monos, 1993). The passive behaviour of
the vein wall is due to the viscoelastic properties of the collagen and elastin components,

which unload to produce a net fall in wall tension as the smooth muscle contracts to reduce



vessel CSA. This unloading is thought to make the act of constriction a more stable process
(Levick, 2003). The proportions of collagen, elastin and smooth muscle differ depending on
limb and vein type and the veins near or above heart level also have thinner walls and are
more distensible (Rowell, 1993). It is suggested (Shepherd & Vanhoutte, 1975) that
differences in composition might be due to the hydrostatic pressures that the respective
vessels are subject to during orthostasis and also to the presence or absence of supporting
structures. Furthermore, in adults it has been reported that the proximal end of the long
saphenous vein contains more collagen and elastin than the distal end, whereas the latter
has more smooth muscle (von Kugelgen, 1955, Svejcar et al. 1962, Kresse et al. 1970).
Stooker et al. (2003) studied upper and lower long saphenous leg vein segment suitability for
graft and found that the lower vein segment was more distensible than the upper leg vein
segment at low pressure (< 50 cm H,0), which is consistent with the lower segment
containing more smooth muscle. These proportional differences were not found in the long
saphenous veins of non-walking infants (von Kugelgen 1955, Svejcar et al. 1962, Kresse et
al. 1970). This evidence would appear to suggest that changes in composition of the distal
segments of the vein wall from infancy to adulthood may be due to exposure to the upright

posture.

1.1.3 Relationship between pressure and vein shape and size

At low pressures vein CSA becomes markedly reduced (figure 1.2). At low transmural
pressure (~0 mmHg, e.g. legs raised above heart level) the veins collapse into a dumb-bell
shape and blood flow is restricted to the marginal channels at each side. At 1 mmHg
transmural pressure, the vein passively assumes a narrow elliptical shape (Levick, 2003) and
as the pressure rises towards 10 mmHg it will become more rounded. At low pressure, where
the vessel is the most distensible, the slope of the pressure volume curve is steep and the
compliance is therefore high (figure 1.2, upper curve). As the vessel becomes less
distensible at higher pressures, the compliance becomes lower due to the complex
relationship of the two characteristics. The total limb venous compliance is dependent on the
size, relative number and the wall structure and will also vary depending on the location of
the limb (upper or lower limb). It can also be affected by the pressure exerted on the vein by
contraction of the surrounding muscle (Olsen & Lanne, 1998). After the vein has become
fully rounded through passive filling, any further increase in the CSA is determined by the
elastic properties of the collagen and elastin within the vessel wall (assuming that the smooth
muscle tone is not actively increased). If the vascular smooth muscle tone is active
increased, i.e. increasing tension within the vessel wall, the capacity can be markedly

reduced (figure 1.2, lower curve).
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Figure 1.2: lllustration of vein distensibility in a relaxed (upper curve) and maximally

contracted (lower curve) state. Figure adapted from Vanhoutte and Leusen (1969).

The presence of elastin and collagen with the vein wall impart viscoelasticity and allow for
the property of ‘creep’ or what is called stress relaxation or delayed compliance. When under
applied pressure this allows the vein to display hysteresis, i.e. a smaller degree of stretch
during increasing pressure than during decreasing pressure (Hasegawa, 1983, figure 1.4).

This has implications for the methods to determine venous compliance (see later).

In terms of stress-strain relationships, veins are not dissimilar to arteries (Fung, 1993), but
because they operate at a lower pressure range they are more sensitive to external
pressure. Also application of agents that increase venous smooth muscle tone such as
noradrenaline decrease stress relaxation. The biomechanical properties of veins become
important when they are used as graft replacements for arteries and experience higher
pressures (Wesly et al. 1975), and have been considered to account for a proportion of the
increase in intrinsic vascular volume during prolonged volume expansion (Prather et al.
1969). Wall properties can also be altered in diseases associated with arterial hypertension
(Journo et al. 1992) and venous hypertension leading to venous disease (Beebe-Dimmer et

al. 2005), thereby modifying venous pressure-volume relationships.

1.1.4 Venous return
Venous return (volume flow) is dependent on the difference in pressure between mean
circulatory filling pressure (MCFP) and central venous pressure, divided by venous

resistance (Gelman, 2008). MCFP — the equalized pressure within the circulatory system



assuming that the heart is no longer beating (Pang, 2001; Gelman, 2008) - depends primarily
on the ‘stressed’ volume of blood in the venous system. Because of its large capacitance and
compliance, venous volume can be defined in two compartments as ‘stressed’ or

‘unstressed’ relating to the way in which they do or do not contribute to venous transmural

pressure.
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Figure 1.3: lllustration of the effects of changes in venous pressure and tone on the
pressure—volume relationship (compliance) of a venous vessel. Point A' represents total
volume of blood (v') in the vein at transmural pressure P'. Points A?> and A® show how
changes in the transmural pressure affect the total volume of blood within the vein. Figure
shows how unstressed volume (UV') can be estimated by extrapolating the pressure —
volume relationship back to the volume at pressure 0. Point A* to point B illustrates how an
increase in venous tone can reduce capacitance and the unstressed volume (UV?) in a
vessel without altering the compliance (slope of line does not alter). Figure adapted from
Gelman 2008

1.1.5 Unstressed and stressed venous volumes

Largely based on Guyton’s work on the venous system, the unstressed volume
(approximately 70 % of total volume) can be defined as the portion of the blood volume that
fills the venous system without contributing to venous distension. At low blood volumes and
therefore low transmural pressure, venous vessels tend to collapse because of their thin and
highly-compliant walls. As additional volume is added, a critical volume is reached (~ 4000
ml, Guyton & Hall, 2006) whereby any further volume added causes the internal pressure of
the vessel to increase, causing the vessel to change its cross-sectional profile and become
more rounded. This critical volume is often reported as the value for unstressed volume.
Unstressed volume can also be estimated by extrapolating the venous pressure-volume
relationship derived experimentally back to the volume at pressure zero (Figure 1.3). The

size of unstressed volume depends on the capacity of the blood vessels, level of venomotor



tone, rate of arterial inflow and transmural pressure (Pang, 2001; Gelman, 2008). Unstressed
volume acts as a reserve that can be mobilized by venoconstriction and converted into

stressed volume during situation such as haemorrhage or exercise.

The stressed volume is the difference between total blood volume in the venous system and
the unstressed volume. Around one third of the total blood volume (~ 1.5 ) is in the stressed
volume compartments of the peripheral circulation (Rothe, 2006). Adding volume to the
unstressed volume distends the venous reservoir and generates a hydrostatic pressure
gradient that drives venous return back to the right atrium. This driving pressure is also
dependent on active venous tone, which can increase blood volume by adding from the

unstressed volume hence passively increasing transmural pressure, and on vein compliance.

1.1.6 Venous capacitance, capacity and compliance

There is some confusion in the literature over the use of the terms venous capacitance and
capacity. Capacitance defines the pressure—volume relationship of the venous vessels at a
given pressure over the normal physiological range, and is altered by changes in venous
tone (figure 1.3). Capacity (often reported as the capacitance in much of the literature) is the
maximum capacitance for a given vessel, i.e. the point at which the vessel is full, the view in
cross section is round in shape, the ‘passive’ collagen and elastin fibres within the vessel
wall have reached their elastic limit and the smooth muscle is inactive (thus the tension in the
vessel wall is reached purely through passive means). Capacity is a volume expressed in
ml.100mI™.

Venous compliance describes the ability of a blood vessel to distend and increase volume
with increasing transmural pressure i.e. it describes the pressure—volume (p-v) relationship.
Although in the context of venous return this is often depicted as a straight line (Figure 1.3;
Tyberg, 2002; Schmitt et al. 2002; Gelman, 2008), the p-v plot is in fact non-linear (Figure
1.4). Because of the nature of the venous wall composition, compliance decreases as
transmural pressure and volume increase i.e. the vessel becomes stiffer as pressure and
volume increase. At higher pressures and volumes, venous compliance is similar to arterial
compliance, making them suitable for arterial by-pass grafts (von Kugelgen 1955, Svejcar et
al. 1962, Kresse et al. 1970). At low pressures, vein compliance is up to 50 times greater
than artery compliance (Levick, 2003). Compliance is expressed as Av/Ap, where v = volume

and p = pressure, over a defined pressure range.
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Figure 1.4: A typical venous p-v curve for assessment of capacity or compliance showing the
non-linear relationship during rising and falling transmural pressure. During falling pressure, it
can be seen that venous compliance decreases as transmural pressure and volume
increase. Also illustrated is hysteresis, i.e. vein shows a smaller degree of stretch during

increasing pressure than during decreasing pressure. Adapted from Halliwill et al. (1999).

1.1.7 Venous tone

Venous tone refers to the state of contractile tension in the vessel wall. At rest there is a low
level contraction of the vascular smooth muscle in the tunica media layer (middle) of the
blood vessel wall, which is mediated by circulating catecholamines and basal postganglionic
sympathetic neural activity within the vessel wall itself. Most venules and veins have little
basal tone in the absence of sympathetic activity. An increase in the venous tone reduces
the venous capacitance (figure 1.3) and converts unstressed volume into stressed volume,
thereby increasing venous return. Similarly, an increase in venous tone may reduce vascular
compliance, thereby increasing central venous pressure and thus venous return. It is,
however, possible for venomotor tone to reduce capacitance (shift the p - v relationship
downward to a lower intercept on the volume axis) without altering compliance (the slope of
the relationship) as shown in Figure 1.3 (Rothe, 1986; Schmitt et al. 2002). An increase in
venous tone may also increase venous resistance (in addition to raising venous pressure),
which, although low compared to arterial resistance, could reduce venous flow and
potentially venous return. The effects of this differ depending on which compartment of the
venous system is examined, as explained below. Increased venous post-capillary resistance
will elevate hydrostatic pressure within the proximal microcirculation favouring net fluid

filtration.

1.1.8 Venous Compartments
In considering the capacitance role of the venous circulation and its contribution to

cardiovascular control, it is common to define two compartments: splanchnic and peripheral,
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the latter comprising cutaneous and muscular venous systems. The main blood reservoirs of
the splanchnic and cutaneous venous circulations are more compliant than the muscular
veins of the extremities. Splanchnic venous circulation in particular contains about 20-30% of
total blood volume and, because is lies ‘outside’ of the main circulation and is highly
compliant (Gelman, 2008), makes the major contribution to maintaining blood volume during
e.g. blood loss, orthostasis or exercise. Splanchnic venous volume is mobilised either
passively by a reduction in arterial inflow that transiently decreases venous pressure and
volume, and / or actively by increased venous tone (Rothe, 1986; Pang, 2001; Gelman,
2008).

Cutaneous veins respond predominantly to thermoregulatory challenges, with dilation on
heating and constriction on cooling, and contribute less to blood volume shifts (Rothe, 1983;
Hainsworth, 1986). Muscular veins in the extremities are not as compliant as splanchnic
veins (0.48 ml.mmHg™*.kg™ in skeletal muscle compared to 20.0 ml.mmHg.kg™* in liver;
Rothe, 1986) and have been considered to play little role in maintenance of cardiovascular
capacitance because of their minimal response to reflex autonomic activation. Hainsworth
(1986, 1990) has made a convincing case from experiments on reflex regulation of the
splanchnic venous circulation in both animals and humans that only this compartment
contributes to the body’s capacitance control. Much of the evidence comes from studying
how both arterial and venomotor tone alter during physiological and pathological conditions
that modify blood volume distribution, e.g. haemorrhage, lower body negative pressure,
head-up or head-down tilt, microgravity, exercise, temperature changes and mental stress,
and the fact that peripheral, especially muscular veins, appear to respond little to
sympathetic neural activation. There are several excellent reviews on venous function that
concur with this point of view (Gauer & Thron, 1965; Rothe, 1983).

1.1.9 Peripheral venous circulation and orthostasis

Yet there is one condition for humans in which the peripheral venous circulation is
undoubtedly important, and that is orthostasis. Pooling of blood in the lower limb veins in
humans in the upright posture can play a role in limiting venous return, and compensatory
mechanisms to counter this, e.g. the presence of venous valves, respiratory pump, muscle
pump contractions and venoconstriction, are necessary to maintain venous return (Rowell,
2006).

In humans in the upright posture, there is an increase in pressure in all vessels below heart
level of 0.8 mmHg for each cm below the right atrium. Moving from the supine to the upright
posture causes the translocation of 500 — 700 ml of total blood volume from the thoracic

(central) compartment into the lower body, i.e. abdomen (splanchnic) and lower limb veins
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(Mathias, 2002; Robertson, 2008; Rothe 1983). Using impedance plethysmography, Taneja
et al. (2007) showed that during incremental head-up tilt (HUT) from 20-70 degrees, blood
volume decreased 12% in the thoracic region but increased 18% in splanchnic, 10% in
pelvic, and 8% in calf regions. Lower limb veins contain a larger total volume (500 ml) when
tilted than when supine (250ml) (Gauer & Thron, 1965). Within the different compartments of
the leg, about 80% of lower limb blood is contained in the upper leg (130 ml thigh, buttocks)
with less in calf (80 ml) and foot (40 ml, Ludbrook, 1966). It should be noted that venous
pooling in the feet and calf comes primarily from arterial inflow from the thoracic
compartment and not from venous backflow whereas in thighs, buttocks, pelvis and

abdomen it arises from backflow (Smit et al. 1999), due to fewer valves in these areas.

The smaller blood volume in the thoracic veins leads to reductions in venous return, central
venous pressure, impairment of stroke volume through the Frank-Starling mechanism, a 20%
fall in cardiac output and a decrease in mean arterial pressure. Reflex compensatory actions
to maintain cardiac output and blood pressure include increased heart rate and increased
arterial resistance to flow via baroreflex-mediated peripheral vasoconstriction. The latter acts
to buffer capillaries against the hydrostatic rise in pressure and prevent oedema, and is aided
by local myogenic or veno-arteriolar constriction. Taneja et al. (2007) reported that, when
upright, blood flow decreased in all regions and vascular resistance therefore increased
145%, 90%, ~100% and 140% in thoracic, splanchnic, pelvic and calf regions respectively. In
addition, reflex sympathetic activation will increase venous tone to reduce capacity and limit

pooling.

To help maintain venous return, valves situated periodically within the veins of the limbs
close shut to prevent any backflow from the resultant increase in pressure when upright.
Respiratory activity helps to increase venous return by increasing thoracic and hence right
atrial pressure during inspiration. Venous flow velocity in the lower limbs increases and
decreases in phase with respiration, although the pattern of breathing does not impact on
steady state venous flow (Miller et al. 2005). The muscle pump is considered a key factor in
maintenance of venous return from the legs when upright. Compression of capacitance
vessels by contraction of the surrounding musculature acts to propel blood towards the heart
and on muscle relaxation the tethering of vessels to surrounding tissues opens the veins
and, because backflow is prevented by valves, reduces venous pressure (Pollack & Wood,
1949). The resultant increase in arterio-venous pressure difference has been considered an
important contributor to muscle hyperaemia during rhythmic muscle contractions and there
has been much debate as to the magnitude of this effect in dynamic exercise (Laughlin,
1987; Laughlin & Schrage, 1999; Sheriff / Clifford et al. 2005; Tschakovsky & Sheriff, 2004).

Decreases in pressure of ~60 mmHg have been recorded in foot veins during walking
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(Pollack & Wood, 1949; Kugler et al. 2001) with smaller decreases or even increases in
deeper calf veins (Neglen & Raju 2000a & b), but effective functioning of the calf muscle
pump is dependent upon competent valves and can be modified by surrounding muscle
mass - it has been estimated that muscle contraction can expel ~ 35 ml of blood from the
thigh and ~ 60 ml from the calf (Raju et al. 1999).

1.1.10 Role of venomotor tone in the upright posture

Although the splanchnic venous circulation is the main contributor to blood volume
regulation, pooling in the legs can match that of abdominal and pelvic pooling in determining
haemodynamic consequences. Halliwill et al. (1998) used medical antishock trousers to
negate specifically either leg or legs plus abdominal / pelvic pooling during lower body
negative pressure in healthy subjects and saw considerably attenuated reflex heart rate rise
and vasoconstriction even when only leg pooling was prevented. The extent of leg venous
pooling in humans, i.e. filled vein capacity, is therefore a factor when considering reduced

venous return in orthostasis, and is dependent on:

1) The physical size and capacity of the capacitance vessels.

2) The distensibility and compliance of the vein wall related to its composition in
terms of elastic and non-elastic components.

3) The support provided by the surrounding tissue and interstitial fluid pressure.

4) The degree of venomotor tone.

Factors such as body size and composition (in terms of muscle mass), levels of physical
activity, venous disease alterations to vein wall composition, female reproductive hormones,

and any change in the ability to regulate venous tone will thus have an impact on leg pooling.

Excessive leg pooling has been considered as a factor in orthostatic intolerance and in
conditions of autonomic dysfunction such as neurally-mediated syncope and postural
orthostatic tachycardia syndrome (POTS). Orthostatic intolerance (Ol) is characterised by an
inability to maintain blood pressure on standing which may present as syncope (fainting).
The clinical definition of Ol is either a systolic (fall of at least 20 mmHg) or diastolic (fall of at
least 10 mmHg) hypotension within 3 minutes of standing (Schatz et al. 1996). Prevalence of
Ol and Ol-related dizziness in the population, corrected for age, has been estimated as 16%
and 5% respectively, with women being more susceptible than men (Wu et al. 2008). There
are many causes and predisposing circumstances for Ol (Smit et al. 1999) that include
excessive venous pooling, impaired baroreflex sensitivity, inadequate heart rate increase,
defective arterial vasoconstriction and changes to autonomic function / orthostatic neural

reflex pathways.
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There is, however, good evidence that a failure of reflex resistance vessel constriction plays
an important role in Ol by allowing increased downward pooling of venous blood (Smit et al.
1999). In adolescents with POTS, calf blood flow during HUT increased far more and was
associated with double the increase in calf volume compared to control subjects (Stewart &
Weldon, 2001). Likewise, calf volume measured by radionuclide technique (**"Tc labelled
red cells) on HUT was higher in patients with unexplained syncope than without (Hargreaves
& Muir, 1992) although another study did not find this difference in a similar patient cohort
(Bellard et al. 2003). Stewart (2002) investigated calf volume responses to venous occlusion
and to HUT in POTS patients, and argued that as p-v curves were not different between
POTS and controls, there was no evidence of a difference in venous capacitance/pooling.
However, in this study, a normalisation procedure whereby calf volumes during tilt were

scaled according to those during distension by occlusion may have disguised differences.

Even if the capacity for leg pooling based on volume measurement is not different in Ol,
there remains the possibility that any active venoconstriction that occurs alongside the
sympathoexcitation and resistance vasoconstriction evoked by orthostasis may be
attenuated. Sympathetically mediated venoconstriction has been suggested as one of the
compensatory adjustments during standing (orthostasis) to counter venous pooling
(Sammueloff et al. 1966a; Stewart et al. 2004). There is evidence of impaired
venoconstriction in conditions associated with OIl. Manyari et al. (1996) recorded forearm p-v
relationships using radionuclide plethysmography before and during sympathoexcitation by
mental stress test. Venoconstriction was evident in control subjects as a 15% decrease in
venous volume whereas over half the patients with neurally-mediated syncope did not show
this response. In contrast, Thomson et al. (1996) found no difference in the decrease forearm
venous volume in response to LBNP when using a similar method in controls or patients with
vasovagal syncope. This discrepancy may be because failure of venomotor reactions is likely
to be more evident in the lower limbs themselves rather than forearms. Indeed, Streeten
(1990) found that whereas dorsal hand veins responded normally to infused noradrenaline in
patients with Ol, superficial veins in the foot were supersensitive, suggested to be the result
of impaired sympathetic innervation. It was proposed that this would lead to subnormal
venoconstriction and excessive leg pooling as a significant non-cardiac mechanisms of Ol
(Streeten & Scullard, 1996). However, p-v curves constructed by strain gauge
plethysmography during venous emptying were found to be shifted to a lower level indicative
of increased venous tone during sympathoexcitation by handgrip exercise in the legs of both

controls and Ol patients (Freeman et al. 2002).

This conflicting evidence as to the role of venomotor tone in the lower limbs as a counter to
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orthostatic pooling may reflect in part different experimental approaches to the assessment
of active vein constriction in humans. It raises the question that forms the focus of this thesis,
namely to what extent is there active venoconstriction in the lower leg venous system. The
evidence that reflex activation of the autonomic nervous system by arterial or
cardiopulmonary baroreceptor input or other cardiovascular afferent signals affects
venomotor tone will be reviewed in brief below and in detail in subsequent chapters. In
addition, aside from any effects of centrally mediated sympathoexcitation on lower limb veins
in humans, there are other local mechanisms that can regulate venous tone e.g. myogenic,
endothelial and veno-arteriolar responses, and these may also contribute when orthostatic
venous pooling occurs. Before considering mechanisms that control of venous tone, the

properties of venous circulation of the lower limbs will be described.

1.2 Mechanisms of peripheral venous tone control

1.2.1 Neural control of venous tone

1.2.1.1 Vein innervation

The anatomical innervation of veins has been studied in animals and humans by light
microscopy and histology, immunohistochemistry, electron microscopy, and the functional
effects of neural activation by electrical and pharmacological stimulation. Evidence from
animal studies (Burnstock et al. 1970) using cholinesterase staining, fluorescent
histochemistry and electron microscopy to examine vessel segments, has shown that the
postganglionic fibers can usually be found abundantly within the tunica media layer of the
vein wall, whereas these nerves are not found to penetrate deeper than the tunica adventitia
in the arteries (Shepherd & Vanhouttte, 1975). Based on fluorescence histology for
catecholamines, veins of the splanchnic / mesenteric system receive sympathetic constrictor
nerves with vessels greater than 40 um diameter responding to nerve stimulation with
constriction (Furness & Marshall, 1974) consistent with their role in responding to blood
volume changes. Although it is generally held that veins are less densely innervated than
arteries (Bevan, 1975), electron microscopy studies of human mesenteric vessels showed
greater nerve density in vein than artery (Birch et al. 2008) emphasising the importance of

neural control of capacitance in this circulation.

In the peripheral venous system, differences in innervation exist between the deep (skeletal
muscle) veins and the superficial (cutaneous) veins since animal studies have shown that
there are relatively sparse adrenergic / sympathetic nerves supplying the deep veins within
the skeletal muscles (Burnstock et al. 1970, Ehinger et al. 1967; Fuxe & Sedvall, 1965).
Marshall (1982) used fluorescence histology to show that venules and veins from 9 up to 130
microns diameter in rat spinotrapezius muscle had no innervation. On the other hand, Chen

& Ta (1994) used horseradish peroxidise as a retrograde tracer from the lumbar
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paravertebral sympathetic chain to study limb veins in cats and found projections from L4
and 5 to the vein to the semimembranosus muscle and a density of 10 + 1 labelled neurones
per mm?, although this was less than in the saphenous and femoral veins (44 + 5 per mm?,
25 + per mm?, mean + SEM). For the peripheral venous circulation, functional studies seem
to support these findings by indicating sympathetic effects mainly on superficial and

cutaneous rather than deep muscular veins.

Ahluwalia & Vallance (1997) investigated the role of sensory C-fibres in venous tone.
Exposure of precontracted small mesenteric rat veins to calcitonin gene-related peptide and
Substance P failed to relax the fibres. However, capsaicin, a C-fibre activator, caused
relaxation of small veins which was reduced when C-fibres were destroyed and abolished by
removal of endothelium, but not affected by NOS inhibitors or indomethacin. These findings

demonstrated that the venous side of the circulation responds directly to sensory stimulation.

There are surprisingly few anatomical or histological studies of the innervation of human
veins but functional responses have received more attention. Most investigations have
focused on the human saphenous vein because of its use as a bypass graft. Loesch &
Dashwood (2009) recently reviewed the innervation of the greater saphenous vein,
describing sympathetic nerve fibres positive for tyrosine hydroxylase together with
parasympathetic cholinergic perivascular nerves and sensory fibres positive for substance P
and calcitonin-gene-related peptide (CGRP) (Amenta et al. 1983; Herbst et al. 1992). Human
mesenteric veins also contain these three types of nerves (Birch et al. 2008). Patterns of
innervation of the femoral or deep veins of the lower leg in humans are hardly described in

the literature and the assumption is that they will be similar to those in animals.

1.2.1.2 Vein responses to neural activation

Donegan (1921), following work done at the end of the 19™ century showing venous
constriction to nerve stimulation, performed similar experiments on cat internal and external
saphenous in lower limb, dorso-radial in upper limb, external jugular, large intestine and
mesenteric and vena cava. He observed vessels that reacted immediately or with delay
depending on whether the vein was filled or not. Macroscopically, nerve fibres were observed
to pass into veins and stimulation caused mesenteric veins to constrict. In response to
adrenaline, superficial veins contracted but larger vessels did not. Reflex responses to
stimulation of vagus, sciatic and sensory nerves were also studied; no response in superficial
veins was observed. Donegan concluded that superficial and mesenteric veins constrict to

nerve stimulation and adrenaline but muscle veins and the vena cava do not.

Webb-Peploe & Shepherd (1968) stimulated the lumbar sympathetic nerves and measured
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pressures along the constant-flow perfused venous tree of the dog hindlimb. Venous
pressure increased in relation to stimulus frequency and this effect was not sensitive to
atropine. By measuring pressures below and above the knee, they found that the vein
segments above the popliteal fossa were not sensitive to sympathetic stimulation or
noradrenaline while the below knee veins were. In the below knee segment, the distal veins
were more sensitive to stimulation (response to 0.5 — 1 Hz) than the proximal (4-6 Hz).
Vanhoutte & Leusen (1969) stimulated isolated dog saphenous vein segments showing a
frequency response relationship with biggest constrictions to frequencies below 2 Hz.
However, Gero & Gerova (1975) observed that the dog femoral vein did constrict to low
frequencies (1-2 Hz) of sympathetic stimulation with less response at 4-8 Hz and relaxation
at 15 Hz or higher. They suggested that loss of constriction at higher frequencies may be due

to transmitter depletion because vessels still were able to constrict to noradrenaline.

These data suggest that sympathetically-mediated venoconstricton does occur in the large
veins of the hindlimb, albeit with decreasing effect in the more proximal vessels. By contrast,
small venules and veins (from 9 — 130 microns diameter) directly observed within the
spinotrapezius muscle of rats did not respond to sympathetic nerve stimulation at
frequencies between 1-20Hz (Marshall, 1982). This, together with their lack of innervation, is
taken to indicate that there is little or no sympathetic adrenergic control over small muscle
veins. In contrast, Bjornberg & Maspers (1991) stimulated sympathetic nerves to cat hind
limb skeletal muscle (gastrocnemius) (1 — 16 Hz) and measured the capacitance and venous
resistance responses. Graded stimulation resulted in a similarly graded increase in venous

vascular resistance and decrease in regional blood volume in the post capillary vessels.

Functionally the human saphenous vein constricts to transmural stimulation of sympathetic
nerves at frequencies of 0.5 — 8 Hz and to application of noradrenaline (Fabi et al. 1996).
The predominant adrenergic receptors in human saphenous vein are a; and a, (Steen et al.
1986; Sjoberg et al. 1989; Weinstein et al. 1989) with some evidence for a predominance of
a, (Steen et al. 1984; Giessler et al. 2002). Based on radio-ligand binding studies in autopsy
specimens, the density of a receptors is similar on human saphenous vein and vena cava,
and not different than in arteries (Rudner et al. 1999). The affinity of a receptors for
noradrenaline is enhanced by cold in human and canine saphenous vein (Shepherd et al.
1983), indicating the importance of venoconstrictor responses in superficial veins in
thermoregulation. There are also pre-junctional receptors in human saphenous veins that
respond to muscarinic stimulation by a reduction and to B stimulation by an increase in
noradrenaline release (Vanhoutte & Shepherd, 1985). This (-mediated facilitation of
noradrenaline may involve local angiotensin Il synthesis (Molderings et al. 1988).

Sympathetic nerve activation in veins releases not only noradrenaline but also the co-
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transmitters neuropeptide Y and ATP (Racchi et al. 1999) and it may be inhibited by nitric
oxide but enhanced by thromboxane (Fabi et al. 1996, 2004).

1.2.2 Hormonal control of venous tone

In veins as in arterial resistance vessels, adrenaline acts on a and 3 adrenoceptors but the a-
adrenergic component dominates such that the typical response is a venoconstriction
(Shepherd & Vanhoutte, 1975). Noradrenaline causes venoconstriction via both a; and a,
adrenoceptors. Beta adrenoceptor stimulation with noradrenaline can cause venodilation
through post-junctional activation (in contrast to the increased noradrenaline release
described above) but to a lesser extent than with adrenaline. Because of the sparse
sympathetic innervation of smaller veins, circulating catecholamines may actually be more
important for venoconstriction in these vessels (Marshall, 1982). Systemic infusion of
noradrenaline at concentrations similar to those reached during sympathoexcitation was
reported to evoke a decrease in blood flow in the cat hindlimb, whereas adrenaline infusion
produced an increase (Marshall, 1991). Hindlimb volume fell following infusion, even when
blood flow was maintained, suggesting that catecholamines exert an active constrictor
influence on the venous vasculature that is greater than that induced by sympathetic nerve
stimulation. In an earlier experiment, Marshall (1982) found that noradrenaline in
concentrations of greater than 6 x 10®° g.mI' constricted all rat arterial and venous
vasculature. The required dose to constrict the venous vessels progressively increased away
from the capillary bed with 6 x 10® g.mI™ being the required dose for collecting venules, while

10" g.ml™* for main veins.

Other hormonal agents that influence venous tone are atrial natriuretic peptide (ANP) and
prostaglandins. ANP dilates arterial vessels in the human forearm (Hughes et al. 1988;
Doorenbos et al. 1991; Ando et al. 1992). It is reported to have a weak venodilator effect
based on increases in forearm volume measured by plethysmography (Ando et al. 1992) or
venous vascular volume (Schmitt et al. 2003). This may be due to its arterial effects leading
to greater filling because venous distensibility during filling was unchanged by ANP (Groban
et al. 1990, Schmitt et al. 2003) and had no relaxant effects on dorsal hand veins
precontracted with noradrenaline (Webb et al. 1988). Other types of natriuretic peptide (C-
type and brain) also appear to be venodilator (Banks et al. 1996, Protter et al. 1996).
Venodilator prostaglandins modulate adrenergic venoconstriction based on enhanced
responses in dorsal hand vein to noradrenaline (Callow et al. 1998, Dzeka et al. 2000) or
sympathoexcitation (Dzeka et al. 2000, 2003) after indomethacin. Likewise, inhibition of
prostaglandins by aspirin potentiates venoconstriction to endothelin-1 in the dorsal hand vein
(Webb & Haynes, 1993). Venoconstrictor prostaglandins directly affect the smooth muscle of

the larger veins to cause constriction (Ducharme et al. 1968; Mark et al. 1971). They have
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been shown to cause contractions of isolated strips of canine skeletal muscle veins, rabbit
portal-mesenteric veins and umbilical veins (Dyer, 1970, Hughes & Vane, 1970, Dyer et al.
1972, Greenberg et al. 1973).

1.2.3 Myogenic control of venous tone

Local mechanisms of regulation of venous tone have been reviewed by Monos et al. (1995).
Intrinsic myogenic tone has been demonstrated in animals (bat wing, rat portal vein,
mesenteric vein of guinea pig and facial vein). Monos and colleagues have shown that in the
rat saphenous vein, myogenic tone controls 30% of vascular capacity (Monos, 1993). Within
the rat gracilis muscle, first order venules demonstrate a myogenic response to pressure that
is enhanced by noradrenaline (Dornyei et al. 1996), so that during exercise, increases in
venous pressure and circulating catecholamines could interact to produce significant
myogenic constriction. This would increase the pressure drop from post-capillary to central

vessels and limit the increase in capacitance, aiding venous return.

Berczi et al. (1992) compared the active and passive mechanical properties of isolated
human saphenous and dog femoral and saphenous vein segments. In response to
intraluminal pressure increases, human saphenous veins showed greater myogenic tone
than dog veins and it was suggested that this was because of the greater orthostatic load
imposed in the human leg. This agrees with data from humans showing that myogenic
responses of conduit arteries are greater in legs than arms (Lott et al. 2008). Myogenic
responses can be enhanced by prolonged exposure to pressure (Monos, 2003), which may

require some consideration when planning longer bouts of venous occlusion (e.g. > 2 hours).

1.2.4 Metabolic control of venous tone

While the precapillary vessels respond to local metabolic changes such as anoxia and
acidosis, the veins are little affected by such changes (Vanhoutte & Janssens, 1978). Severe
oxygen deprivation and substrate depletion must be combined before venous smooth muscle
reactivity is markedly altered (Shepherd & Vanhoutte, 1975). This suggests that the usual
fluctuations in oxygen in the venous blood do not affect the reactivity of the veins. In the
limbs, contraction of the skeletal muscle and temporary arrest of the circulation lead to
dilation of arterial vessels as a consequence of local metabolic changes, while the veins are
less affected (Lewis & Mellander, 1962, Sharpey-Schafer et al. 1965).

1.2.5 Endothelial control of venous tone
Small venules in skeletal muscle dilate to increases in flow and shear stress via endothelial-
dependent production of nitric oxide and prostaglandins which can also dilate nearby

arterioles (Boegehold, 1996, Racz et al. 2009). However, levels of shear in the venous
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circulation are lower than in arterial vessels (Kim & Sarelius, 2003) and the significance of
flow-induced responses in overall control of venous tone is unclear. Dornyei et al. (1997)
applied low doses of acetycholine to rat gracilis muscle venules (225 um in diameter) and
induced dilations that were eliminated by removal of endothelium and reduced by NO
synthase inhibition. Conversely, high doses of acetylcholine caused constrictions, which
were also abolished by endothelial removal and cyclooxygenase inhibition. In humans,
Blackman et al. (2000) showed that forearm venous volume was reduced by nitric oxide
synthase inhibition and increased when nitric oxide production was stimulated by carbachol,
indicating endothelial control of both resting and stimulated venous tone.

1.2.6 Local veno-arteriolar response (VAR)

The veno-arteriolar response (VAR) is triggered by stretch receptors located in the walls of
small veins and involves changes in arteriolar vascular tone upstream of the veins. When
venous pressure is elevated to pressures greater than 25 mmHg through manoeuvres such
as postural change (increase in the hydrostatic load) or inflation of a venous occluding cuff, a
localised VAR increases arterial resistance in cutaneous, subcutaneous and skeletal muscle
tissues, resulting in ~ 40 % decrease in blood flow (Andersen et al. 1986; Henriksen, 1991;
Crandall et al. 2002). The VAR attenuates the pressure in the capillaries, limiting the rate of
fluid filtration from the capillaries into the surrounding tissue. Although the mechanism(s) for
VAR are not fully understood, local nerve fibres appear to play a part as the response is
abolished following sympathectomy (Henriksen et al. 1983), anesthetic block (Okazaki et al.
2005) or spinal chord transection (Skagen et al. 1982; Theisen et al. 2000). Okazaki et al.
(2005) compared VAR responses to limb dependency with and without local anaesthetic
blockade. Skin blood flow decreased by 45 + 9 % in the forearm and by 40 + 20% in the calf
(both p < 0.01) during limb lowering in the control condition (without neural blockade).
However during local anaesthetic blockade conditions, skin blood flow remained unchanged
(-5 £ 23 % and -2 = 32 % for forearm and calf respectively, both p > 0.05), confirming that

VAR is also associated with local neural control mechanisms.

In summary, there are multiple mechanisms that can regulate venomotor tone:

1. Veins are responses to sympathetic stimulation at low frequencies, but response
varies being more pronounced in more distal veins, and greater in superficial. Smaller
intramuscular veins and venules appear to be unresponsive.

2. Veins are responsive to circulating catecholamines by constriction and this is
particularly evident in smaller venous vessels.

3. Veins respond to increases in transmural pressure by myogenic constriction which
could be important in orthostasis to counter venous pooling.

4, Increases in venous stretch and / or pressure can also trigger a local neural
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venoarteriolar (VAR) response that leads to pre-capillary constriction.
5. Veins are relatively insensitive to metabolic conditions but do show a degree of
endothelial control.

1.3 Methods for measuring peripheral venous properties and venomotor tone
in humans

There are a number of ways in which peripheral venous tone can be assessed in humans
(Pang, 2000). Because veins may not adopt a fully circular profile at ambient venous
pressure (see above), it is usual to induce distension in order to examine changes in venous
size or volume in the filled state. Filling may be achieved by congestion or occlusion with a
pressure cuff fitted to the upper part of the arm or leg inflated above venous but below
diastolic pressure. Other procedures such as standing, sitting, head-up tilt or Valsalva’s
manoeuvre also result in increased venous pressure and filling. In clinical practice, head-
down tilt (the Trendelenburg position) is commonly used to expand large central veins such
as the jugular to make catheterisation easier (Prince et al. 1976, McGee & Gould, 2003,
Lewin et al. 2007).

1.3.1 Dorsal hand or foot vein

One approach to study venous tone is to measure diameter changes of an individual vein
with pressure held constant by occlusion. This can be achieved for superficial veins of the
hand or foot either by observing stereoscopic movement of a marked point on the skin
surface above the distended vein, or by using the linear differential differential transformer
(LVDT) technique as described by Aellig (1994). Direct local infusion, intravenous or
subcutaneous injection, microdialysis or oral administration can then be used to apply
various vasoactive substances to study venomotor responses of specific human veins in situ
(Aellig, 1994, Pang, 2000). For example, Streeten (2001) used this method to show

supersensitivity to noradrenaline in the foot veins of patients with orthostatic hypotension.

1.3.2 Isolated forearm vein

Another method for studying individual human superficial veins is to isolate a segment of
forearm vein with pressure clamps applied at either end to hold volume constant and record
pressure within the segment via a catheter and pressure transducer. Increases in pressure
indicate vein constriction and vice versa. Although invasive, this technique was used in
several early studies to investigate reflex venomotor responses to manoeuvres such as a

deep breath, cold, exercise and postural changes (Duggan et al. 1953, Page et al. 1955).

1.3.3 Limb vascular volume

The above methods are only applicable for superficial veins and the majority of studies on
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peripheral venous function in humans have recorded limb volume during distension by
inflation of a proximal cuff to above 30 mmHg but below diastolic pressure as a surrogate for
venous vascular volume. Scintography of red cells labelled with **™Tc (radionuclide
plethysmography method) shows that at maximum filling, venous blood volume accounts for
about 10% of the total calf segment volume (Vissing & Nielsen, 1988) and ~65% of total
blood volume in the forearm (Todo et al. 1986). Vascular volume of the deep veins was
measured from MRI scans of the calf during venous occlusion and estimated to account for
~70% of the increase in limb volume (Buckey et al. 1988). Using ultrasound, Cirovic et al.
(2006) measured the cross-sectional area (CSA) of all the major deep and superficial large
veins in the calf as 0.68 + 0.17 cm? compared to the whole calf CSA of 108 + 20 cm? in the
unfilled state, but these large veins accounted for 30% of the increase in calf CSA during
venous congestion, the remained presumed to be filling of smaller veins and venules.
Mutinga & Visser (1992) used a bio-impedance method to determine arterial and venous fluid
shifts on release of a cuff occluding flow to the arm and estimated that 49% of the total blood
compartment was venous blood. Although these data show variations in the proportion of a
limb volume that can be attributed to venous vascular volume, the fact that the values are
relatively large enables limb vascular volume to be used as a surrogate for venous volume
when assessing venous characteristics and venous tone during e.g. the occluded limb

method and equilibration technique.

1.3.4 Venous distension and limb volume changes during filling

Limb volume response to venous occlusion has two phases — a rapid filling phase due to
arterial inflow and a slower increase due to fluid filtration and, potentially, venous ‘creep’.
Plethysmography by air, water or strain gauge records the rate of volume increase during
rapid filling which is taken to indicate blood flow provided that the limb venous circulation is
elevated above heart levels and therefore has spare capacitance (Joyner et al. 2001,
Gamble et al. 2005). However, strain gauge plethysmography has recently been used to
determine calf blood flow during head-up tilt and showed good agreement with ultrasound
measures of superficial femoral artery flow (Kooijman et al. 2007), although it is not possible
to say whether changes in blood flow under these conditions are due to altered resistance
vessel tone or an increase in venous pressure leading to decreased arterio-venous pressure

gradient and perfusion. For further discussion on this, see introduction to Chapter 2.

1.3.5 Venous capacity

Since the definition of capacity is the maximum filled venous volume of a limb,
plethysmography can also record peak percentage changes in limb volume during venous
occlusion as venous capacity. Typical values obtained by strain gauge measurements are 2-
4 ml.100ml™* (%) for calf and 3-4% for forearm (Boutcher & Boutcher, 2005). There is good
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correlation between changes in vascular volume measured by radiolabelled red cells and
plethysmographic limb volume during alterations in occluding cuff pressure and vasodilator
administration (Clements et al. 1982; Schmitt et al. 2002) but periods of venous occlusion for
more than one or two minutes also result in fluid filtration out from the vascular compartment
into the tissues, at approximately 0.2% per min at 50 mmHg, and measured limb volume will
include this component. The duration of venous occlusion will therefore obviously influence
the extent to which filtration rate contribute to limb volume (Halliwill et al. 1999). It is
important to define the measurement criteria for determining venous capacity. In many
studies this is taken as the point at which the rapid filling phase deviates from a straight line
extrapolated backwards from the plateau filtration phase (Sejersen et al. 1981, Olsen and
Lanne, 1998, figure 1.5). Gamble et al. (1993) gave the mean time constant of the rapid
filling phase in response to a single venous occluding pressure step of 50 mmHg as 77
seconds. Brown et al. (1966) noted disparate rates of filling of forearm veins during upper
arm cuff inflation to 40 mmHg but concluded that it was complete after 120 seconds while
Halliwill et al. (1999) estimated forearm filling to be complete by 147 seconds after cuff
inflation to 60 mmHg. In practice, for the calf, venous capacity can be taken from the volume
after 3 minutes by which time filling will be complete but fluid filtration minimal, and values at
3 minutes differ little (~ 3%) from those at the inflection point between filling and filtration

(Phillips et al. unpublished observations).

é) B é 1|0 min
Figure 1.5: Example of limb volume trace showing increase following inflation of an
occluding cuff at time 0. Venous capacity can be taken as the point (A) at which the rapid
filling phase deviates from a straight line (blue line) extrapolated backwards from the plateau
filtration phase or as the value at a given time point (B). At 3 minutes, filling will be complete
but fluid filtration minimal, and values differ little (~ 3%) from those at the inflection point

between filling and filtration. Illustration adapted from Sejresen et al. 1981.

The distribution of venous filling between superficial and deep tissues is difficult to estimate.
Zelis & Mason (1969) compared forearm venous volume with an occluding cuff inflated to 30
mmHg before (4.16 + 0.3 ml.min™) and after (2.54 + 0.3 ml.min™) iontophoresis of the entire
forearm with adrenaline to eliminate skin and subcutaneous tissue flow. Thus, approximately

40% of the forearm venous volume (1.62 ml.min™) could be attributed to muscle. It is not
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known whether these proportions are similar for the calf or how they are influenced by

differences in limb and body composition.

Jorfeldt et al. (2003) used strain gauge plethysmography and examined the rate of volume
expansion in the leg (thigh, and three segments of the calf — top, mid and lower) during
inflation of a proximal thigh cuff to 50 mmHg at different ambient temperatures and leg
positions. They concluded that the strain gauge may measure not only arterial inflow but
displacement of venous blood volume from other regions distal to the cuff. Heating
significantly increased the rate of volume expansion, more so at the calf than thigh, most
likely because of the larger proportion of skin tissue in the former than latter. Leg position
had an effect on filling rates in that they increased with elevation and decreased with
lowering. Variations in sympathetic tone of superficial vessels impacted on the volume
response because heating reduced superficial venous tone and led to greater rates of filling.
Yamazaki et al. (2002) also measured rate of calf volume increase during cuff inflation at
pressures between 20-80 mmHg during whole body heating / cooling (water-perfused suit) or
local calf heating (warm air box). Heating increased and cooling decreased the rate of calf

volume increase but the magnitude of volume change was not altered.

1.3.6 Venous distensibility and compliance

Venous compliance, as explained earlier, describes the volume or diameter - pressure
relationship over a range of cuff inflation pressures above ambient venous but below diastolic
arterial pressure. In the literature, compliance is often used in this way and derived from limb
p-v plots during increases in cuff pressure and filling. Due to the nature of vein wall
composition and its viscoelasticity, the filling and emptying curves of venous vasculature
display pronounced non-linearity and hysteresis (figure 1.4). Therefore, expansion of vein
diameter or volume during filling should more properly be called distensibility. Halliwill et al.
(1999) discuss this issue in a detailed methodological paper on how to measure vein
compliance, pointing out that compliance should rather be measured during vein emptying.
This allows a more accurate determination of the passive elastic recoil properties of the vein
wall and how they impact upon compliance (figure 1.4). Halliwill et al. (1999) modelled the
curvilinear decline in limb volume during emptying after cuff deflation by an exponential, and
derived beta coefficients to describe the relationship that could be used to reflect both
capacity and compliance, and show whether venous tone was altered. By plotting
compliance calculated from these coefficients at each pressure, a compliance-pressure plot

was obtained showing a linear inverse relationship between the two parameters.

Risk et al. (2003) applied several different models to the plot of compliance (derived from p-v

curves during emptying) against pressure in arms and legs. They concluded that a bi-phasic
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model provided the best fit, in agreement with the known non-linear features of vein
compliance. High compliance at low pressures would allow for large translocations of blood
from the venous system in response to small changes in pressure when central blood
volume is low in order to maintain central venous pressure. Low compliance at high
pressures would minimise pooling in the upright position. Risk et al. (2003) found that the
break-point between high and low compliance occurred at different pressures in the arms (29
+ 5 mmHg) than the calf (34 £ 4 mmHg), consistent with the calf veins supporting higher
pressures during orthostasis. They also considered that the break-point may be related to
differing proportions of elastin and collagen within the vein wall. Because of discrepancies in
the literature over the use of the terms distensibility and compliance, it will be made clear in
further references which protocol was used, filling or emptying, and data based on the former

will be termed distensibility and on the latter, compliance.

1.3.7 Occluded limb technique

The isolated vein segment method has been adapted for the whole limb by using a venous
occlusion cuff inflated to below diastolic pressure so that the veins were filled, followed by
rapid cuff inflation to suprasystolic pressure. This effectively isolates the limb at constant
volume so that a catheter inserted into a deep or superficial vein could be used to register
pressure changes as indicators of venomotor tone in response to reflex activation (Gauer &
Thron, 1962; Samueloff et al. 1966a). This method was described by Samueloff et al.
(1966a) and has been used by these (Samueloff et al. 1966b) and many other authors to
demonstrate reflex venoconstriction (Epstein et al. 1968, Zitnik & Lorenz, 1969, Delius 1971).
The disadvantages of the technique are that it is invasive and that although different veins
can be cannulated, it is difficult to distinguish superficial from deep vein responses since

pressure will be able to equilibrate between the two venous compartments.

1.3.8 Equilibration technique

Analogous to the measurement of superficial vein diameter or volume with pressure held
constant is the equilibration technique for the whole limb. Venous occlusion is applied at
pressures between 30 — 60 mmHg to induce filling and when a steady state has been
achieved, changes in limb volume registered by plethysmography are taken to represent
constriction or dilation of the veins because the contribution of arterial volume is relatively
much smaller (Wood & Eckstein, 1958, Mason et al. 1964, Zelis & Mason, 1969).

1.3.9 Ultrasound imaging
The more recent development of ultrasound imaging techniques has led to significant
advances in being able to track changes in the size of individual veins, deep as well as

superficial (Coleridge-Smith et al. 2006, Cavezzi et al. 2006). This approach has been used
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to compare the anatomy of different leg veins in relation to body size, age, gender
(Mortensen et al. 1990, Jeanneret et al. 1999, Fronek et al. 2001, Kroger et al. 2003, Berczi
et al. 2005, Haenen et al. 1999) and presence of venous disease (Hertzberg et al. 1997,
Danielsson et al. 2005, Jeanneret et al. 2007), to establish the relationship between vein
CSA and pressure during cuff inflation (Planken et al. 2006) or tilting (Chauveau et al. 2006),
to evaluate vein distensibility (Eiken & Kolegard, 2004) or compliance (Neglen & Raju, 1995,
De Groot et al. 1998, Young et al. 2008, Delaney et al. 2008) and to study modifications to
venous function during exercise (Ooue et al. 2008, van Diujnhoven et al. 2008), inactivity (de
Chantemele et al. 2004, Arbeille et al. 2008, van Diujnhoven et al. 2008) and heat stress
(Abraham et al. 1994, Ooue et al. 2007).

1.4 Reflex regulation of venomotor tone in peripheral veins

Venous tone directly impacts blood pooling, venous return and cardiac filling. There are
several pathways by which venous tone can be modified including baroreflex (carotid,
cardiopulmonary), cortical (exercise, mental stress) and thermoregulatory (exercise, passive
heat stress). A number of experimental paradigms can be used to induce sympathetic
activation and elicit changes in venomotor tone in human limb(s), such as deep breath (Zelis
& Mason, 1969, Samueloff et al. 1966b), Valsalva’s manoeuvre (Page et al. 1955, Robertson
et al. 1979), cold pressor test (Dzeka & Arnold, 2003, Zelis & Mason, 1969, Page et al. 1955,
Samueloff et al. 1966b, Robertson et al. 1979), mental stress (Dzeka & Arnold, 2003, Zelis &
Mason, 1969, Samueloff et al. 1966b), exercise (Zelis & Mason, 1969, Page et al. 1955,
Samueloff et al. 1966b, Robertson et al. 1979), lower body negative suction (Brown et al.
1966, Dzeka & Arnold, 2003, Browse et al. 1966, Samueloff et al. 1966a & b) and tilt
(Samueloff et al. 1966a, Page et al. 1955, Stewart & Weldon, 2001a). Most studies have
investigated venomotor tone in the upper limb (forearm or hand). During a venous distension,
interventions are best incorporated into the procedure after the vein has reached capacity so
that it is certain that any observed change in limb volume / vessel diameter will be through
sympathoexcitation rather than through changes in the transmural pressure caused by

venous filling.

Early studies (Page et al. 1955, Gauer & Thron, 1962, Sharpey-Schafer, 1965) showed
Valsalva’'s manoeuvre to produce the largest response in an isolated forearm vein compared
with exercise, a cold pressor test and hyperventilation. Samueloff et al. (1966a) used the
occluded forearm technique in conjunction with 70° head-up tilt (HUT) and reported a
reduction in forearm blood flow (3.6 + 0.8 ml.100mI™.min™ (control) vs. 2.5 + 0.9 ml.100ml’
Y min™ (til)), while forearm venous pressure increased by 7.9 + 1.2 mmHg, suggesting that
venoconstriction had occurred. The same authors (Samueloff et al. 1966a & b) and Browse

et al. (1966) examined the reflex effects of blood volume shifts using LBNP again observing
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reductions in forearm blood flow in association with increased intravenous pressure.

Samueloff et al. (1966a) noted that deep and the superficial veins of the occluded forearm
exhibited the same time-course of reactivity to the same stimulus e.g. a deep breath, which
was a sudden, transient rise in pressure of ~ 19 mmHg returning to control levels after 70 —
80s. Zelis & Mason (1969) established that reflex forearm venoconstriction during deep
breath, cold pressor test, lower limb exercise and mental stress was predominantly occurring
in cutaneous tissue since elimination of skin blood flow by adrenaline iontophoresis
abolished the response. Samueloff et al. (1966a) compared venoconstriction in hand, foot,
forearm and calf during various stimuli using the occluded limb method. Although data values
were not given, they reported that venous pressure increase during a deep breath was
greatest in the hand and foot veins, slightly less in the forearm veins and least in the long
saphenous vein of the leg. In the contralateral forearm, radial artery pressure did not
increased and forearm circumference remained unchanged indicating venous but not arterial

constriction.

Lower limb reactivity to HUT has recently been studied by Stewart and colleagues on a
number of occasions in patients with postural orthostatic tachycardia syndrome (POTS) and
control subjects. They found significantly reduced calf blood flow in POTS patients at 35°
HUT compared to their control subjects (-70 % (POTS) vs. -42 % controls, Stewart &
Weldon, 2001b, Stewart, 2003, Stewart et al. 2004). Although venoconstriction was implied
from observed reductions in calf volume, whether these changes reflect active
venoconstriction or just passive reductions in venous volume is unclear by this whole limb
plethysmography method. In another study Stewart (2002) reported reduced calf capacity
(3.8 + 0.4 ml.100mI™ at 0° vs. 0.16 + 0.17 ml.100mI™ at 35°) during 35° head up tilt but this
was not found to be significant. Similarly, in an earlier study (Stewart & Weldon, 2000),
reductions in calf blood flow (2.3 + 0.7 ml.100mI™.min™ at 0° vs. 2.0 = 0.6 ml.100mI™.min* at

70°) and calf diameter (-2.4 £ 0.5 %) were also not found to be significant.

Much of the above evidence of venoconstriction is measured as limb volume decrease or
vein pressure increase, illustrating the downward shift of the p-v relationship and reduction in
unstressed volume and venous capacity as depicted in Figure 1.3. With regard to the shape
and slope of the p-v relationship and venous compliance, it appears that there is no change
in this parameter during sympathoexcitation. Halliwill et al. (1999) used isometric handgrip to
elevate sympathetic activity and showed the downward shift of the p-v curve during vein
emptying in both contralateral forearm and calf (i.e. decreased capacity) but no change in the
relationship between compliance and pressure. Monahan & Ray (2004) also found no

change in calf compliance during emptying combined with ischemic handgrip or a cold
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pressor test, and Delaney et al. (2008) saw no change in compliance with the same
interventions in forearm or calf. More recently, studies have employed ultrasound to examine
individual leg veins and determine filling and emptying properties and whether they are
affected by sympathoexcitation. De Groot et al. (2005) described measurement of popliteal
vein compliance from pressure-diameter curves obtained during cuff deflation but did not
provide quantitative values for normal controls while Young et al. (2008) derived quadratic
regression coefficients for the pressure-popliteal vein cross-sectional area curve during
emptying in the same way as Halliwill et al. (1999) did for calf volume. Young et al. (2008)
showed that popliteal compliance was unchanged during a cold pressor test to evoke

sympathoexcitation.

1.5 Active or passive regulation of venous tone?

Because of the complex nature of interactions between pressure and flow within the venous
system and the importance of arterial resistance in regulating forward flow into the venous
system (Rothe, 1983, Gelman, 2008), there has been debate as to whether changes in
venous volume measured during venoconstrictor stimuli represent true changes in venous
tone or passive changes as a result of pressure differences when arterial resistance alters.
For example, arterial constriction will reduce pressure within the capillary and venous
circulations and the latter could show a passive reduction in volume. Conversely, arterial
dilation will increase pressure potentially leading to a passive increase in venous volume.
This issue is important especially when inferring venoconstriction from changes in venous
vascular volume in response to interventions that are likely to alter arterial resistance as well

as venous smooth muscle tone.

Active venoconstriction will result from activation of the vascular smooth muscle, whereas
passive venoconstriction or more precisely - passive reduction in the venous volume - will
result from a decrease in distending pressure (Rothe, 2006). “An active venoconstriction,
causing a reduction in volume, will simultaneously cause a proportionally much larger
change in resistance to flow resulting in an increase in upstream pressure and distended
volume provided that the inflow does not decrease” (Rowell, 1993). On the other hand, since
active constriction is dependent on contraction of the venous smooth muscle and since an
increase in sympathetic activity not only constricts veins but also constricts arterioles, the
reduction of venous capacitance during sympathoexcitation could also be as a result of
reduced inflow from the arterioles i.e. a passive reduction in blood volume. Under these
circumstances venous return is more dependent on external influences on the veins such as
skeletal muscle pump (Hainsworth & Drinkhill, 2006). However, since Hainsworth & Drinkhill
pointed out that “sympathetic activity not only constricts veins but also arterioles”, then the

opposite must be true that sympathetic activity not only constricts arterioles but also veins. In
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which case, if active venoconstriction does take place during orthostasis then the more
precise question must be “to what extent does active venoconstriction occur and in which
vessels”? Although sympathetically mediated (active) venoconstriction has been
demonstrated in the isolated vein segments of animals, evidence of active venoconstriction
during sympathoexcitatory challenge in humans is inconsistent and particularly sparse in the

case of the lower limb, thus warranting further investigation.

Despite this, there is evidence to show that arterial and venous vasomotor responses may
occur independently. Browse et al. (1969) determined venous tone from pressure within a
large forearm vein with the limb circulation occluded (isolated / occluded limb method) and
blood flow by strain gauge plethysmography from the contralateral forearm during LBNP (-60
mmHg). Forearm blood flow was reduced by over half and there was a transient rise in vein
pressure i.e. venoconstriction. When LBNP was release, blood flow increased 4-fold but this
coincided with another transient venoconstriction. Thus, the resistance and both superficial

and deep venous vessels displayed opposite responses.

Coffman & Lempert (1975) applied a thigh cuff at 30 mmHg and used plethysmography to
examine calf venous volume (equilibration method) and blood flow, and venous flow velocity
as the transit time of radio labeled albmunin travelling from calf to inguinal region. A catheter
inserted into the saphenous vein at the ankle was pushed up the limb into the mid calf area.
Responses to adrenaline, isoprenaline, angiotensin and heating to 40 °C were studied.
Adrenaline did not alter blood flow but decreased venous volume. Isoprenaline and heating
increased and angiotensin decreased blood flow without change in venous volume. Again,
this demonstrates dissociation between changes in resistance vessel tone and venomotor

responses.

Peters et al. (1997) used the occluded forearm method during positive pressure breathing
and LBNP and noted changes in forearm blood flow before any changes in venous tone.
LBNP increased forearm vascular resistance without change in venomotor tone. Active
venoconstriction was transient, in line with observations by Samueloff et al. (1966). Tripathi
et al. (1984) also used the occluded limb method in forearm and recorded superficial venous
pressure as an indicator of venomotor tone in response to LBNP (-20 to -60 mmHg) and
neck suction to activate cardiopulmonary and carotid baroreceptors. They also used the
equilibration method, measuring forearm volume with strain gauge and cuff inflated to 30
mmHg. Both methods showed venoconstriction to LBNP but not neck suction, indicating a
role for the low pressure cardiopulmonary baroreceptors. They did observe that venous
volume increased if ambient temperature was increased, and decreased if it was lowered,

consistent with effects on superficial venous tone. Schmitt et al. (2000) used hydralazine, a
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selective arterial vasodilator in the forearm, during venous occlusion and did not see any

effect on venous volume.

These studies have confirmed independent effects of vasoactive agents on resistance
arterial vessels and on venous tone. It is possible that when veins are filled under high
pressure and at the top of the p-v curve, effects of sympathetic activation may be obscured.
However, Sumner et al. (1989) measured forearm venous volume by plethysmography and
showed that glyceryl trinitrate (GTN), a known arterial dilator, also increased venous volume,
indicating venodilation, but the venoconstriction to ice applied to the forehead was similar
before and after GTN.

1.6 Gender and female hormones

1.6.1 Effects on venous function

The evidence for venoconstriction above is almost exclusively obtained from studies on men.
Yet there is sound evidence that venous function differs in women and men, an effect that
has been attributed to the action of female reproductive hormones oestrogen and
progesterone. In the context of orthostasis, women are less tolerant than men and several
studies have shown that on being tilted to the upright position or when LBNP is applied,
women are more prone to syncope than men. During both tilt and LBNP, women show bigger
decreases in stroke volume and greater heart rate increases than men (Convertino et al.
1998; Frey & Hoffler, 1988; Shoemaker et al. 2001; Fu et al. 2004; Fu et al. 2005).

It has been suggested that increased pooling in the female lower body is a factor in their
orthostatic intolerance, relating to venous capacity and compliance in the legs. However,
men were found to have greater calf capacity than the females when venous volume was
increased by occlusion (Monahan & Ray, 2004) or LBNP (Lindenberger & Lanne, 2007).
These studies also demonstrated that men had greater venous distensibility, measured from
the p-v relationship during the filling phase of LBNP (Lindenberger & Lanne, 2007), and
compliance, measured from the venous emptying curve after release of venous occlusion
(Monahan & Ray, 2004). The latter finding was confirmed by others (Hernandez & Franke,
2004, Meendering et al. 2005) using similar methodology. One factor determining venous
capacity is the anatomical size of the capacitance vessels and the smaller leg size of women

may account for lower capacity.

This evidence does not support gender differences in leg pooling as a factor in female
orthostatic intolerance. Furthermore there are no apparent differences in tolerance to upright
posture when women are tested across follicular, mid-cycle and luteal menstrual cycle

phases (Meendering et al. 2005, Claydon et al. 2006) and no effect of oral contraceptive use
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on responses to LBNP (Franke et al. 2003), implying that the female reproductive hormones
are not important. Despite this, oestrogen and progesterone have significant effects on
venous function and are linked with the higher incidence of venous disease such as varicose
veins and chronic venous insufficiency in women than men (Beebe-Dimmer et al. 2005).
Receptors for oestrogen and progesterone are present in human saphenous veins (Perrot-
Applanat, 1996, Masiah et al. 1999) and the hormones have non-genomic vasoactive effects
on vascular smooth muscle. In arterial vessels, the relaxant action of oestrogen via
endothelial nitric oxide is well known (Review papers: Du et al. 1995, Sarrel, 1999, Suzuki et
al. 2003, Orshal & Khalil, 2004) while progesterone can have both dilator and constrictor
actions (Sarrell, 1999) and can act as an antagonist to oestrogen (Kuhl, 1999, Jespersen et
al. 1990). Oestrogen is also a dilator in isolated porcine femoral (Bracamonte et al. 2002)
and human saphenous veins (Babaei & Azarmi, 2008), and oestrogen receptor activation by
raloxifene caused endothelial-dependent dilation in rat pulmonary veins (Chan et al. 2005). In
rats, chronic oestrogen treatment lowered mean circulatory filling pressure indicative of
reduced venous tone (Nekooeian & Pang, 2000). Progesterone also dilated isolated rabbit

jugular veins via an endothelial-dependent mechanism (Herkert et al. 2000).

The relaxant action of oestrogen and progesterone in veins can account for the early
observations in women of increased venous distensibility in the finger, forearm or calf during
filling when hormone levels are raised during the natural menstrual cycle (McAusland et al.
1964, Fawer et al. 1978), oral contraceptive use (Goodrich & Wood, 1964, Fawer et al.
1978), administration of 173-oestradiol (Goodrich & Wood, 1966) or pregnancy (McAusland
et al. 1961, Goodrich & Wood, 1964, Barwin & Roddie, 1975). Later studies confirmed that p-
v curves for the calf were raised to higher volumes during the ovulatory and luteal compared
to follicular phases of the menstrual cycle, although compliance during emptying was
unchanged (Meendering et al. 2005). In contrast, exogenous female hormones administered
via the oral contraceptive did not appear to modify either venous capacitance or compliance
in the calf (Meendering et al. 2005).

Since orthostatic intolerance in women versus men is not associated with increased leg
capacity or compliance and there is no change in Ol across the menstrual cycle or with oral
contraceptive use despite differences in leg capacity, it can be concluded that the
capacitance volume available for blood pooling is not a major factor. There is, however,
another mechanism that could differ between genders and, under the influence of female
hormones, impact upon leg pooling, namely venoconstriction. If this were attenuated in
women, the ability to counter pooling would be impaired. To our current knowledge, no
studies have examined gender differences in venoconstriction or whether in vivo it is

attenuated in women compared to men.
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Evidence from animal studies indicates that female hormones do interact with adrenergic
constrictor mechanisms but is conflicting. It is difficult to predict because of the differing ways
in which oestrogen could potentially modify adrenergic constriction. It could attenuate
noradrenaline release by inhibition of synthesis (Bengtsson, 1978) or enhancement of a,-
mediated presynaptic inhibition of release (Du et al. 1995). Alternately, oestrogen could
enhance constriction by increasing post-synaptic a, receptor density or inhibition of neuronal
noradrenaline reuptake (Du et al. 1995). Rorie & Muldoon (1979) showed that the constrictor
response of isolated rabbit saphenous veins to noradrenaline was enhanced by oestrogen
and progesterone. In rats, removal of female hormones by ovariectomy blunted the
constrictor response of the saphenous vein to noradrenaline but this was restored by
hormone replacement treatment (Varbiro et al. 2002). In vivo chronic administration of 17-
oesetradiol to rats enhanced venoconstriction to noradrenaline (Nekooeian & Pang, 2000)
and Dhawan et al. (2005) observed increased effects of noradrenaline on whole body and
isolated mesenteric vessel venous tone as a result of pregnancy in rats. Taken together, this
evidence suggests that adrenergic venoconstriction would be enhanced rather than
attenuated in women under the influence of female hormones, possibly to counter their
relaxant effects on basal tone. This effect may be specific to venoconstriction induced by
circulating catecholamines since in rat mesenteric circulation, 17(-oestradiol enhanced
constriction to exogenous noradrenaline but not to that released by sympathetic neural
stimulation (Chu & Beilin, 1997). In contrast, Gisclard et al. (1987) showed a depressed
constriction to noradrenaline in rabbit saphenous vein after 17p-oestradiol treatment, and
Ceballos et al. (2000) found less constriction to noradrenaline in the dorsal hand vein in post-
menopausal women receiving hormone replacement therapy. It is therefore not clear how

female hormones will actually impact upon venoconstriction during sympathoexcitation.

To date, there are hardly any data from human studies to indicate if venoconstriction is
modified in women compared to men. Monahan & Ray (2004) showed that calf venous
capacitance was reduced similarly (15-19%) in men and women by LBNP, but whereas in
women the p-v curve was shifted downward and compliance remained unchanged, the
shape of the curve was altered in men so that compliance was reduced. This differs from
studies using exercise or a cold pressor test in which calf compliance was not altered
(Halliwill et al. 1999; Young et al. 2008) and it is not clear why LBNP should result in different
responses for men and women. There is no information about venoconstriction in women
and men during upright posture. There are, of course, other factors that could account for the
gender difference in orthostatic tolerance including lower cardiovagal baroreflex sensitivity,
blunted increase in muscle sympathetic nerve traffic to the limbs (MSNA), and attenuated

transduction of MSNA into increases in arterial resistance. The latter in particular has
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relevance for impacting upon passive venous function, and differences in cardiovascular

responses to tilt in women and men will therefore be discussed in brief.

1.6.2 Differences in orthostatic responses between men and women

Women may be less tolerant to orthostasis because of lower baroreflex sensitivity. Tank et
al. (2005) showed that women had a lower MSNA output at a given MAP than men during
administration of vasoactive drugs, and Christou et al. (2005) demonstrated similar blood
pressure responses to phenylephrine in men and women but women were less able to buffer
against the decreases in blood pressure following ganglion blockade. Together these studies
indicate that females have a lower sympathetic outflow under normal conditions. Despite this,
gender effects on MSNA responses to tilt are contradictory, having been reported to be
smaller in women than men (Shoemaker et al. 2001) and also similar (Fu et al. 2005).
Recently, Fu et al. (2009) noted lower increases in total MSNA during the follicular than luteal
cycle phase in women during HUT although overall, there was no difference between women
and men. However, findings are more consistent for catecholamine increases, which are

similar during HUT in men and women (Geelen et al. 2002, Fu et al. 2005).

Based on studies using LBNP to mimic tilt, women show attenuated increase in vascular
resistance than men in the calf (Frey & Hoffler, 1988) and forearm (Convertino, 1998, Franke
et al. 2003). However, during LBNP, blood volume decreases in thoracic and splanchnic
regions whereas during tilt, it increases in both these regions and the increase in leg volume
is greater (Taneja et al. 2007) and this may evoke different arterial resistance responses.
Forearm vasoconstriction to brachial artery infusion of noradrenaline was less in women than
men although similar for women across menstrual cycle phases and those taking the oral
contraceptive (Bowyer et al. 2001). Freedman & Girgis (2000) on the other hand saw greater

forearm adrenergic constriction during the luteal compared to follicular phase in women.

There are no studies that directly compare peripheral arterial constrictor responses in men
and women during tilt but similar gender increases in total peripheral resistance, diastolic
blood pressure and mean arterial pressure have been reported (Geelen et al. 2002, Fu et al.
2005) although smaller increases in systolic blood pressure in women were observed by Fu
et al. (2005). In women, HUT resulted in similar vasoconstrictor responses in the forearm
across all phases of the menstrual cycle (Meendering et al. 2005; Claydon et al. 2006). If,
during tilt, MSNA output is comparable between men and women but the increase in

vascular resistance blunted, this could also apply to venoconstriction.

1.7 Conclusions and aims of thesis

The venous system is a highly responsive system that can readily react to changes in blood
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pressure via sympathoexcitation to alter venous tone, maintaining blood flow and therefore
venous return. Orthostasis is one of the greatest challenges for the venous system, as the
effects of gravity cause blood to pool in the veins of the lower limbs and sympathetically-
mediated venoconstriction is one of the compensatory adjustments that is suggested acts to
counter venous pooling. The ability of the lower limb veins to actively constrict at sufficient
magnitude to cause large blood volume shifts, i.e. increase venous return significantly, has
been questioned and it has been proposed that skeletal muscle pump plays the more
significant role in the context of orthostasis (Hainsworth & Drinkhill, 2006). On the other
hand, significant a-receptor mediated venoconstriction has been demonstrated in the veins of
the forearm (Zelis & Mason, 1969) during cold pressor stimulation but the question is
whether a similar mechanism is present in the lower limb veins during sympathoexcitation as
relatively little work has been done to study lower limb vein reactivity to such stimuli. There
are two venous beds contained within the lower limb, deep and superficial, which are
interconnected with perforator veins. The veins are termed the capacitance vessels and shift
the large volumes of blood that they contain towards the heart by using a system of valves
and increases in tone brought about through contraction via sympathoexcitation of the
smooth muscle found within their intima media (middle) layer of the vessel wall. Histological
evidence gained largely through animal studies has provided evidence that the deep veins
contain greater numbers of valves and are less well innervated than their superficial
counterparts and direct measurement of individual vein reactivity in vivo has come generally
through the invasive technique of vein isolation and catheterization. Of the methods for
studying venous behaviour, the equilibration technique for strain gauge plethysmography
appears to allow the venous pressure to be equalised within the limb without completely
occluding or impeding the blood flow, thus enabling non-invasive observations of whole limb
characteristics. Doppler ultrasound imaging is a relatively new technique and similarly would
allow continuous non-invasive observation of an individual vein during venous occlusion and
potentially could also be used to observe reactivity to sympathoexcitation. Therefore, the
main objective of this thesis is to establish if significant lower limb venoconstriction occurs
following sympathoexcitation. Of particular interest, is the question of the relative
contributions of the different venous beds, deep and superficial, to whole limb

venoconstriction and it is expected that the use of ultrasound imaging will help to answer this.

As highlighted earlier in this Chapter, gender has also been shown to influence venous
function, with the observed differences having been attributed to the female hormones
oestrogen and progesterone, which have been reported to have a relaxant effect on the
vessel wall. However, evidence of the exact influence of the female hormones during
sympathoexcitation in vivo in humans is somewhat unclear, with contradictory reports of

attenuated or no difference compared to males and altered or unchanged reactivity during
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different phases of the normal menstrual cycle or in normal menstrual cycles vs. oral
contraceptive use. Therefore, the second aim of this thesis is to look at the responses of
males and females to sympathoexcitatory challenges and to attempt to identify if the female
hormones play a role in responses. This will be done by comparing males to females during
both the low and high hormone phases of their menstrual cycle and also to women taking
higher levels of exogenous hormones in the form of oral contraceptives. The specific
hypotheses for this thesis are:

1) Significant whole Ilimb constriction will occur in the calf limb during
sympathoexcitation.

2) Doppler ultrasound imaging will help to identify that the deep and superficial
venous vascular beds react differently to sympathetic stimuli; with the superficial

veins showing significant venoconstriction while the deep veins show little response.
3) Large quantities of the female hormones oestrogen and progesterone, particularly

during exogenous hormone use (oral contraceptive), will modify the responses to

sympathoexcitation.
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Chapter 2:

THE EFFECTS OF VENOUS OCCLUSION ON ARTERIAL FLOW AND
VENOUS VOLUME IN THE CALF IN MEN AND WOMEN
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2.1 Introduction

Venous occlusion plethysmography has long been used in research to make observations of
peripheral arterial blood flow and venous reactivity on the basis that the veins are occluded
and the arteries are “left open” (Hewlett & van Zwaluwenburg (1909). However, Hiatt et al.
(1989) observed that the cuff inflation during the technique caused a reduction in diameter
and flow velocity in the superficial femoral artery. If venous occlusion is to be used in this
present thesis to distend the veins in order to make observations of reactivity to
sympathoexcitation, then it is important to gain an insight into what happens during the
procedure with respect to the different vascular beds within the lower limb, so that any
reactions to venous distension can be accounted for when comparing these responses to
those during the sympathoexcitatory challenges. Venous occlusion plethysmography was
first described for the measurement of blood flow in humans by Hewlett & van Zwaluwenburg
in 1909. Later the use of mercury-in-silastic strain gauges to make these measurements was
devised by Whitney (1953). The technique allows in vivo observations of volume changes
within a limb segment and is commonly used on both upper and lower limbs (forearm and

calf) to measure blood flow.

2.1.1 Venous distension

For assessment of venomotor reactivity in either of these segments, the two most common
methods employed are the occluded or isolated limb which involves a fixed volume and
measured changes in venous pressure (Samueloff et al. 1966a & b) and the equilibration
technique which involves constant pressure and measured changes in venous volume (Zelis
& Mason, 1969). As the equilibration technique will be used in this thesis it is described in
more detail as follows. It involves induction of venous distension with a pressure cuff in a
forearm or calf and observing the change in venous vascular volume during some protocol to
induce sympathetic activation or a pharmacological intervention (see chapter 1, p26).
Venous distension by cuff occlusion evokes two phase response in measured limb volume,
rapid vascular filling followed by slower fluid filtration (e.g. figure 1.5, p24). The volume or
capacity of the limb taken during the control distension condition will therefore be changing
over time and it is important to define the temporal conditions under which measurements
are made for comparison with any intervention. It is possible that decreases in limb vascular
volume could occur passively, secondary to reductions in arterial inflow in response to
sympathoexcitation. Arterial inflow can alter (either increase or decrease) without
concomitant changes in venous volume or may remain unaltered while venous volume
changes (See chapter 1, Browse et al.1966, Coffman & Lempert, 1975). Aside from the
effects of sympathetic activity on resistance vessels, there is evidence that venous distension
by itself may lead to a reduction in arterial inflow either 1) by eliciting myogenic constriction,

2) by evoking the venoarteriolar response (VAR) or 3) mechanically, by elevating venous
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relative to arterial pressure.

Greenfield & Patterson (1954) proposed schematically the venous volume and pressure
changes within a limb during venous occlusion, demonstrating the gradual rise in venous
pressure to that of the occluding cuff within 1-2 minutes. Others have recorded venous
pressure during occlusion (Brown et al. 1966, Halliwill et al. 1999) noting equilibration with
cuff pressure within 1-2 minutes for superficial veins, while in a deep forearm vein Ireland et
al. (1983) found venous and cuff pressure to be equal within 20-30 sec. Superficial vein
pressure matches occluding cuff pressure over the range from 8 to 50-70 mmHg in the
forearm (Mahy et al. 1995) and calf (Christ et al. 1997). Gamble et al. (1993) observed that
calf blood flow was decreased when thigh cuff pressure was increased rapidly to 50 mmHg.
With occluding cuff pressures of 40-50 mmHg, the arterio-venous pressure gradient will be
reduced and, without any accompanying change in vascular resistance, blood flow will
decrease. This could be an active decrease brought about by myogenic constriction or via

the venoarteriolar local axon reflex, or a passively-determined decrease.

2.1.2 Myogenic constriction

The application of a venous occluding pressure cuff to the upper part of a limb leads to a rise
in venous pressure that is transmitted back to the capillaries (Mahy et al. 1995). This could
potentially lead to myogenic constriction of the pre-capillary arterioles which would reduce
flow in the microcirculation. Studies have shown that application of suction to human limbs so
as to increased transmural pressure resulted in a reduction in flow velocity in the conduit
artery without change in vessel diameter (Lott et al. 2002). This was attributed to myogenic
constriction of the downstream resistance vessels in the limb and responses were greater in
the leg than in the arm (Lott et al. 2009a).

2.1.3 The veno-arteriolar response (VAR) and local vasoconstriction

As described in chapter 1, the VAR is a response to venous distension and leads to pre-
capillary vasoconstriction, mediated by a local neural pathway (de Graaff et al. 2003).
Okazaki et al. (2005) addressed the issue of whether blood flow in skin of the forearm and
calf is reduced by VAR-mediated vasoconstriction during venous distension by measuring
laser Doppler perfusion signals during cuff inflation with and without local anaesthetic. Blood
flow decreased in both conditions, while skin vascular resistance, calculated by taking into
account the reduced arterio-venous pressure, increased by 35-45% at both sites in the
control condition but was unchanged after local anaesthetic. It was estimated that during cuff
inflation, the contribution of the VAR to vasoconstriction was 23% for forearm and 17% for
calf, leaving about 35% of the decrease in flow due to the local decrease in perfusion

pressure. Whilst this suggests that some of the reduction in blood flow during venous
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occlusion derives from the VAR in skin, the situation for the whole limb is different. Oldfield &
Brown (2006) measured calf blood flow plethysmographically during 5 min of venous
distension by cuff inflation and found no evidence of VAR-mediated vasoconstriction,
reduced blood flow being accounted for by the decrease in perfusion pressure alone. Since
plethysmographic blood flow represents mainly skeletal muscle, this would appear not to
exhibit a VAR whereas the skin does.

2.1.4 Reduction of perfusion pressure gradient by cuff occlusion

The VAR operates to bring about constriction of pre-capillary vessels of the microcirculation
but there is also evidence that venous congestion by cuff inflation can reduce large artery
flow into the limb. Hiatt et al. (1989) examined calf blood flow by plethysmography and flow in
the superficial femoral artery by ultrasound during thigh cuff inflation to 40 mmHg. Directly
under the cuff, the diameter of the artery was reduced by 30-40% during inflation although it
did not change above the cuff. Neither did the diameters of the common femoral (proximal to
cuff) or popliteal artery (distal to cuff) change on inflation. However, flow velocity was
significantly lower in all three arteries during cuff inflation. Tschakovsky et al. (1995) made a
similar comparison between ultrasound measures of brachial artery flow and forearm blood
flow by strain gauge plethysmography, showing reduced brachial flow velocity while the
upper arm cuff was being inflated to 50 mmHg to measure forearm blood flow. They
attributed the reduction, which increased in magnitude throughout the 4-5 cardiac beats of
the duration of cuff inflation, to progressive reduction in arterio-venous pressure gradient as

venous volume filled.

2.1.5 Gender differences in the response to cuff occlusion

Myogenic constrictions of resistance arteries and arterioles are attenuated in female
compared to male animals through the action of oestrogen (Huang & Kaley, 2004). Lott et al.
(2009b) also showed that women had attenuated myogenic constriction in their legs
compared to men when transmural pressure was altered by limb suction. Blood flow

reductions during venous distension may therefore also be smaller in women.

VAR responses to venous distension also differ between men and women. In their study on
young healthy male subjects, Oldfield & Brown (2006) found reduced calf blood flow during
venous distension that was due to the reduction in perfusion pressure rather than active VAR
constriction. In a similar study, Bishop et al. (2004) examined young healthy females, both
taking and not taking oral contraceptives (OC), in both phases of their menstrual cycle. The
reduction in calf blood flow during cuff inflation was significantly greater in females (-70%)
than in males (-16%) but there were no differences in flow reduction between non-OC and

OC females or between cycle phases within those groups. This could imply that females, in
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contrast to males, do demonstrate a VAR-mediated constriction during cuff occlusion in
addition to a decrease in perfusion pressure. Alternatively, it could indicate that the venous
filling volume is smaller is females and pressure equates with cuff pressure sooner. Another
possibility is that because females have a greater proportion of skin and subcutaneous tissue
relative to muscle mass within the calf than males (Fuller et al. 2008), and calf skin has a
significant VAR constriction (Okazaki et al. 2005), the reduction in whole limb blood flow
during venous distension is more evident in the female population. Lastly, lower leg
composition in terms of muscle versus skin and subcutaneous tissue might impact on venous

distension volume by providing differing amounts of support from surrounding tissue.

2.1.6 Summary and Chapter aims

While this evidence is supportive of a reduction in arterial inflow to a limb during cuff inflation
to induce venous distension, volume flow in the popliteal artery, the main supply to the lower
leg, was not estimated in the study by Hiatt et al. (1989). In later chapters of this thesis,
venous distension by thigh cuff inflation will be used in the equilibration technique to assess
venomotor responses to reflex sympathoexcitation. It is therefore necessary to establish
whether there are changes in arterial inflow that could impact upon venous volume.
Ultrasound will be used to measure popliteal artery flow during venous distension, and men
and women will be tested because any reduction in arterial inflow could be due to myogenic
constriction which is attenuated in females compared to males, to the venoarteriolar
response which is more pronounced in females, or related to limb composition and venous
capacity. As described in chapter 1, application of a venous occlusion cuff allows filling of the
capacitance vessels but there are discrepancies in estimates of how much large veins
contribute to the measured increased in limb volume (70%, Buckey et al. 1988, 30% Cirovic
et al. 2006). To clarify the venous response, calf volume will be recorded
plethysmographically and the long saphenous (LS) vein will be imaged using ultrasound. The

specific hypotheses for this Chapter are:

1) Any reduction in popliteal artery blood flow during venous distension (equilibration
technique) will not directly impact upon plethysmographic measurements of whole
limb volume changes.

2) The reduction in calf blood flow during venous distension will be greater in females
than in males.

3) Whole limb filling during venous distension will reflect long saphenous vein filling.

2.2 Methods
2.2.1 Subjects and groups

27 young healthy subjects (14 males and 13 females) volunteered to participate in testing
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during which two venous distensions were applied to investigate 1) lower limb artery and 2)
vein responses. All procedures were approved by the Local Research Ethics Subcommittee,
School of Sport and Exercise Sciences, University of Birmingham, UK in accordance with the
declaration of Helsinki 1964. Following informed consent, all subjects were screened by a
general health questionnaire (see Appendix A) in order to ensure that they were in good
health and injury free. Exclusion criteria were: current illness, consumption of ‘over the
counter anti-inflammatory drugs in the previous 24 hour period, cardiovascular or venous
disorders, pregnancy (either prior to or at time of study), injury to limbs (either during or at
any time over 6 months prior to study) and immune, metabolic or kidney condition(s)

(established by the questionnaire).

The female group consisted of 10 women who were taking a combined oral contraceptive pill
(primarily microgynon30), which contained both a synthetic oestrogen (e.g. 30 um
ethinylestradiol) and a progestin (e.g. 150 um levonorgestrel). The remaining 3 women
displayed normal menstrual cycle patterns (~ 28 days) and were not taking (and had not
previously taken) oral contraceptives, as established by self-report questionnaire (see
Appendix B). Volunteers were excluded from the study if they displayed an irregular
menstrual cycle pattern i.e. markedly longer or shorter (x 3 days) than 28 days or were taking
a form of oral contraceptive other than a “combined” pill e.g. a progesterone only pill or the
contraceptive injection. The women were tested as one group and were examined during
both the menstrual phase (days 1 — 5) and the high hormone pill-taking/luteal phase (days 16
— 28) of their respective cycles (day 1 was taken to be the first day of bleeding) to investigate
the influence of the female hormones oestrogen and progesterone. Men were tested on one

occasion only.

All subjects were asked to refrain from eating or drinking anything other than water in the 4
hours prior to their testing session and to avoid caffeine or alcohol in the 12 hours prior to the
session to ensure that there were no major blood volume shifts as a direct result of digestion
and also to prevent external factors (e.g. caffeine) from influencing basal venous tone (Sato
et al. 1988). A modified euhydration protocol (Veldhuijzen van Zanten et al. 2005) was used
to prevent dehydration from reducing blood plasma volume (de Boer et al. 2006) and its
associated effects (Guyton & Richardson, 1961), whereby subjects were asked to consume
250 ml of water 4 hours prior to the start of the testing session and a further 250 ml of water
30 minutes prior to the start of the session. Metabolic rate has been shown to differ
throughout the day in both men and women (Aschoff & Heise, 1972, Kleitman & Ramsaroop,
1948, Wenger et al. 1976, Stephenson & Kolka, 1985) but it does not significantly differ
between menstrual cycle phases (Stephenson & Kolka, 1985). It is unclear whether

circulating catecholamine levels differ throughout the day (Sowers, 1981, Stephenson &
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Kolka, 1985). Therefore, all subjects were tested in the afternoon to avoid any possible

differences due to circadian effects.

Both the venous and arterial distensions were performed on the same day and were
performed in a random order by the subjects within each group so that half of the subjects
performed the distension with the arterial measurements first and half with the venous
measures. The study was conducted in the Vascular laboratory at the School of Sport and
Exercise Sciences, University of Birmingham, UK. The laboratory is situated along a quiet
corridor and a sign was put outside the laboratory requesting silence from passers by so as
to not distract the experimental subjects. The environmental temperature within the
laboratory was maintained at 21 °C to keep room temperature fluctuations and its associated
effects on calf volume measurements by strain gauge plethysmography to a minimum.
Jorfeldt et al. (2003) showed calf volume expansion to increase approximately 3-fold over the
temperature range from 10 to 50°C. Lighting inside the laboratory was dimmed to ensure

subjects remained relaxed and to facilitate viewing of ultrasound images.

2.2.2 Examination procedures

Prior to testing, subjects’ height was recorded in centimeters by a stadiometer and weight in
kilograms by Seca scales in order to calculate body mass index (BMI). Harpenden calipers
were used to take skinfold thickness at four sites - biceps, triceps, subscapular and suprailiac
— in order to calculate % body fat (see below). Subjects then lay on a couch in the supine
position with lower limbs raised slightly above heart level to aid venous emptying (figure 2.1).
All measurements were made on the dominant calf, which in most cases was the right leg.
Using a hand-held tape measure, limb circumferences at the knee, largest calf region and

ankle were taken and limb length measured between those points.

The combined skin and subcutaneous tissue thickness at calf levels was measured using
Doppler ultrasound at four sites around the largest circumference of the test limb. A suitable
image of the soft tissue was found using B mode (ultrasound) at each of the four sites:
medial head of gastrocnemius (MHG), the long saphenous region (LS), anterior tibialis (AT)
and the lateral calf (LC). Images clearly showing the adjoining line of the superficial and deep
fascias were frozen and the in-built caliper tool was used to measure tissue depth. A mean of
three measurements was used for analysis and during measurement collection only

measurements that were within £ 1 mm of each other were accepted.

A small inflatable cuff (Hokanson Ltd.) of 6cm width was placed around the ankle of the test
limb to eliminate foot blood flow, which has previously been shown to be different to that of

the calf (Kerslake, 1949). A large inflatable cuff (Hokanson Ltd.) of 18 cm width was placed
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around the mid-thigh of the test limb. A mercury in silastic strain gauge (measuring 2 cm
smaller than the largest circumference of the calf, Hokanson Ltd.) was placed around the
belly of the calf. Subjects were instructed to breathe at normal rhythm throughout testing and
to avoid sudden gasps or deep inspirations.

Figure 2.1: Photograph of experimental setup showing subject lying on a couch in the supine
position with lower limbs raised slightly above heart level to aid venous emptying. Figure also
shows positioning of the strain gauge around the calf, thigh cuff and Portapress
photoplethysmograph on the right middle finger.

2.2.3 Measurement of variables

Beat-to-beat blood pressure, from which mean arterial pressure (MAP, calculated as diastolic
blood pressure + 1/3 (systolic blood pressure — diastolic blood pressure) and heart rate (HR)
values were derived, was detected using a Portapress photoplethysmograph (Finapres
Medical Systems, The Netherlands) incorporating height correction, placed around the right
middle finger (figure 2.1). The analogue signal from the Portapress control console was input
via a Powerlab A/D converter to a PC where it was sampled at a rate of 40 Hz using Chartlab
software (ADInstruments Ltd.).

Calf blood flow, venous capacity and fluid filtration rate were obtained from calf volume
changes detected using strain-gauge plethysmography. A mercury in silastic strain gauge,
placed around the calf (figure 2.1), was connected to a plethysmograph (Hokanson Inc.) and
the output signal was connected to the same PC running Chartlab software via a Powerlab

A/D converter. Limb volume changes were continuously recorded simultaneously with
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cardiovascular variable changes so that changes throughout the experiment were time-

matched.

L T~ popliteal

fossa

Popliteal
artery

Figure 2.2: Location of imaging area for popliteal artery. Figure also identifies the line of the
popliteal fossa. Images were found 5 — 7 cm below the line of the popliteal fossa. Picture

adapted from Gray’s anatomy.

Arterial and venous diameters and arterial blood flow velocity were all obtained using
Doppler ultrasound imaging. To measure vessel diameters, the popliteal artery or long
saphenous vein were imaged in longitudinal section in either colour Duplex mode (artery) or
B mode (vein) with a Philips Envisor ultrasound machine. A linear 3 - 12 MHz probe was
positioned by hand 5 - 7 cm below the line of the popliteal fossa over the respective artery or
vein (figures 1.3 and 2.2) and the transducer head was manipulated carefully, ensuring to not
press into the leg tissue, in order to obtain optimum images. The video output from the
ultrasound machine was input to a second PC running on-line edge-detection software, VIA
(Newey & Nassiri, 2002). This uses two artificial neural networks to detect anterior and
posterior walls of the vessel and produces a digital display tracking vessel diameter at a

sample rate of ~ 25 Hz (figure 2.3c).

Popliteal artery flow velocity was measured at rest and during venous distension so that
volume flow and resistance could later be calculated. The artery was located (figure 2.2) and
imaged in colour Duplex mode so that a live image of the vessel borders was always
available for on-line edge-detection to provide a continuous recording of vessel diameter
change throughout each procedure, while at the same time being able to perform velocity

measurements on the same vessel segment. A large sample volume length was set to cover
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the entire width of the chosen popliteal artery segment in order to account for any differing
flow velocities within the measurement area (i.e. in the likely event of a parabolic flow
pattern). The ultrasound machine’s in-built angle correction cursor was used to set the angle
of insonation between the Doppler ultrasound beam and the blood flow to 60° (optimum
angle for flow measurements). Blood velocity readings (see below) were reported on the
ultrasound machine’s monitor next to the live blood vessel images and these were recorded
onto VHS tape for later analysis.

Filling

Figure 2.3: Image of leg vein in cross section during rest (a) and filling (b) and the same vein
in longitudinal section during filling (c) as imaged by Doppler ultrasound and displayed by
VIA software. Vein circumferences are highlighted by green dots to illustrate difference in
cross section shape during rest and filling respectively. Green box and lines in “c” illustrate
the region of interest (ROI) enclosing the section of vein and the respective “near” and “far”

borders of the vessel that are measured by the edge-detection software.
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2.2.4 Distension protocol

The same protocol was used for the distensions for arterial and venous measures. Subjects
rested in the supine position for 20 minutes prior to the distension procedure. An ankle cuff
was inflated to > 50 mmHg above systolic pressure to eliminate foot blood flow. A baseline
measurement period of 2 minutes was undertaken during which MAP, HR, calf volume
(strain gauge) and vessel diameter were recorded. Calf arterial inflow rate was then
measured by inflating the thigh cuff to 50mmHg for 10 seconds while the increase in calf
volume was measured by the strain gauge. Following a ~ 30 s recovery period for variables
to return to baseline values, the procedure was repeated until a total of 3 calf blood flow

measurements had been produced for analysis.
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Figure 2.4: Time line for arterial measurements. Figure shows time during which artery

diameter (mm) and flow velocity (cm.s™) were measured during venous distension.

Following a further 2 minute rest period, venous distension was then induced by thigh cuff
inflation to 50 mmHg for 6 minutes while measurements of MAP, HR, calf volume and blood
vessel diameter changes (either arterial or venous) were continuously recorded throughout.
During the distension incorporating the arterial measurements, arterial flow velocity was
measured between minutes 2 and 4 of the cuff inflation period (figure 2.4) so that arterial

volume flow and resistance could be calculated later.

2.2.5 Data analyses

2.2.5.1 Anthropometric data

Body mass index was calculated as weight in kg divided by [height in cm]®. Body fat % was
calculated using the Durnin & Womersley (1974) regression equation for estimation of body

density from skinfold measures and the Siri equation:

Body fat % = [(495/body density) — 4.5] * 100 (equation 1)

Lower leg segment volume was calculated by using a truncated cone model (Karges et al.

2003), whereby measurements of circumference and length were used in the equation:
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Segment volume (I) = 1/3 T x (radius of the base? (m?) + radius of the base (m) x radius of

the top (m) + radius of the top? (m?) x height (m) (equation 2)

To provide information on calf composition, the lean calf circumference at the level of the
strain gauge (the largest calf circumference) was estimated by subtracting the mean of the 4
tissue thicknesses from calf radius. This was then used to give a lean calf diameter which
could be put back into the formula:

Circumference = 1 x diameter (m). (equation 3)

The calculated lean calf circumference was then re-applied to the volume formula for the
truncated cone model to give a “corrected” segment volume. This approach does not give a
completely accurate representation of the lean calf volume since it made the assumptions
that calf limb circumference is a circle and also that skin thickness remained the same at
each level along the length of the limb segment. However, it did serve the purpose of

providing an indication of the differences in lean calf volume between and within the groups.
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Figure 2.5: Example of an original calf volume trace during inflation of a thigh cuff to 50
mmHg for 5 minutes. Time points for determination of venous capacity (ml.100ml™) and fluid

filtration (ml.100mI™*.min") are marked by large arrows.

2.2.5.2 Distension procedure measures

All cardiovascular measurements recorded using Chart and VIA edge-detection software
were initially analysed using the Microsoft Excel software package. MAP and the derived HR
were averaged every 10 sec in Chart and baseline values taken as the mean of these over

the 2 min rest period. The effects of venous distension on MAP and HR were shown by
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plotting 10 sec averages throughout the 5 min period of cuff inflation. Calf blood flow was
calculated from the slope of volume increase per unit time (ml.100mI™*.min™) during the three
10 s cuff inflations and averaged to give a single resting value.

An Excel macro was used to reduce the 25 data points.s™ of ultrasound vessel diameter
values into 10 sec averages. Filling of the long saphenous vein was shown by plotting these
averages against time. Baseline vein and artery diameters were taken as the mean values
over the 2 min rest period. Changes in artery and vein diameter during distension were

expressed as % of baseline diameter.

In order to calculate arterial volume flow, artery diameter was examined during the 2 min of
distension that corresponded to the flow velocity measurement. Since artery diameter did not
significantly vary throughout venous distension (see results), it is reported as the value at 3
minutes (figure 2.5). In offline analysis of the video images recording flow velocity, it was
recorded in both peak velocity and time-averaged velocity mean (over 10 cardiac cycles)
formats. Peak velocity is a measure of the flow at its maximum peak systolic velocity and
therefore does not account for pulsatile variations in flow or slower moving blood nearer the
vessel wall. On the other hand, time-averaged velocity accounts for all variations in flow at a
given time point and can be used to report average blood velocity over a complete cardiac
cycle; on that basis, time-averaged velocity was deemed more appropriate for use in this
present study. To account for fluctuations in flow during systole and diastole, the time-
averaged velocity was averaged over 10 cardiac cycles to create a mean time averaged
velocity (TAVM). The TAVM was recorded onto VHS tape for 2 minutes at rest and between
minutes 2 and 4 of venous distension. To account for heart rate variation between subjects,
the middle 10 TAVM readings were taken from each recording and averaged to provide a
mean TAVM reading for calculation of blood flow and resistance. Popliteal artery blood flow
was calculated by multiplying the vessel cross sectional area (CSA = 1 x radius®, cm?) by the

measured blood velocity (cm.sec™):

Blood flow (ml.min™) = CSA (cm?) x velocity (cm.s™) x 60 (equation 4)

Popliteal artery resistance was calculated by dividing mean arterial pressure (MAP) by the

calculated blood flow:

Resistance (mmHg.mI™.min™*) = MAP (mmHg) / blood flow (ml.min™)  (equation 5)

2.2.6 Statistical analyses

All statistical analyses were conducted using the Statistical Package for the Social Sciences,
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version 13 (SPSS, Inc., Chicago, IL). A one-sample Kolmogorov-Smirnov test was firstly
performed to check for normal distribution of the data to determine the most appropriate
(parametric or non-parametric) statistical analysis. All data were revealed to be normally
distributed.

A hierarchical approach was used for statistical analysis, first for comparison of gender
differences, and secondly for menstrual cycle phase difference. For the first, the data for the
male group were compared to those of the female group obtained from testing during their
menstrual phase since the levels of oestrogen and progesterone are reported to be at their
lowest at this point in the cycle (Heitz et al. 1999). Therefore any gender differences
observed would more likely be as a result of physiological than hormonal differences. Gender
differences were established using independent t-test. To investigate the influence of the
female hormones oestrogen and progesterone, female data obtained from testing during
their luteal phase were compared to the respective data for the menstrual phase using a
paired samples t-test. Within-group responses between rest and venous distension were
compared using repeated measures ANOVA with Bonferroni post-hoc tests. Data are
presented as means = S.E.M. unless otherwise stated. Differences were deemed significant
if p<0.05.

2.3 Results
2.3.1 Anthropometry
The subjects’ physical characteristics are shown in table 2.1. Males were significantly taller,

heavier and leaner than the females (table 2.1, all p < 0.01).

Table 2.1: Basic physical characteristics of subjects. Values are mean + SD. Table shows

data for males and females. ¢ = p < 0.01 males vs. females.

Males (n=14) Females (n=13)

Mean +SD Mean +SD
Age (years) 20 2 19 1
Height (cm) 179 6* 165 5
Weight (kg) 75.1 7.3% 61.3 4.4
Body Mass index (kg/m?) 23 2 23 1
Body fat (%) 14.0 3.5* 24.6 3.2
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Lower limb segment volume as calculated by the truncated cone model was significantly
greater in males than females (Table 2.2). The superficial tissue thickness determined by
ultrasound was significantly less in males than in females at all 4 sites around the largest
circumference of the calf (Table 2.2). The smallest difference between the genders for these
measurements was at the medial head of gastrocnemius (MHG) site (p = 0.03). Corrected
lean segment volume, calculated after removing tissue thickness, was significantly smaller
compared to the calculated total calf volume for both genders. This difference was greatest in
the females who had a smaller lean proportion of calf (66.8 + 1.8 %) than the males (78.6
4.4 %, p < 0.01 males vs. females, table 2.2).

Table 2.2: Skin thickness and calf segment volume. Table shows mean + SD for superficial
fascia thicknesses at the 4 sites (Medial head of Gastrocnemius (MHG), the long saphenous
region (LS), Anterior Tibialis (AT) and the lateral calf (LC)) measured around the largest
circumference of the calf and calf segment volume calculated using the truncated cone
method for the whole limb and corrected for lean tissue only. = p < 0.05 males vs. females.

1 = p < 0.05 calf limb volume vs. corrected calf limb volume.

Males (n=14) Females (n=13)

Mean +SD Mean +SD
MHG (mm) 5.7 0.3* 8.2 0.3
LS (mm) 5.7 0.2* 9.3 0.4
AT (mm) 4.8 0.1* 8.4 0.2
LC (mm) 6.0 0.1* 9.4 0.3
Mean “skinfold” thicknesses (mm) 5.6 0.2* 8.8 0.3
Calf segment volume (1) 2.7 0.5* 2.3 0.4
Corrected calf segment volume (1) 2.1 0.4 *t 15 0.2¢
Lean % of total calf volume (%) 78.6 4.4* 66.8 1.8
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Table 2.3: Values for variables at rest and during distension. Values are mean + SEM for all subjects. Data for females is shown

during both menstrual (FM) and luteal (FL) Phases. ¥ =p <0.05 M vs. FM group. 1 = p < 0.05 distension vs. rest.

M (n=14) FM (n=13) FL (n=13)

Mean + SEM Mean + SEM Mean + SEM
Resting MAP (mmHg) 89 4 88 4 96 5
Distension MAP (mmHg) 88 1 87 1 97 1
Resting HR (beats.min™) 61 2 62 3 60 3
Distension HR (beats.min™) 60 1 61 1 61 1
Resting artery diameter (mm) 5.46 0.17 * 4.76 0.24 4.82 0.17
Distension artery diameter (mm) 5.46 0.23* 4.71 0.26 4.89 0.22
Resting artery blood flow (ml.min™) 112.9 16.9 103.2 15.6 63.1 7.3
Distension artery blood flow (ml.min™) 71.0 1751 56.5 11.9¢ 73.1 15.7
Distension filled vein diameter (mm) 2.65 0.26 2.15 0.15 2.59 0.26
Limb blood flow (ml.100mI™*.min™) 2.96 0.32 3.55 0.59 3.27 0.52
Calf fluid filtration (ml.100mI™.min*".mmHg™ x 10 1.66 0.25 2.04 0.32 2.19 0.45




2.3.2 Resting values for variables

During the initial rest period, no significant differences were found between males and
females for MAP or HR. While popliteal artery diameter was larger in males than in females
(p < 0.03, table 2.3), popliteal artery blood flow (table 2.3) and resistance (figure 2.11) were
similar between the genders (p > 0.05). In the luteal phase, MAP was slightly raised and
popliteal artery blood flow attenuated compared to the menstrual phase in the females,
although these differences were not significant (table 2.3). Popliteal artery resistance was
larger in the luteal phase compared to the menstrual phase (1.27 + 0.29 mmHg.ml.min™* FM
vs. 2.06 + 0.50 mmHg.ml.min™* FL) but these differences did not reach significance (p > 0.05,
figure 2.11). Overall there were no significant phase based differences in variables at rest.
Mean limb blood flow calculated from the rapid cuff inflations was not significantly different

between the genders or between the cycle phases for the females (p > 0.05, table 2.3).

2.3.3 Time course patterns of responses to venous distension

During the rest periods prior to the distensions, all variables remained at a steady level. MAP
(figure 2.6), HR (figure 2.7) and popliteal artery diameter (figure 2.9) were unaffected by
venous distension and did not significantly alter from their baseline values at any time point.
Calf venous volume (figure 2.8) and long saphenous vein diameter (figure 2.10) both
increased markedly during venous distension and both became full, i.e. reached their
inflection point (capacity) at approximately 3 minutes into the distension procedure. The
difference in diameter increase between the genders (M vs. FM) was related to the relative
baseline values and when these increases were calculated as a percentage, these increases
were not significantly different between the genders or between cycle phases (p > 0.05)
although, the baseline vein diameter and diameters throughout filling were larger in the FL
phase.

Popliteal artery blood flow was significantly attenuated during venous distension compared to
rest in the males and female group in their menstrual phase (p < 0.02) but was not
significantly altered during distension in the females in their luteal / high hormone phase (p >
0.05, table 2.3). Despite resting artery blood flow being lower at rest in their luteal phase
compared to the menstrual phase the difference was not significant (p > 0.05). Vascular
resistance in the popliteal artery during venous distension was twice that at rest in males and
FM females (p < 0.05) but similar between the two conditions in the females during the luteal
phase (FL, figure 2.11). Although during their menstrual phase the females displayed smaller
filled vein diameter, this was not significantly different from that of the males or during their
luteal phase (p > 0.05, table 2.3). Calf venous capacity was almost identical between males
and females and between cycle phases (p > 0.05, figure 2.12). Calf fluid filtration was less

but not significantly smaller in males than in females (p > 0.05, table 2.3). Overall there was
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no significant gender or female cycle phase difference for any of the variables measured (p >

0.05).
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Figure 2.6: MAP (mean + SEM) throughout 5 min of venous distension (thigh cuff 50 mmHg).
Female values are shown for both cycle phases (FM and FL). Data are presented here as

the mean of the two venous distensions combined since there were no significant differences

at any time point between the two interventions.
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Figure 2.7: HR (mean + SEM) throughout 5 min of venous distension (thigh cuff 50 mmHg).
Female values are shown for both cycle phases (FM and FL). Data are presented here as

the mean of the two venous distensions combined since there were no significant differences

at any time point between the two interventions.
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Figure 2.8: Calf limb responses to venous distension. Figure shows mean + SEM volume
changes for males and females during both cycle phases. Data are presented here as the

mean of the two venous distensions combined.
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Figure 2.9: Popliteal artery diameter during venous distension. Figure shows mean + SEM

actual diameter changes for males and females during both cycle phases.
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Figure 2.10: Long saphenous vein diameter during venous distension. Figure shows mean *

SEM actual changes in diameter for males and females during both cycle phases.
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Figure 2.11: Popliteal artery resistance during rest and venous distension. Figure shows
mean + SEM values for resistance (mmHg.ml.min™) for males and females during both FM

and FL phases. * = p < 0.05 for venous distension vs. rest.
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Figure 2.12: Calf venous capacity for males (M, n = 14) and females (F, n=13). Figure shows
mean + SEM for capacity (ml.100ml™) taken as the limb volume increase at 3 minutes during
venous distension. Female group data is shown during both the menstrual (FM) and luteal
(FL) phases.

2.4 Discussion

The aim of this study was to investigate whether there are changes in arterial inflow during
(50 mmHg) thigh cuff inflation that could impact upon venous volume during venous
distension measurement(s). Ultrasound was used to measure popliteal artery flow during
venous distension, and men and women were tested because any reduction in arterial inflow
could be due to myogenic constriction (attenuated in females), to the venoarteriolar response
(more pronounced in females), or related to limb composition and venous capacity.
Furthermore, calf volume was recorded plethysmographically and the long saphenous (LS)
vein was imaged using ultrasound in an attempt to also clarify the size of the venous
response, which has been reported differently (70%, Buckey et al. 1988, 30% Cirovic et al.
20086).

2.4.1 Popliteal artery flow during venous distension

The main findings are that popliteal artery flow decreased significantly during venous
distension without change in artery diameter. This was evident both in males and in women
(tested during the menstrual phase of their cycle), with no difference between genders (flow
reduction of -36 £ 8% males, -40 + 10% females). Hiatt et al. (1989) also saw no change in
popliteal artery diameter when a venous occlusion cuff was inflated around the thigh
although they did not calculated volume flow. The values obtained for baseline popliteal
artery flow were calculated from measured diameter and flow velocity and were similar
(107.2 + 11.3 ml.min™ for all subjects) to those reported in other studies in supine males and

females of mixed age range (110 + 43 ml.min™ - Delis et al. 2000; 72 + 34 ml.min* - Holland
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et al. 1998).

With mean arterial pressures of ~ 90 mmHg, it seems unlikely that the reduction in popliteal
artery flow would be due to any impairment of flow from the more proximal upper leg by a
thigh cuff inflated to 50 mmHg. However, inflation of a thigh cuff to venous occluding
pressures did cause a reduction of femoral artery diameter directly under the cuff (Hiatt et al.
1989). This would reduce flow velocity in downstream arteries below the cuff, as was seen in
the present study. More recently, Lott et al. (2002, 2009a & b) reported that alteration of
transmural pressure by applying suction or positive pressure to a limb did not change
diameter of the conduit artery but did reduce blood flow through myogenic mechanisms
operating most likely in the downstream resistance vessels. The conditions of these
experiments where the whole limb segment and all vessels are exposed to pressure changes
are different from those where an occluding cuff applies pressure to a specific region of the
upper limb. In the latter situation, however, it is possible that resistance vessel myogenic
constriction could be triggered by the back pressure from venous occlusion. If pressure
exceeds 40 mmHg, venous valves become incompetent (Brown et al. 1966) and pressure in
the capillary bed rises in line with venous pressure (Mahy et al. 1995), with the potential for
reaching arterial vessels (Bram et al. 1989). Although myogenic constriction is attenuated in
women compared to men (Lott et al. 2009b), and in animal studies resistance arteries from
females show smaller myogenic constrictions (Huang & Kaley, 2004), no gender differences
were observed in flow reduction in the present study, which may indicate that other

mechanisms were involved in the flow reduction.

Vasoconstriction downstream of the arterial measuring site could be caused by the VAR.
Vascular resistance calculated from popliteal artery flow and mean arterial pressure
increased 2-fold during venous distension (p<0.05). However, it is also possible that popliteal
flow was reduced because the pressure difference between artery and vein was decreased
by the occluding cuff around the thigh. Therefore, vascular resistance was also calculated
using mean arterial pressure minus cuff pressure. When this was done and the change in
resistance from rest to distension was compared, there was no significant difference for
males (1.1 + 0.2 vs. 0.9 + 0.2 mmHg.ml™.100mI"*.min*, p=0.34) or females (1.3 + 0.3 vs. 1.0
+ 0.2 mmHg.mI*.100mI*.min*, p=0.25). Therefore the reduction in artery flow could be
accounted for by the smaller arterio-venous pressure difference. This was also the
conclusion arrived at by Levy et al. (1979) and Tschakovsky et al. (2004) who compared
arterial flow velocity with plethysmographic blood flow in the forearm and observed

reductions in velocity during venous occlusion.

It was notable that there was no difference between males and females in the reduction in
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flow or increase in vascular resistance during venous distension. It had been postulated that
women might show a greater constriction due to the VAR than men. This was based on
previous findings that calf blood flow measured by plethysmography decreased more during
a 5 min venous distension in women than men (Bishop et al. 2004). No such difference was
observed in popliteal artery flow in the current study. It is still possible, however, that the
downstream resistance vasculature in the calf might respond differently to venous distension
in women and men, particularly if the VAR is more evident in skin and subcutaneous tissue
which comprise a greater proportion of the female calf. The VAR is also dependent on a rise
in venous pressure of greater than 25 mmHg during distension (Henriksen, 1991) and a
smaller limb size in women may be linked with lower venous volume and faster rise in
pressure during filling. The characteristics of calf and vein filling were therefore investigated

in the genders.

Although popliteal artery flow and calf blood flow measured by plethysmography did not differ
in women tested in their menstrual phase compared to men, in their luteal phase popliteal
vascular resistance at rest tended to be higher and there was therefore no further increase
during cuff inflation (Figure 2.11). Minson et al. (2000a) reported higher MSNA activity and
noradrenaline levels during the luteal vs. menstrual phase which could lead to higher
vascular resistance but this was in women with natural menstrual cycles and not taking oral
contraceptives, which most of the current female cohort were. Minson et al. (2000b) also
found no phase difference in MSNA or noradrenaline in women taking oral contraceptives.
On the other hand, Arangino et al. (1998) found that 6 months administration of oral
contraceptive did elevate noradrenaline levels although it was without effect on blood
pressure. The reason for the higher vascular resistance therefore remains unexplained but
the lack of change during venous distension is consistent with luteal attenuation of myogenic

vasoconstriction in skin of the lower leg in OC users (Bishop & Brown, 2006).

2.4.2 Calf volume changes and filling during venous distension

As shown in Figure 2.8, calf volume increased rapidly throughout the first 3 min after thigh
cuff inflation and thereafter the increase was slower and more linear. The first phase of rapid
filling is dependent on the rate of arterial inflow and when blood flow was derived from brief
cuff inflations prior to the prolonged venous distension, the values were similar for men and
women (Table 2.3). This agrees with other data comparing resting limb blood flow between
the genders. Although some studies have reported higher resting blood flow in women than
men (Kneale et al. 2000), this is for the forearm whereas for the calf, resting blood flows are

usually similar between genders (Hogarth et al. 2006, Schank et al. 2007).

The time course of filling of the calf and the increase in venous volume during distension in
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men and women yielded similar values for capacity (around 2 - 3 ml/100mls) as other data
published for young healthy individuals using strain gauge plethysmography (Stewart, 2003,
Lindenberger & Lanne, 2007). Other studies have reported bigger calf venous capacity in
men than women (Monahan & Ray, 2004; Lindenberger & Lanne, 2007). However, the
subjects participating in the current study were all young fit sports science students most of
whom were regularly undertaking either recreational or competitive level physical activities.
Calf venous volume is higher in athletes than non-athletes (Boutcher & Boutcher, 2005) and
in those with higher fitness levels, both men and women (Hernandez & Franke, 2004, 2005)
and is decreased by inactivity (Bleeker et al. 2004). Although levels of activity were not
recorded for this study, it is possible that differences between the genders are less evident in

fitter individuals.

In women, there was also no difference in calf venous capacity between phases of the
menstrual cycle. Significant hormonal effects on female calf have been demonstrated as
increased capacity during the luteal phase of the menstrual cycle, OC use, pregnancy and
oestrogen administration (Goodrich & Wood 1964, 1966, Barwin & Roddie, 1976). However,
Meendering et al. (2005) showed no difference between calf volumes during venous
occlusion between the menstrual and Iluteal cycle phases in women taking oral
contraceptives, similar to most of the women in the present study population. They did find a
small increase in calf capacity in normally menstruating women between menstrual and
luteal phases, but these were the minority in the present study (3 out of 13) and may not
have been sufficient to influence the data.

The second phase of the calf volume response to venous occlusion represents fluid filtration.
Data on gender differences in filtration have maostly shown no difference (Gamble et al. 1998)
and no effect of female hormones (Gooding et al. 2005, Stachenfeld & Taylor, 2007). In
contrast, Lindenberger & Lanne (2007) found higher net filtration in women than men, but
this was from calf volume changes obtained during application of lower body negative
pressure which may result in different adjustments of blood volume between upper and lower

body compartments (Taneja et al. 2007) than venous occlusion alone.

Another reason for discrepancies relating to gender and hormonal differences in calf venous
volume may be the conditions under which it was measured. Many early studies applied cuff
pressure to induce venous filling and distension and reported volumes after relatively short
periods (~1-2 min), e.g. Barwin & Roddie (1976) used 2 min. Such brief occlusion may not
allow time for full filling (Brown et al. 1966) and, because of the hysteresis present in venous
filing and emptying curves (see chapter 1), may also underestimate true capacity. Indeed,

Lindenberger & Lanne (2007) compared both rapid filling and slow filtration phases of the calf
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response to venous distension and since capacity was less and filtration was greater in
women than men, the total venous volume response after 8 min was similar between the
genders. Likewise, Meendering et al. (2005) saw no difference in male and female calf
volume responses to 8 min of venous occlusion. The present study also shows that with 5
min of occlusion, the volume responses are independent of gender and cycle phase.

2.4.3 Long saphenous vein filling during venous distension

The time course and pattern of filling of the LS vein was very similar to that of the whole calf
(compare Figures 2.8 and 2.10). Baseline diameters of the vein were similar for men (1.73 +
0.19 mm) and women (1.41 £ 0.12 mm, p=0.16) and were slightly smaller than those
previously reported for the long saphenous vein (males 3.4 mm, females 3.2 mm, Jeanneret
et al. 1999). The latter values, however, were obtained in subjects ranging in age from 20 to
66 years and vein size increases with age (Kroger et al. 2003). It also depends on where
diameter is measured along the length of the vessel as diameter decreases from proximal to
distal (Haenen et al. 1999). Filled vein diameter (in Jeanneret et al. study) when scaled
according to body size, tended to be smaller in women than men, but the relative increases
compared to baseline were not different between the genders (72% males, 73% females).
These values are comparable to the 59% increase reported for the saphenous vein (baseline

diameter 2.0 + 0.7 mm) when distended by pressure in males (Eiken & Kolegard, 2004).

During distension there was no evidence of venous ‘creep’ in the saphenous vein, i.e. further
increase in size once filled due to stress relaxation. In all groups, diameter at the end of
distension (5 min) was within 1-2% of that recorded at filled capacity (3 min). This is in
contrast to the whole limb which continued to increase in volume throughout. The slower
phase of limb volume increase once filling is complete has been attributed to both fluid
filtration and venous creep (Halliwill et al. 1999) but if the latter does contribute, it can only do

so if it applies to small venous vessels.

2.4.4 Body size and calf composition

The male subjects in this study were taller, heavier and leaner than the females and have
greater lower limb segment size. The proportions of skin and subcutaneous fat to lean tissue
were also different between genders with women having a smaller % lean tissue. This is
consistent with studies using other methods to assess composition e.g. MRI (Abe et al.
2003). The conventional means of evaluating skin and adipose tissue is by skinfold caliper
but ultrasound has also been used. The average values for tissue thickness obtained in the
medial head of gastrocnemius region in the present study (Table 2.2) are similar to those
reported for the same site using ultrasound by others (males, 6.2 + 2.1 mm, mean * SD,

Eston et al. 1994, males 5.6 mm, females 7.9 mm, Weiss & Clark, 1985). Body size
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differences between men and women are also reflected in the diameters of the popliteal
artery and the LS vein when filled. Despite these differences, the venous capacities were
similar. Since strain gauge plethysmography registers relative venous vascular volume
increase as a % change, blood volume must be distributed differently between lean versus

adipose tissues in the legs of men and women.

2.4.5 Limitations

The use of ultrasound to continuously measure vein size is a new technique and there are
important operating issues that the user should consider when performing continuous
measurements: Firstly, in this present study the ultrasound probe was held by hand. In this
instance great care must be taken in positioning the probe to optimise the image since
exerting excessive pressure on the skin will compress the vein. Conversely, poor contact
with the skin can result in a “bad” image, which lacks good resolution of the vessel walls,
resulting in inaccurate measurement. Great concentration is also required with this technique
so as to not move from the point of interest while performing the scan as this could result in
inaccurate changes in diameter, which may not occur. However, the specific advantage of
the hand-held technique over using a fixture for the probe (such as a clamp) is that the hand-
held technique allows subtle movements to correct the image quality, which is particularly
important when dealing with moving tissues during venous distension (i.e. limb swelling and
movement of the vein). With regard to the edge-detection (VIA) software: This was designed
to assess arterial diameters during a flow-mediated dilation protocol. Although ultrasound
settings were optimized to provide best contrast for the software to perform edge-detection,
vein vessel borders are not as bright as arterial borders, largely due to the difference in wall
thickness of the respective vessels — arterial vessels have a much thicker tunica adventitia
(outer layer of the vessel wall) in comparison to their venous counterparts. To counter this, a
number of image processing settings were adjusted to optimize the image: The dynamic
range on the ultrasound machine was reduced to create a more contrasted (black and white)
image to assist the VIA software. Additionally, the black and white gain control was increased
when necessary, the harmonic image processing on the ultrasound machine was used to
provide better resolution when imaging the long saphenous vein as it is near the surface
(within 2-3 cm) of the skin. When imaging the popliteal artery (5-6 cm below skin), although
its borders were easier to detect than its venous counterpart, the frequency that the probe
was operating at was reduced to provide greater penetration through the tissues. Although,
as much as possible was done to ensure image quality, brief intermittent failure of the
software to capture vessel borders did occasionally occur and could have resulted in
spurious values for diameter which were being sampled at 25Hz. To correct for this, visual
inspection of the raw VIA diameter data was performed to remove obvious outliers before the

values were grouped into 10 s averages.
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The extent of venous vascular filling is influenced by a) rate of arterial inflow, b) limb position
relative to heart level and ¢) ambient / body temperature. Limb position and temperature
were controlled as best as possible by ensuring the couch and the leg support (figure 2.1)
remained at the same height throughout the course of the study and that the environmental
temperature setting within the laboratory was set to 21°C but slight differences from test
session to test session may account for some variability in measures such as capacity and
filtration. Cuff inflation was to 50 mmHg. Blood pressures are expressed as mean values but
it is possible that in some cases 50 mmHg exceeded diastolic pressure and if so, the cuff
would have mechanically impeded femoral, and hence, popliteal artery flow. However,
analysis of the original Chart Lab raw data revealed that in only 3 cases of the total of 27
subjects did diastolic blood pressure fall below 50 mmHg during venous distension and at no
time point did any of these 3 cases fall below 45 mmHg. Analyses for arterial blood flow
measurements were checked with these 3 subjects removed from the data, but the
recalculated results were not significantly altered compared to the results presented in this

Chapter showing findings for all subjects.

The methodology used in this study cannot distinguish between mechanisms leading to the
reduction in popliteal artery flow. A measurement of calf blood flow by plethysmography
during the distension would have helped to confirm vasoconstriction, either myogenic or
VAR-mediated, in downstream microcirculation. It was not possible to make this measure

due to lack of personnel to operate equipment.

Although women were tested during the menstrual phase of their cycle in order to ensure
lowest levels of both endogenous and exogenous oestrogen and progesterone, the cycle
phase was established by self-report only. A more accurate assessment could have been
made if either ovulation kits were used to determine mid-cycle days, or blood hormone levels
had been measured. These were not carried out due to cost constraints. Further to this, the
ratio of women taking oral contraceptives to those with normal cycles was 10:3. The purpose
of this study was to compare the men to the women at the lowest hormone levels of their
cycle (menstrual) in order to identify differences at the physiological level without the
influence of the female hormones, and then to observe the same women during their highest
hormone phase (luteal) to identify the specific influence of these hormones. It was on this
basis that the women were grouped together regardless of their hormone type (endogenous
or exogenous) since levels of oestrogen and progesterone are similarly low during the
menstrual phase in both the normal and oral contraceptive menstrual cycles and, in both

cases, significantly higher during their respective luteal phases.
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2.4.6 Summary and conclusions

The main findings of this present study are that popliteal artery flow decreased significantly
during venous distension without change in artery diameter. It is unlikely that these
reductions are due to any impairment of flow by the more proximal thigh cuff since it was only
inflated to 50 mmHg, which was below mean arterial pressure (~ 90 mmHg) and in all but 3
cases was also below diastolic pressure. Any myogenic effect is also unlikely as no gender
affect was noted. However, this does not mean that it did not occur. The most likely
explanation for the reductions in flow is that these could be due to the smaller arterio-venous
pressure difference following cuff inflation, which resulted in back-flow. However, regardless
of the exact mechanism the reduction in flow does not result in a reduction in artery diameter,
which is therefore not reflected in whole limb volume measurements. This is an important
finding with regard to the later experiments within this thesis and the methods used to detect

venoconstriction following sympathoexcitation.

In terms of venous filling, the long saphenous vein displayed a similar pattern of filling to the
whole calf limb, with both reaching “capacity”, i.e. the point of inflection at a similar time point
(~ 3 minutes). This finding may suggest that examination of an individual vein during venous
distension and intervention could provide insight into venous reactivity as a whole in the calf
limb without the need for using plethysmography, however, further work may need to be
done to validate this method. Having said that, the use of ultrasound imaging in conjunction
with edge-detection software would appear, from the evidence presented here, to be a
reliable method for observing vein reactivity to volume changes since events which occurred
at specific time points within the long saphenous vein (e.g. initial filling period and capacity)
matched the time points for those same events within the whole limb plethysmographic

measurements.

Males and females displayed similar responses to venous distension in popliteal artery blood
flow and calf and long saphenous vein filling. Despite females having smaller quantity of lean
tissue and smaller artery and vein size, venous capacities were also similar between the

genders.

Finally, the response to 50 mmHg thigh cuff inflation (venous distension) does not appear to
be influenced by gender or female hormone status (as determined by cycle phase).
Therefore, any observed differences within parameters during an intervention (in later
chapters) are likely to be due to hormonal differences in response to the stimuli rather than to

the specific effects of venous distension.
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Chapter 3:
ULTRASOUND ASSESSMENT OF VENOMOTOR RESPONSES TO
SYMPATHOEXCITATION BY ISOMETRIC LEG EXERCISE AND
MENTAL STRESS TASK IN MEN AND WOMEN
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3.1 Introduction

An increase in venous tone through active constriction would help to counter pooling of blood
within capacitance vessels. As has been pointed out in Chapter 1, this assumes importance
in humans especially for the peripheral leg veins during upright posture. Different protocols
for evaluation of venoconstriction that involve venous distension and measurement of limb
venous volume or a specific superficial vein (occluded vein / limb technique, equilibration
method) were also described in Chapter 1. In Chapter 2, it has been established that
although the calf consists of less lean mass in women than men, venous distension by thigh
cuff occlusion results in similar calf venous vascular volume in young men and women, and
that the genders show similar decreases in popliteal artery flow. The popliteal artery and long
saphenous vein dimensions are scaled according to body size and limb composition, being
larger in men than women. The similarity of profile of both calf volume and single vein
distension in men and women will allow the equilibration technique to be used alongside
ultrasound to evaluate the venoconstrictor effects of two different sympathoexcitatory
interventions, exercise and mental stress. The effects of exercise and mental stress on
venomotor tone have been assessed in the literature using the occluded vein / limb and

equilibration protocols and this evidence will now be reviewed.

3.1.1 Evidence for venoconstriction during exercise

As discussed in the General Introduction, animal studies observing venomotor tone during
sympathoexcitation in exercise have reported no effect (Donegan, 1921, Marshall, 1982) or
constriction in large (Webb-Peploe & Shepherd, 1968, Gero & Gerova, 1975) and small
(Bjornberg & Maspers, 1991) venous vessels. For example, graded stimulation of the lumbar
sympathetic chain at frequencies of 1-16 Hz results in a 4-fold increase in venous vascular
resistance with maximum effect observed after 30 sec compared to 60 sec required for

arterial resistance to reach steady state (Bjornberg & Maspers, 1991).

In humans, there is also evidence for exercise-induced venoconstriction. Sharpey-Schafer
(1963, 1965) reported that ‘the veins of the exercising forearm were conspicuously
constricted after exercise’ but did not see such a post-exercise effect in the contralateral
limb. Page et al. (1955) recorded increases in pressure of 13 mmHg in an isolated segment
of forearm vein without change in central venous pressure during knee extension exercise,
although the intensity and duration of exercise were not specified. Bevegard & Shepherd
(1965) also found pressure increases of 12-14 mmHg in the occluded forearm which peaked
after 30-40 sec during several minutes of supine leg cycle exercise. In addition, they used
plethysmography and reported a 1-2 ml.100ml* decrease in filled forearm volume
(equilibration method) during the exercise, with similar changes in calf volume during arm

exercise. Volume decreases were graded with exercise intensity, assessed as heart rate
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rise, and were of similar magnitude even when the limb blood flow had been elevated by
prior handgrip exercise. Forearm venomotor responses to leg exercise were abolished by
heating to 44°C and were absent in a patient with sympathectomy, indicating neural
involvement. They concluded that sympathetically-mediated venoconstriction during exercise
acts to counter pooling in post-capillary capacitance vessels when resistance vessels dilate.

Bevegard & Shepherd (1966) extended these studies by measuring oxygen uptake during
the exercise and comparing the capacitance with resistance vessel responses to exercise by
measuring forearm blood flow with plethysmography and radial artery pressure in the
contralateral arm. There was transient forearm vasodilation when leg exercise commenced,
followed by vasoconstriction. This was confirmed by sampling blood from a superficial and a
deep forearm vein simultaneously and showing in the former no change in oxygen saturation
but in the latter, a transient increase followed by a decrease, suggesting that the vasodilation
occurred in muscle tissue rather than skin. Despite these changes in arterial resistance
vessels, venoconstriction, detected as a decrease in plethysmograph volume, was, as
before, graded with exercise intensity, maintained for 3-4 min, abolished by heating and
absent after sympathectomy. It also occurred when exercise was superimposed upon a
breath-hold manoeuvre, showing that exercise-induced chest movements were not involved,

and when occlusion cuffs were applied to prevent metabolite transfer from the working legs.

Samueloff et al. (1966b) examined forearm venomotor responses by the occluded limb
technique during supine cycle ergometer exercise. They reported a sustained increase in
measured vein pressure throughout exercise but the duration and intensity of the latter were
not described, and the magnitude of the venous response was only shown illustratively, not
guantitatively. Using the same technique, these authors did compare venomotor responses
from the forearm, calf, hand and foot to a single stimulus, a deep breath, with the biggest
responses in the hand and foot. It was not reported whether venous reactivity to an exercise

stimulus differed likewise between regions.

The elimination of exercise-induced changes in limb venomotor tone by heating would
suggest that it is the more superficial veins that contribute to decreases in venous vascular
volume. Zelis & Mason (1969) used the equilibration method to show decreases of ~14 % in
forearm venous volume during supine leg cycle exercise for 1-3 min in male subjects aged
between 21 and 39 years. They then attempted to partition out the response between
superficial and deep vessels by iontophoretic application of adrenaline to the whole forearm
region. When skin circulation was constricted in this way, the forearm venous volume was
unresponsive to leg exercise, confirming the importance of superficial capacitance vessels to

the response. It was noted in some of the above studies that continued dynamic leg exercise
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for several minutes that the initial venoconstriction waned over time. Wenger & Roberts
(1980) suggested that this was due to thermal effects of rising core temperature. They
reduced core temperature by consumption of ice and controlled forearm skin temperature by
airflow and showed that during prolonged exercise (30-40 min) at 45% VO,max there was a
progressive increases in filled forearm venous volume as body temperature rose but that this
was still less than at the same temperatures without exercise, indicating venoconstriction.
From the same group, Fortney et al. (1983) also studied venomotor tone in 5 healthy males
performing seated cycling at 65% VO,max for 30 minutes. Forearm plethysmographic
volume was repeatedly measured by inflating a cuff to 30 mmHg and showed a continual
decrease throughout the exercise despite rising core body temperature. They attributed this
persistent venoconstriction to the higher exercise intensity, and considered that after long
duration of exercise, part of the increase in venous tone occurred as a result of reduction in

plasma volume because they showed that tone was enhanced by hypovolaemia.

Since cycling is a dynamic exercise modality, Bevegard & Shepherd (1965) also examined
vein pressure changes in an occluded forearm and noted increases when isometric
contractions were performed by contralateral handgrip or by the legs. In one subject,
percutaneous stimulation of the popliteal nerve to cause involuntary calf contractions also
resulted in forearm venoconstriction although it was not established whether this was due to
the contractions or activation of any afferent fibres. Seaman et al. (1973) examined the
effects of graded isometric forearm handgrip (20, 30 and 40% MVC for 6-8, 3-5, 2-3 min
respectively) on venomotor responses in the calf (equilibration method) and contralateral
forearm (occluded limb technique) of male subjects. Calf volume decreased by 8, 10 and
12% at the different handgrip force intensities, and forearm vein pressure increased by 12
mmHg at 30% MVC. The authors concluded that such venoconstriction may be particularly
important during static exercise when the muscle pump is non-functional as an aid to venous
return. Stewart et al. (2007) used impedance plethysmography to examine blood volume
changes during 2 min of handgrip at 35% MVC. Thoracic blood volume increased ~ 5% while
splanchnic volume decreased by 2.5% although splanchnic flow remained unchanged, and
calf volume decreased by just over 1% while calf vascular resistance increased by > 10%.
The increase in cardiac output during isometric exercise was aided by both splanchnic
venoconstriction, which increased central blood volume by 4.5%, and arterial
vasoconstriction. Taken together, these data demonstrate increases in venomotor tone

during both dynamic and isometric exercise, independent of changes in arterial tone.

In summary, studies using techniques that examine superficial veins either individually
(isolated vein segment) or within the limb (occluded limb), and those that assessed whole

limb volume plethysmographically (equilibration method) have all shown some degree of
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venoconstriction in response to exercise. Most of the studies have tested forearm responses,
and those that have examined the calf have seldom provided adequate quantitative data, let
alone investigated differences between superficial and deep veins in the lower leg.
Furthermore, the time course of venoconstrictor responses during exercise is unclear from
these papers because very often individual original traces are presented and there are no
group data. Most notably, all the studies have been carried out on male subjects so that
there is no information about gender differences.

3.1.2 Evidence for venoconstriction during mental stress

There have been far fewer studies investigating the effects of mental stress on venomotor
tone. In animal studies, Martin et al. (1996) inferred an increase in integrated venomotor tone
from the rise in mean circulatory filling pressure in rats subjected to air-jet stress. They also
showed involvement of the paraventricular nucleus of the hypothalamus in regulation of
venous tone, in addition to circulating catecholamines (Martin et al. 2006). Early studies in
humans tended to mention venomotor responses to mental stress as an aside rather than as
an intentional intervention. For example, Samueloff et al. (1966b) commented that forearm
venous pressure showed a constrictor increase of 6 mmHg to ‘an emotional stimulus’, the
suggestion that the subject was about to faint. At the same time, blood flow in the
contralateral forearm increased, again showing the opposite reflex changes that can occur in
resistance and capacitance vessels. Zelis & Mason (1969) asked subjects to calculate a
mathematical problem but the effect that this had on cardiovascular variables such as blood
pressure or heart rate was not reported, and the magnitude of the decrease in forearm

venous volume (equilibration method) was not given.

Robinson et al. (1989) applied the then newly-developed *"Tc blood pool scintography
method for assessment of forearm venous vascular volume and constructed pressure-
volume curves during cuff occlusion over the range of 10-30 mmHg (Manyari et al. 1988).
The subjects, middle aged patients being investigated for cardiac problems, carried out a
mental arithmetic test involving serial subtractions and the same pressure-volume curves
were obtained. A pressure-volume plot based on vascular volume indicates venous capacity,
and this was reduced by 13.5% during mental stress. Systolic and diastolic blood pressures
rose 26 and 10 mmHg respectively and heart rate rose 10 beats.min™ during the stress test.
Although this was one of the first studies to assess venomotor tone responses to mental
stress in a quantitative fashion, the subject cohort were not representative of a normal

healthy population.

Dzeka & Arnold (2003) compared venoconstrictor responses in chronic heart failure (CHF)

patients and age-matched healthy subjects by studying the dorsal hand vein dimensions with
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the LDVT method and measuring distension during cuff occlusion of 45 mmHg. They also
applied a serial subtraction arithmetic test that raised mean arterial pressure by ~ 12 mmHg
and heart rate by ~12 beats.min™ in the age-matched controls. Hand vein distension was
reduced by 4.9% during the stress test in controls. Baseline venous distension in CHF
patients tended to be smaller than in controls but the reduction during mental stress (6.6%)
was similar. Having previously shown that hand vein constriction to infused alpha adrenergic
agents could be enhanced by blocking prostaglandin synthesis with indomethacin in young
healthy individuals (Callow et al. 1998), Dzeka & Arnold (2003) confirmed that indomethacin
also increased distension to 19.2% and 19% in age-matched controls and CHF patients
respectively. They concluded that dilator prostaglandins contribute to the response to mental

stress and by their removal, adrenergic venoconstrictor effects were exaggerated.

Despite the relative lack of data on venomotor responses to mental stress, it is evident that
constriction occurs, at least in forearm and hand veins. To the best of the author’s
knowledge, no study has investigated venomotor responses to mental stress in the leg. It is
also apparent that there has been no systematic examination of whether there are gender
differences in stress-induced venoconstriction. While evidence presented above indicates
venoconstriction in upper limbs to both exercise and mental stress, and in lower limbs to
exercise, there is no quantitative comparison of leg venomotor responses to these two

interventions.

3.1.3 Cardiovascular responses to sympathoexcitation by exercise and mental stress

There are distinct differences in the characteristics of the sympathetic neural and
catecholamine response to exercise and mental stress that lead to divergent cardiovascular
and resistance vessel effects. In order to appreciate possible passive effects on venous

volume and potential variations these will be considered.

During laboratory based research on humans, isometric exercise is generally performed in
the upper limb by handgrip exercise or in the lower limb by either knee extension exercise or
calf exercise (plantar flexion of the foot). Exercise is usually carried out at a calculated
percentage of a predetermined maximal voluntary contraction (MVC) for a set period of time
(e.g. 30% MVC for 2 min duration). Due to the mechanics of performing an isometric
contraction, in particular the limb movement associated with the action, cardiovascular
measurements are commonly taken from the contralateral limb. Mental stress can be
administered to the participant in many forms. The two most common mental stress stimuli
used in modern day studies are the Stroop colour conflict test or mental arithmetic task such
as the PASAT (Tombaugh, 2006). Callister et al. (1992) compared the two types of task at

varying levels of difficulty and reported that at similar levels of stress perception there were
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no differences in neural output between the two tasks in their subjects. Most human
observations of sympathoexcitation evoked from mental stress have been made on the

forearm vasculature.

3.1.4 Blood pressure and heart rate responses

3.1.4.1 Isometric exercise

Significant increases in blood pressure and heart rate — the pressor response - have been
reported during experiments involving isometric hand grip exercise (Eklund & Kaijser, 1976,
1978, Dietz et al. 1997, Reed et al. 2000, Leuenberger et al. 2003, Davies et al. 2007), lower
limb isometric exercise (Mitchell & Wildenthal, 1974, Ray & Mark, 1993, Fisher & White,
2003, Bell & White, 2005, Fisher et al. 2005) or both (Eklund & Kaijser, 1974, Ray & Wilson,
2004). Both variables increase within seconds of exercise onset, and increases are graded
with exercise intensity and enhanced by ischemic conditions. They represent the combined
effects of ‘central command’ drive to and muscle afferent stimulation of the efferent
autonomic pathways that increase cardiac output (via heart rate and stroke volume) and
elevate peripheral vascular resistance (Fisher & White, 2004, Williamson et al. 2005, Smith
et al. 2006, Green & Patterson, 2008). Evidence from the studies above would suggest that
increases in MAP and heart rate in the range of 17 — 28 mmHg and 8 — 25 beats.min™ would

be observed in subjects performing isometric exercise at 30 — 40 % MVC intensity.

3.1.4.2 Mental stress

Like other sympathoexcitatory challenges, application of a mental stress intervention has
also been shown to result in marked increases in blood pressure and heart rate of ~ 8 — 16
mmHg and ~ 12 — 25 beats.min™ respectively (LeBlanc et al. 1979, Robinson et al. 1989,
Herd, 1991, Manyari et al. 1996, Halliwill et al. 1997, Carter et al. 2002, Carter et al. 2004,
Carter et al. 2005, de Boer et al. 2006). The increase in MAP during a stress test of 2 min
duration follows a similar pattern to that of isometric exercise with significant increase during
the first minute that continues during the 2™ minute (Herd, 1991). An increase in heart rate
and hence cardiac output contributes to the rise in MAP, but the pattern of heart rate change
is different from that during exercise. With continuous beat-by-beat monitoring, it is obvious
that during isometric exercise lasting several minutes heart rate rises immediately and
continues to do so throughout the intervention duration (Ferguson & Brown, 1997, Hisdal et
al. 2004). In contrast, during mental stress, there is an initial rapid increase in heart rate that
peaks during the first minute, following by a decline (Herd, 1991, Wasmund et al. 2002,
Carter et al. 2005, Carter & Ray, 2009). This difference is due in part to the neuroendocrine
responses whereby mental stress evokes marked increases in the circulating
catecholamines adrenaline and noradrenaline (LeBlanc et al. 1979, Heidbreder et al. 1982;

Ward et al. 1983, Morris et al. 1997) but with greater increases in circulating adrenaline than
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exercise but similar levels of noradrenaline (Herd, 1991).

3.1.5 Sympathetic neural activation

3.1.5.1 Isometric exercise

It takes approximately 30-60 sec for muscle sympathetic nerve activity (MSNA) to show an
increase of 3-fold with isometric handgrip contraction (Mark et al. 1985; Vissing et al. 1991),
and with calf muscle contractions evoked by electrical stimulation i.e. involuntary, there was
no increase in MSNA during the first minute (Fisher et al. 2005). Wallin et al. (1989) showed
that the increase in MSNA in the second minute of contraction was similar in the peroneal
nerve (leg) as in the radial nerve (arm). In all cases the increase in MAP and HR to an
isometric contraction preceded the increase in MSNA, demonstrating the more rapid cardiac
than vascular effects. A review of the MSNA responses to exercise (Seals & Victor, 1991)
concluded that they were fairly uniform between different skeletal muscle nerves, consistent
over time within a particular subject and correlated strongly with changes in vascular
resistance. In contrast to MSNA, skin sympathetic nerve activity (SSNA) increases early
during an isometric contraction. Vissing et al. (1991) compared MSNA and SSNA in the
peroneal nerve during handgrip, showing a doubling of SSNNA within the first 5 sec that
increased 5.7-fold compared to baseline after 2 min. MSNA, as expected, did not change
until the 2™ min when it was increased by 2.7-fold. Other studies have found similar
increases in SSNA with isometric contraction of both arms and legs (Ray & Wilson, 2004,
Wilson et al. 2005).

3.1.5.2 Mental stress

Compared with isometric exercise, evidence for increases in MSNA during mental stress
tests is inconsistent with reports of decreases, no change or an increase. Studies showing a
decrease in MSNA have considered it the result of sympathetic withdrawal. For example,
Halliwill et al. (1997) recorded a decrease in radial (forearm) MSNA from 5113 + 788 to 1509
+ 494 total integrated activity.min™ during the colour word test in conjunction with a
significant decrease in forearm vascular resistance. Indeed, sensory stimulation causing
arousal (electrical pulses to the finger) can inhibit MSNA in humans (Donadio et al. 2002).
On the other hand, Carter et al. (2005a, b) found radial nerve MSNA remained at baseline
level during the mental arithmetic challenge (10 = 3 bursts.min™ at baseline vs. 12 + 3
bursts.min™ during intervention). Studies reporting simultaneous upper and lower limb
observations of neural activity during mental stress have given conflicting findings on the two
limbs. Anderson et al. (1987) found in male subjects, that mental stress increased peroneal
but not radial nerve MSNA although both were elevated by lower body negative suction
(LBNP). Likewise Hjemdahl et al. (1989) and Carter et al. (2002) both recorded increased

peroneal MSNA during mental stress although neither measured vascular resistance in their
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studies. Kamiya et al. (2000) also noted significant increases in tibial nerve (leg) MSNA
associated with decreased calf vascular resistance during mental arithmetic in healthy male
subjects. In contrast, others have reported no significant change in peroneal MSNA during
mental stress (Wasmund et al. 2002) and Kuipers et al. (2008) made the same observation
although calf vascular conductance was increased. Thus it is not clear exactly how
sympathetic neural activity alters during mental stress particularly in the leg, and the
evidence that any increase in MSNA translates into a change in vascular resistance is
equivocal (see below). Evidence for what happens to skin SNA during mental stress is
limited, however, lwase et al. (1997) did report that it increased markedly (1003.3 + 457.4 %)

in their control subjects during mental arithmetic stress.

3.1.6 Catecholamine response

3.1.6.1 Isometric exercise

Levels of circulating catecholamines, a combination of adrenal production and spillover from
active muscle, increase to a smaller extent with isometric than dynamic exercise
(Christensen & Galbo, 1983, Stratton et al. 1983). Reed et al. (2000) found that circulating
adrenaline increased from 42.1 + 12.7 pg.ml™* to 155.6 + 28 pg.ml™* during handgrip, and
Lake et al. (1976), Kopin et al. (1978) and Palmer et al. (1978) have all reported increased
plasma noradrenaline levels during isometric handgrip in their experiments. Ward et al.
(1983) reported increased levels of both adrenaline (+ 22%) and noradrenaline (+8%) taken
from a brachial artery catheter in the contralateral forearm during 2 minutes of isometric
handgrip exercise in 8 male subjects and Wallin et al. (1987) reported increases in circulating
noradrenaline of 21% after a similar protocol. Robertson et al. (1979) performed a number of
sympathoexcitatory challenges including a 3 minute isometric handgrip task on 15 subjects
(14 male and 1 female). They also reported that both adrenaline and noradrenaline were
significantly increased by 67% and 27% respectively during the exercise. Although the
direction and magnitude of the catecholamine changes and those for the cardiovascular
variables (MAP and HR both significantly increased during isometric exercise) were similar to
the changes observed during Valsalva manoeuvre and cold pressor test, isometric handgrip

was a less potent stimulus than the cold pressor test (Robertson et al. 1979).

3.1.6.2 Mental stress

LeBlanc et al. (1979) reported raised adrenaline (increase of ~ 110 pg.ml™) and
noradrenaline (increase of ~ 60 pg.mI™) during 2 minutes mental arithmetic stress compared
to resting levels (66.8 + 6.7 pg.ml™ and 292.5 + 18.4 pg.mI* respectively) in 12 male
subjects. Blood samples were taken via catheter in the arm and the adrenaline increase
during mental stress was found to be significantly greater than in the same subjects during

cold pressor test. These findings are supported by Heidbreder et al. (1982) and Morris et al.
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(1997). In studies comparing catecholamine responses to mental stress with those to
exercise, it is a universal finding that the former increase adrenaline more than
noradrenaline, while the reverse is true for the latter (Lenders et al. 1988, Murakami et al.
1996, Ng et al. 1994).

3.1.7 Peripheral vascular resistance responses

3.1.7.1 Isometric exercise

Since methods to measure venomotor tone require a non-contracting limb, it is what happens
to blood flow in a resting limb when exercise is performed by another limb that is of interest
for the current study in so far as it could determine passive change in venous volume. When
blood flow is measured in the non-contracting limb during isometric exercise, there is an
initial vasodilation before vasoconstriction is established. For example, during 2 minutes of
voluntary handgrip (33% MVC), contralateral forearm blood flow increased between 50 and
450% and vascular resistance decreased, with marked vasodilation in the first 30s before
constriction became evident (Eklund et al. 1974). The delay in development of
vasoconstriction is associated with the time taken for increases in sympathetic neural traffic
to occur. The transient vasodilation was reduced significantly by B-adrenergic blockade
(Eklund & Kaijser, 1976). A similar increase in contralateral non-exercising forearm blood
flow noted by Dietz et al. (1997) was enhanced by a-blockade by phentolamine and
suppression of noradrenaline release by bretylium, but attenuated by a nitric oxide synthase
inhibitor or by atropine. The same group showed later that contralateral forearm vasodilation
during exercise occurred even when the stellate ganglion was blocked by local anaesthetic
and sympathetic neural activity thereby eliminated, and could be virtually abolished by
combined administration of a nitric oxide (NO) synthase inhibitor and (-blocker propranolol
(Reed et al. 2000). It is possible to conclude from such studies that transient vasodilation in
the resting limb at the onset of isometric exercise, which can occur as early as 10 seconds
(Fisher & White, 2003) arises through a combination of 3-mediated effects due to circulating
adrenaline and locally released NO. Several studies have confirmed that it is not due to
inadvertent EMG activity in the resting limb (Eklund et al. 1974; Rusch et al. 1981).

By contrast with the forearm, blood flow to the resting calf during the first minute of isometric
hand grip increased very slightly in line with MAP such that calf vascular resistance was
unchanged (Eklund et al. 1974), and similar findings were reported by Rusch et al. (1981)
during a 30% MVC handgrip. However, by the end of the second minute of handgrip, calf
vascular resistance was 30-40% above baseline level (Eklund et al. 1974; Rusch et al.
1981). The lower and upper limbs therefore show different resistance vessel responses to
isometric exercise with a more prominent initial vasodilation in the forearm before constriction

is established.
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3.1.7.2 Mental stress

Whereas forearm constriction is commonly observed during other sympathoexcitatory
challenges, mental stress has been shown consistently to produce dilation in the forearm,
(Wilkins & Eichna, 1941, Golenhofen & Hildebrandt, 1957, Blair et al. 1959, Rusch et al.
1981, Dietz et al. 1994, 1997, Halliwill et al. 1997, Joyner & Halliwill, 2000, Carter et al. 2004,
Carter et al. 2005, Santos et al. 2005, Hamer et al. 2006, Seddon et al. 2008). Forearm
conductance may be almost doubled during stress tests lasting several minutes (Lindqvist et
al. 1996, Halliwill et al. 1997, Carter et al. 2005, Kuipers et al. 2008). Early studies (Wilkins &
Eichna, 1941, Blair et al. 1959, Barcroft et al. 1960, Heidbreder et al. 1982) attributed the
vasodilation to neural mechanisms, i.e. an active neurogenically mediated vasodilation. Blair
et al. (1959) observed significant increases in forearm blood flow in 11 subjects (male and
female) following 2 — 3 minutes mental stress by various means including mental arithmetic.
During severe stress, involving an arterial puncture hoax, they reported that forearm blood
flow reached 50 ml.100mlI*.min™ and that since there was no corresponding increase in
forearm arterial pressure (measured by intra-arterial catheter) the authors suggested that the
increase in flow was due to forearm vasodilation. On the basis that (1) the size of the forearm
dilation that they had produced through severe stress exposure was much greater than had
previously been produced by adrenaline infusion, (2) adrenaline infusion produces a marked
reduction in flow in the hand, which had not been observed in their experiment, (3) they had
observed different arterial pressure changes to those usually produced by adrenaline
infusion, (4) the return of flow to normal levels following mental stress was much faster than
that observed following adrenaline infusion, (5) the size of response (vasodilation) was
greatly reduced following sympathectomy or deep nerve block, and (6) blood flow remained
similar in cutaneous nerve-blocked forearms (3.4 ml.100mlI™.min™) compared to their normal
(non-blocked) counterparts (3.5 ml.100 mI.min™) during mental arithmetic task, Blair et al.
(1959) reasoned that the increase in forearm blood flow during stress is mainly due to

activation of cholinergic vasodilator nerves to muscle.

Subsequent work has focused on whether mental stress-induced increases in blood flow are
mediated via withdrawal of sympathetic vasoconstrictor nerve activity and / or -mediated
vasodilation. Studies investigating the involvement of neural mechanisms by axillary
blockade show that this intervention had no effect on the response (Lindgvist et al. 1996).
Halliwill et al. (1997) also examined the increase in forearm blood flow to mental stress
following a-adrenergic neurotransmitter blockade by bretylium, stellate ganglion blockade by
local anaesthetic or B-adrenergic blockade with propranolol following stellate ganglion
blockade. The authors found that the marked increase in forearm blood flow during the
mental stress task continued to occur during a-adrenergic neurotransmitter blockade and

stellate ganglion blockade but was greatly attenuated during B-adrenergic blockade following
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stellate ganglion blockade. Since the forearm dilation observed during mental stress
following stellate block was blunted by the propanolol administration, the authors concluded
that B-adrenergic mediated vasodilation makes a large contribution, along with sympathetic
withdrawal, to the observed forearm dilation during mental stress. Halliwill et al. (1997) found
no evidence for an active neurogenic vasodilatory mechanism but did not discount
mechanisms other than those for which they had tested from contributing to the observed
forearm dilation, namely the stimulation of other (cholinergic) nerves not accounted for in
their study and more importantly the local release of nitric oxide, which had previously been
shown by Dietz et al. (1994, 1997) to contribute to forearm vasodilation during
sympathoexcitation (isometric exercise and mental stress) in part via cholinergic stimulation

of the vascular endothelium.

With regard to the effects of mental stress on blood flow in the leg, the data are inconsistent,
with reports of no significant change in vascular resistance (Rusch et al. 1981, Carter et al.
2005) or decreases (Freyschuss et al. 1988, Linde et al. 1989, Butt et al. 1999, Kuipers et al.
2008). Rusch et al. (1981) studied forearm and calf responses to 90 s mental arithmetic task
in 6 male subjects, reporting that a mental arithmetic task caused increases in MAP, HR and
forearm blood flow and a decrease in forearm vascular resistance while no significant
changes in calf blood flow or vascular resistance were noted. In conjunction with the
disparate data on MSNA to the leg during mental stress, it is evident that there is no clear
relationship between levels of sympathetic activation and their transduction into changes in

arterial resistance in the lower limb.

3.1.8 Effects of gender and female hormonal status on responses to isometric exercise
and mental stress

3.1.8.1 Isometric exercise

Jones et al. (1996) compared young (~30 year old) men and women performing a 30%
maximum voluntary contraction handgrip and saw similar increases in systolic and diastolic
blood pressure and heart rate. Levels of peroneal nerve MSNA at baseline were lower in
women than men and the absolute increase in neural activity during exercise was higher in
men, attributed to the greater muscle mass involved at the same relative workload. The
effects of MSNA responses on vascular resistance were not determined in this study.
Ettinger et al. (1996) also compared responses to a 30% MVC handgrip contraction in men
and women and found smaller increases in MSNA in women than men but also smaller rises
in heart rate and blood pressure in the women. However, in this study, there was a much
greater age range of subjects, some of whom were post-menopausal women, and some
receiving hormone replacement treatment. More recently, Hogarth et al. (2007) also

compared middle-aged men and women, including post-menopausal females, during
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isometric handgrip at 30% MVC for 2 min and showed smaller increases in heart rate and
blood pressure in the females but there was no difference in the absolute increase in MSNA.
There was a relationship between peroneal MSNA and calf vascular resistance in men but
this did not exist in women. Although responses to isometric exercise in these studies may
well be confounded by aging which, in addition to hormonal status, is known to modify SNA
levels, this finding is similar to the attenuated increase in leg resistance in women during tilt
despite similar rises to men in MSNA (Frey & Hoffler, 1988). Noradrenaline responses to
isometric exercise were reported as similar in men and women (75% and 64% increases
above baseline respectively) but men showed bigger increases in adrenaline (140%)

compared to women (39%, Jones et al. 1996).

Ettinger et al. (1998) found bigger increases in MSNA during the menstrual than follicular
phase of the female cycle during isometric handgrip (305 MVC for 2 min) although blood
pressure and heart rate rises were similar between phases. This was deemed not due to
differences in muscle force generation, which has been shown repeatedly to be unaffected
by menstrual cycle phase or oral contraceptive use (Petrofsky et al. 1976, de Jonge et al.
2001, Elliott et al. 2003). Minson et al. (2000a) found higher baseline levels of MSNA and
noradrenaline in the luteal than follicular cycle phase in young women but no difference in
the relationship of sympathetic activity to calf vascular resistance during ischemic rhythmic

handgrip exercise.

3.1.8.2 Mental stress

Several studies have examined cardiovascular responses to mental stress (usually mental
arithmetic test) in men and women. Increases in blood pressure are reported as similar
between genders (Jones et al. 1996, Litschauer et al. 1998, Dishman et al. 2002, Farag et al.
2008) or greater in women (Carter & Ray, 2009) while heart rate rises are comparable
(Jones et al. 1996, Litschauer et al. 1998, Dishman et al. 2002, Farag et al. 2008, Carter &
Ray, 2009). Jones et al. (1996) saw no change in peroneal nerve MSNA during the stress
test in either men or women and the very small, but significant, increases seen by Carter &
Ray (2009) were no different between genders. In response to an emotional stress (visual
orientation task), men and women both showed higher forearm conductance but responses
in the calf were variable with men tending to show constriction and women dilation (Butt et al.
1999). On the other hand, in another study calf vascular resistance did not change from
baseline in either men or women during mental arithmetic (Dishman et al. 2002).
Noradrenaline was found to increase similarly in men and women (~ 50%) whereas only men
showed a rise in plasma adrenaline during mental stress (Jones et al. 1996). In contrast,
another study found increases in adrenaline of 118% and 217% in men and women

respectively while only men showed a rise in noradrenaline (68%) compared to women (-3%)

77



(Ross et al. 2001). Litschauer et al. (1998) reported similar mental stress-induced increases
in both catecholamines in men and women, and throughout the menstrual cycle. With regard
to female hormonal status, there was no difference in blood pressure or heart rate responses
to mental stress across phases of the menstrual cycle (Tersman et al. 1991, Litschauer et al.
1998, Sato & Miyake, 2004) and the small but significant increases in peroneal MSNA were
also similar between menstrual and luteal cycle phases (Carter & Lawrence, 2007).

3.1.9 Summary and Chapter aims

Isometric exercise and mental stress tests are sympathoexcitatory manoeuvres that increase
heart rate and blood pressure. They differ in mechanisms of sympathetic outflow because
isometric exercise elevates muscle and skin sympathetic neural activity and increases
circulating noradrenaline levels more than those of adrenaline whereas mental stress hardly
alters neural activity but elevates circulating adrenaline more than noradrenaline. The effects
of these different patterns on peripheral arterial resistance in a non-active limb are also
contrasting. Isometric exercise leads to vasoconstriction in both forearm and calf and a
reduction in blood flow while mental stress induces forearm vasodilation but little change in
calf vascular resistance. In the face of arterial vasoconstriction, venoconstriction to
sympathoexcitation by isometric exercise has been demonstrated in the forearm and, to a
lesser extent, in the calf. Mental stress on the other hand causes forearm venous constriction
despite arterial vasodilation. The response of leg veins to mental stress is as yet unexplored.
It is possible that differences in catecholamine responses to these two means of
sympathoexcitation may evoke diverse changes in venomotor tone due to the larger increase
in noradrenaline to isometric exercise than mental stress, allied with the greater sensitivity of
venous smooth muscle to non-neural (circulating) than to neural adrenergic stimulation. It is

thus hypothesized that:

1) Venoconstriction will be observed in the leg in response to isometric exercise

and will be of greater magnitude than to mental stress.

The majority of data relating to venoconstrictor responses has been obtained in male
subjects. Gender differences in sympathetic outflow have been reported during isometric
exercise, although not consistently, but not during mental stress. Even if increases in
sympathetic neural activity are similar between men and women, their transduction into
arterial constrictor or dilator responses suggest attenuation of vasoconstriction in women.
Whilst this could in theory be related to levels of the female hormones oestrogen and
progesterone, cardiovascular responses are similar across different phases of the menstrual

cycle despite varying hormonal levels.
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The aim of the study described in this chapter is to investigate the effects of isometric
exercise and mental stress on venous tone in the legs of men and women, the latter tested
during menstrual and luteal phases of their normal menstrual cycle and during low and high
hormone phases of oral contraceptive use. Venoconstriction to these stimuli has largely been
evaluated in forearms using plethysmographic techniques. The present aim is to study calf
volume responses using the equilibration method and to compare this with ultrasound
imaging of the popliteal vein which is the main deep vein draining the lower leg. In so far as
gender differences in arterial vascular reactivity may impinge upon venous responses to

sympathoexcitation, it is hypothesised that:

2) Women will show reduced venoconstriction compared to men.

If oestrogen and progesterone are contributors to this, then it is also hypothesized that :

3) Women will show smaller venoconstriction when hormonal levels are high, e.g.

during the luteal cycle phase or high hormone phase of oral contraceptive use.

3.2 Methods

3.2.1 Subjects and groups

7 males and 14 females volunteered to participate in two protocols to investigate venous
filling and venous reactivity to sympathoexcitation. Subjects were screened (general health
questionnaire (Appendix B) and IPAQ, short last 7 days self-administered format (Appendix
D)) to ensure good health, injury free and similar fitness levels. Exclusion criteria were:
current iliness, consumption of ‘over the counter’ anti-inflammatory drugs in the previous 24
hour period, cardiovascular disorders, pregnancy (either prior to or at time of study), injury to
limbs (either during or at any time over 6 months prior to study) and immune, metabolic or
kidney conditions. All experiments were carried out following approval from the Local
Research Ethics Subcommittee, School of Sport and Exercise Sciences, University of
Birmingham, UK in accordance with the declaration of Helsinki 1964. The subjects’

anthropometric characteristics are shown in table 3.1.

The females consisted of two groups of 7 subjects; who displayed either a normal menstrual
cycle pattern and were not taking (and had not previously taken) oral contraceptives (N) and
females who were taking a “combined” oral contraceptive pill (O). The “combined” pill
contained both a synthetic oestrogen (e.g. (30um) ethinylestradiol) and a progestin (e.g.
(150pm) levonorgestrel). Subjects were most commonly using the “Microgynon30” pill and
had been using it for between 1 and 5 years (questionnaire, Appendix C). Assignment to a
(female) group was established by menstrual cycle questionnaire and volunteers were

excluded from the study if they displayed an irregular menstrual cycle pattern i.e. markedly
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longer or shorter (+ 3 days) than an average of 28 days or were taking a form of oral
contraceptive other than a “combined” pill e.g. a progesterone only pill or the contraceptive
injection. As in the previous chapter, all women were tested during both the menstrual phase
(days 1 — 5) and the luteal / high hormone pill-taking phase (days 16 — 28) of their respective
cycles (day 1 was taken to be the first day of bleeding, established via questionnaire) to
investigate the influence of the female hormones oestrogen and progesterone.

3.2.2 Other considerations

As in Chapter 2, subjects were tested in a quiet laboratory with controlled temperature (21°C)
and lighting. Subjects were fasted before each testing session which took place at the same
time of day (afternoon) to minimise circadian effects on cardiovascular and metabolic
variables, and undertook the same modified euhydration protocol used previously to ensure

fluid balance (Veldhuijzen van Zanten et al. 2005).

3.2.3 General experimental setup

On arrival at the laboratory, subjects’ height, weight, skinfold thicknesses and calf segment
circumferences and lengths were measured as before. Subjects then lay in a semi-
recumbent position on a Biodex dynamometer throughout testing. The dynamometer’s
double-footplate was positioned so that the legs below the knees were parallel to the floor
(horizontal position) and slightly higher than heart level. The knees were set at an angle of
160°, which, from pilot testing, was found to be a comfortable position in which subjects
could remain relaxed without having to contract their leg muscles to maintain position. Arms,
although not being studied for haemodynamic responses, were also supported at heart level
to minimize gravitational pooling or postural constrictor effects within the arm vasculature. A
small inflatable cuff (Hokanson Ltd.), 6cm width, was placed around the ankle of the test
(non-dominant) limb. A mercury-in-silastic strain gauge (Hokanson Ltd.), measuring 2 cm
smaller than the largest calf circumference, was placed around the lower leg so that it did not
interfere with the ultrasound probe positioning. A large inflatable cuff (Hokanson Ltd.), 18cm
width, was placed around the mid-thigh of the same limb. Subjects were instructed to breathe
at normal rhythm throughout testing and to avoid sudden gasps or deep inspirations. Calf

volume and vein measurements (see below) were made on the non-dominant limb.

3.2.4 Measurement of variables

Beat-to-beat blood pressure, from which mean arterial pressure (MAP, calculated as diastolic
pressure + 1/3 (systolic pressure - diastolic pressure) and heart rate (HR) values were
derived, was detected using a Portapress photoplethysmograph incorporating height
correction (Finapres Medical Systems, The Netherlands) placed around the right middle

finger.
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Table 3.1: Physical characteristics, anthropometric data and activity levels of subjects. Values are mean + SD. Table shows data for
combined female group (n = 14) and for individual N and O female groups (both n = 7). 4 = p < 0.05 males vs. females.

18

Females (n=14)
Males (n=7) _ N (n=7) O (n=7)
(combined N & O)
Mean +SD Mean + SD Mean +SD Mean + SD
Age (years) 19 1 20 1 20 1 20 1
Height (cm) 180.6 9.0* 166.2 7.6 166.3 7.1 166.1 8.6
Weight (kg) 78.7 11.8 62.2 13.3 65.5 17.1 58.8 7.9
Body Mass Index (kg/m?) 24 2 22 4 24 5 21 2
Body Fat (%) 13.0 3.6* 24.0 5.6 26.7 6.8 21.4 2.5
Calf segment volume (1) 3.79 0.65* 2.95 0.79 3.14 1.00 2.75 0.51
Physical activity
. 2662 1068 2807 756 3674 1862 2623 925
(MET-minutes/week)




The analogue signal from the Portapress control console was input via a Powerlab A/D
converter to a PC where it was recorded at a rate of 40Hz using Chartlab software
(ADInstruments Ltd.).

Blood-flow, calf venous filling, venous capacity and filtration were detected using strain-
gauge plethysmography. The strain gauge was connected to a plethysmograph (Hokanson
Inc.) from which the output signal was connected to the same PC running Chartlab software
via a Powerlab A/D converter. Calf volume changes were recorded simultaneously with
cardiovascular variable changes so that changes throughout the experiment were time-

matched.

The popliteal vein diameter was imaged in longitudinal section by Doppler ultrasound in B
mode with a linear 3 - 12MHz probe positioned by hand 5 - 7cm below the popliteal fossa
(figure 1.3) and was manipulated, ensuring not to press into the leg tissue, in order to obtain
an optimum image of the vessel borders. As in the previous chapter, the ultrasound image
signal was relayed to a second PC running the on-line edge-detection software (Newey &

Nassiri, 2002) at a rate of ~25Hz to continuously measure vessel diameter changes.

3.2.5Venous distension procedures

Subjects were rested for 20 minutes prior to the testing procedure. The ankle cuff was
inflated to supra-systolic pressure (> 50mmHg above systolic pressure) to eliminate foot
blood flow and a baseline measurement period of 2 minutes was then undertaken during
which MAP, HR, calf volume and vessel diameter were recorded. Calf blood flow was then
measured by inflating the thigh cuff to 50mmHg for 10 seconds while the increase in calf
volume was measured by strain gauge. Following a ~ 30 s recovery period for variables to
return to baseline values, the procedure was repeated until a total of 3 calf blood flow

measurements had been produced for analysis.

Following a further 2 minute baseline rest period, the thigh cuff was then inflated to 50mmHg
for 6 minutes to occlude the venous outflow. Measurements of MAP, HR, calf volume and
popliteal vein diameter were continuously recorded throughout. Values for venous capacity,
fluid filtration and vein diameter were extracted from the filling data at specific time points

(see later).

Two further venous distensions were performed during this protocol. On each occasion,
following the 2 minute baseline rest period, venous occlusion was performed as described
above with the addition of a 2 minute intervention of either isometric leg exercise (ILE) or a

mental stress task (MST) performed between minutes 3 and 5 of the distension period (figure
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Figure 3.1: Time line for sympathoexcitation protocol: Figure identifies the 2-minute baseline
rest period and the point at which the 2-minute interventions were performed (shown by grey
shaded area) within a venous distension period (50mmHg venous occlusion cuff inflation).

The intervention was either 40% MVC isometric leg exercise or PASAT mental stress task.

3.2.6 Protocols for sympathoexcitation by isometric leg exercise and mental stress
task

The first venous distension was used as the control (CON) for comparison with the
interventions and was always performed by the subject first. However, the other two venous
distensions incorporating the interventions (ILE or MST) were presented to the subjects in a
randomised order so that half of the subjects in each group (M, N or O) received the ILE
intervention first and the MST intervention second and vice versa. For the female groups (N
and O), the order of presentation of the interventions in the first study session was reversed

for the second study session.

3.2.6.1 Isometric leg exercise

Isometric leg exercise was performed with the dominant leg by plantar flexion of the foot
against the Biodex dynamometer footplate. At the start of the testing session each subject
was asked to perform 3 maximal voluntary calf contractions (MVC’s) by plantar flexing their
foot as forcefully as possible and sustaining the contraction for approximately 2 s without
contraction of thigh and/or other muscles or also inadvertently performing a Valsalva’s
manoeuvre. The subject was verbally encouraged to perform to the best of their ability during
each effort and visual feedback was given by displaying the force output trace from the
footplate on a computer monitor. Subjects were allowed to rest for 2 minutes between MVC'’s
in order to enable them to produce their best efforts. Only efforts producing values that were
within 5% of each other were accepted and once 3 of these had been recorded, the highest
value was taken to be their MVC value. 40% of the subject’'s MVC value was then calculated
and a “target” line representing this level was set on the display monitor for the subject to aim
at during the 2 minute intervention period. Subjects were verbally encouraged to reach and

maintain the 40% MVC throughout the entire ILE intervention period.

83



3.2.6.2 Mental stress task

Mental stress task was applied in the form of a 2 minute paced auditory serial addition test
(PASAT), whereby 60 numbers were delivered to the subject over the 2 minute intervention
period, i.e. one number every 2 s, and the subject was required to add each new number to
the number previously given (Tombaugh, 2006). For example, if the subject was presented
with the following numbers: 2, 7, 4 and 11 the subject should respond with the following
answers after each new number: “9”, “11” and “15” respectively. All subjects were presented
with the same 2 minute segment (and therefore were presented with the same numbers), i.e.
minutes 3 and 4 from the full 8 minute PASAT. This segment was chosen as data from initial
pilot testing suggested that significant increases in MAP and HR could be produced from
numbers presented at this speed, while the first 2 minute segment (50 numbers over the 2
minute segment) could not produce these increases as it appeared too easy. Furthermore,
although the later 2 minute segments (75 and 100 numbers over the 2 minute segment) also
produced marked increases in MAP and HR, it was established that the pilot subjects who
were subjected to these segments produced unacceptably low numbers of correct responses
and some subjects were even unable to complete the task. During the MST intervention,
subjects were informed by being told they were “wrong” when a mistake had been made and
were instructed to “keep going” if they either hesitated with an answer or missed out an

answer.
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3.2.7 Data analyses

Anthropometric data for subjects’ BMI, % body fat and calf segment size were calculated as
described in Chapter 2. All measurements recorded onto the Chartlab and VIA edge-
detection software were initially analysed using the Microsoft Excel software package. For
each of the 3 venous distensions (CON, ILE and MST) baseline values for MAP, HR, calf

volume and vein diameter were averaged over the 2 minute rest period.

3.2.7.1 Cardiovascular variables

Pilot study findings and evidence from the literature (LeBlanc et al. 1979, Rusch et al. 1981,
Ray & Wilson, 2004, Carter et al. 2005, de Boer et al. 2006) suggested that the time course
of heart rate response to mental stress stimulation is different from that typically displayed
during other sympathoexcitatory challenges, while the time course of the blood pressure
response is similar. Figure 3.2 shows original chart trace segments of actual MAP and HR
responses to isometric leg exercise (figure 3.2a) and mental stress task (figure 3.2b) for one
subject (responses were typical of all of subjects tested) and figure 3.3 shows the group
mean MAP and HR responses to isometric leg exercise and mental stress task for the male
group. The figures clearly illustrate that while MAP and HR for isometric leg exercise and
MAP for mental stress task display a steady increase from the onset, which tended to
plateau during the second minute, the HR response during mental stress task was different
with the subject showing a much more marked initial increase which peaked at ~ 40s into the
intervention period and then displayed a steady decrease back towards baseline values for

the remaining 80s of the intervention.

In view of these differing time-course patterns, the change in MAP or HR during both
intervention periods are expressed as the peak changes in relation to the respective value
found at 10 s prior to the intervention period (i.e. the value for either MAP or HR at 3 minutes

into venous distension, not the value found at baseline).
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Figure 3.2: Original chart trace segments showing actual MAP and HR responses to
isometric leg exercise (a) and mental stress task (b) for one subject. Figure shows 2 minute
intervention periods between dotted lines. Steady increases in MAP and HR during isometric
leg exercise (a) and MAP during mental stress task (b) are observed as well as a sharp

increase in HR during mental stress task (b) which peaks during first minute.
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Figure 3.3: Mean MAP and HR responses to isometric leg exercise and mental stress task for the male group (n = 7). Figure shows
the mean £ SEM responses over the duration of the 2 minute intervention periods between minutes 3 and 5 of the venous distension

period.



3.2.7.2 Whole limb and vein responses

Data for calf volume change and popliteal vein filing were averaged over 10s periods
throughout rest and distension as mls.100mis™ (equivalent to % change in volume) and
diameter in mm respectively. For each of the 3 venous distensions (CON, ILE and MST)
baseline values for calf volume and vein diameter were averaged over the 2 minute rest
period. Mean + SEM group values for the different variables were plotted against time for

each distension for comparison.

From the calf, blood flow was calculated as the mean of the three 10 s cuff inflations, venous
capacity was reported as the volume increase at 3 minutes (Gamble et al. 1993, Lanne &
Olsen, 1997, Halliwill et al. 1999, figure 2.5) and fluid filtration calculated from the rate of
volume increase from capacity to the end of the distension period in ml.200mI™*.min*.mmHg’
! The shape of the popliteal vein filling curve was plotted (figure 3.8) and assessed to
determine the most appropriate data/points at which to report filled vein diameter. Vein

diameter was also expressed as % change from baseline.

Figure 3.4 shows calf volume data for one subject, which illustrates the typical volume
responses to the control and intervention distensions. For each individual subject, the 2
minute intervention segment was taken from the respective whole limb trace (figure 3.4a)
and plotted as change in relation to the volume prior to the intervention, i.e. at capacity (3
minutes, figure 3.4b). From this, the peak difference between the control distension and the
respective intervention was identified (in this case - peak difference occurred at 5 minutes,
figure 3.4b) and the limb volumes at those time points (figure 3.4c) were taken for further
analysis. To provide a single value of volume change response for each subject (and thus
group) from these values, the calf volume response to either isometric leg exercise or mental
stress task intervention was expressed as the % difference between the peak control value
and the respective peak intervention value found in figure 3.4c (figure 3.4d). Changes in
popliteal vein diameter during the isometric leg exercise and mental stress task intervention
periods compared to the control venous distension period were calculated and reported in

the same way as for the calf volume.
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3.2.7.3 Gender and female cycle phase influences

As in the previous chapter for gender comparison; the data for the male group was compared
to those of the female groups during their menstrual phase (FM). Since oestrogen and
progesterone levels are similar during the menstrual phase between normally menstruating
women and synthetic hormone oral contraceptive users (as ingestion of the high dose of
exogenous hormones is stopped completely to induce bleeding), the two female groups data
were combined to make one large group (FM, n = 14) for comparison with the males (M, n =
7). Since the pharmacological content of oestrogen and progesterone can be up to ten times
higher in oral contraceptives compared to endogenous hormones (Stachenfeld et al. 1999),
the two female groups were assessed separately (both groups n = 7) during their luteal / high
hormone phases for comparison with their respective menstrual phase. For the remainder of
this chapter, the following abbreviations will be used to refer to the respective groups: NM =
normal menstrual cycle — menstrual phase; NL = normal menstrual cycle — luteal phase; OLH
= oral contraceptive user — low hormone (menstrual) phase; OHH = oral contraceptive user —

high hormone (luteal) phase.

3.2.8 Statistical analyses

All statistical analyses were conducted using the Statistical Package for the Social Sciences,
version 13 (SPSS, Inc., Chicago, IL). A one-sample Kolmogorov-Smirnov test was firstly
performed to check for normal distribution of the data to determine the most appropriate
(parametric or non-parametric) statistical analysis. Analysis revealed that the data were not
normally distributed (most likely due to a low n) and therefore non-parametric tests were
applied:

The male and female groups’ anthropometric measurements were compared using a Mann-
Whitney test.

Blood flow and venous distension characteristics were compared using a Mann-Whitney test
to identify gender differences. Cycle phase related effects were established by using a
Wilcoxon signed ranks test for NM vs. NL and OLH vs. OHH.

Within-group comparison of variables measured during control venous distension, isometric
leg exercise and mental stress task was performed using Friedman’s test. A Wilcoxon signed
ranks test was used to identify specific differences between CON vs. ILE, CON vs. MST and
ILE vs. MST. As for protocol 1, a Mann-Whitney test was used to identify differences
between the genders and cycle phase related effects were established by using a Wilcoxon
signed ranks test for NM vs. NL and OLH vs. OHH. Differences were taken to be significant if

p < 0.05 and data are reported as means + SEM unless otherwise indicated.
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3.3 Results

3.3.1 Anthropometry

The male subjects were significantly taller, heavier, leaner and had significantly greater calf
limb segment volume than the female subjects (table 3.1 (methods section), all p < 0.05).
IPAQ (short last 7 days self-administered format) showed that all subjects were moderate to
highly active and that no group was significantly more or less active than either of the other

groups (p > 0.05).

3.3.2 Baseline data: Resting calf blood flow, MAP and heart rate

Calf blood flows were not significantly different between the male and combined female
groups (table 3.2, p > 0.05). Neither endogenous (NL) or exogenous (OHH) female hormone
caused calf blood flow to significantly alter compared to values found in their respective
menstrual phase (p > 0.05 for NM vs. NL and OLH vs. OHH). Resting MAP and HR were not
significantly different between the genders or between female cycle phases (table 3.2, p >
0.05).

3.3.3 Control venous distension

3.3.3.1 Time course patterns of responses to venous distension

In agreement with the findings from Chapter 2, calf limb volume (figures 3.5 and 3.7) and
popliteal vein diameter (figures 3.6 and 3.8) both increased markedly during venous
distension. The profile of filling suggested that the popliteal veins became full earlier than the
whole limb (between 2 and 3 minutes) but unlike the previous Chapter, the response to
distension during the high hormone phase of either the normal or oral contraceptive cycles
was not larger (p > 0.05) than the menstrual phase. Again, the differences in the gender
responses, were related to the relative starting baseline diameters and the % increases from

those baselines were not significantly different (p > 0.05).
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Table 3.2: Values for cardiovascular, whole limb and vein measures at rest and during venous distension. Values are mean + SEM
for all subjects. Table shows the separated female groups (N and O) in both observed phases of their menstrual cycles: menstrual
(NM) and luteal (NL) for non-oral contraceptive group (N) and low-hormone (OLH) and high-hormone (OHH) for oral contraceptive
using group (O).

Males (n=7) NM (n=7) NL (n=7) OLH (n=7) OHH (n=7)

Mean *SEM | Mean +SEM | Mean *SEM | Mean +SEM | Mean +SEM
Resting MAP (mmHg) 82 4 90 5 85 4 85 4 84 3
Distension MAP (mmHg) 84 5 92 6 84 4 87 4 85 3
Resting HR (beats.min™) 64 4 61 3 70 4 63 3 62 2
Distension HR (beats.min™) 63 3 63 3 64 4 64 3 64 3
Resting blood flow (ml.100mlI™*.min™) 385 074 |357 062 |383 056 [278 0.38 |246 0.77
Fluid filtration (ml.100mI™".min*.mmHg* x 10® | 3.30 054 |[3.72 140 |375 101 |533 0.77 |539 0.57
Filled vein diameter (mm) 9.26 067 |834 053 (853 073 |798 054 |750 0.38
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Figure 3.5: Male (n=7) and combined female (n=14) calf volume responses to venous

distension. Figure shows mean + SEM changes.

12 4

10 -

(o]
1

Popliteal diameter (mm)

0 1 2 3
time (min)

Figure 3.6: Male (n=7) and combined female (n=14) popliteal vein responses to venous

distension. Figures show mean + SEM actual diameter changes.
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Figure 3.7: Calf volume responses to venous distension in the female groups (where N =
normally menstruating women and O = oral contraceptive users, M and L = menstrual and
luteal cycle phases respectively and LH and HH = low hormone and high hormone
respectively). Figure shows mean + SEM volume changes.
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Figure 3.8: Female popliteal vein responses to venous distension. Figure shows mean +

SEM actual diameter changes.

94



3.3.3.2 Venous distension

MAP and HR were not altered by venous distension (table 3.2, p > 0.05 distension vs. rest).
Calf venous capacity was similar in males and females (figure 3.9, p > 0.05) despite the
female group having a significantly smaller resting calf limb segment volume (table 3.1) and
neither were there any cycle phase related differences (p > 0.05 for NM vs. NL and OLH vs.
OHH). Fluid filtration was larger in the O group during both cycle phases than the other
groups but not significantly (table 3.2, p > 0.05). Filled popliteal vein diameter was ~ 1 mm
larger in the males than in the females (table 3.2) and when comparing the female groups
across cycle phases, the O group women tended to have slightly smaller veins but again
these differences were not significant (p > 0.05 for NM vs. NL and OLH vs. OHH).
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Figure 3.9: Calf venous capacity. Figure shows mean = SEM for capacity (ml.100ml™) taken
as the limb volume increase at 3 minutes during venous distension. Data are shown for
separated female group during both their menstrual (NM and OLH) and luteal / high hormone
(FL / OHH) phases.

3.3.4 Sympathoexcitation protocol

3.3.4.1 Responses to isometric leg exercise

MAP and HR increased in all groups during the 2 minute isometric calf exercise intervention
compared to the control distension (figures 3.10 and 3.11), indicating that sympathoexcitation
had occurred. For MAP, these increases were not found to be significant in the luteal / high
hormone phases in the female groups, where the responses were only half those found in
the menstrual phase. Calf limb volumes at 3 minutes into the isometric exercise distension
were not different from those during the respective control distensions and although there

was some evidence of venoconstriction in the calf limb during ILE, the decreases were not
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significant (p > 0.05, figure 3.12). Male and female responses were not found to be different
(p > 0.05) despite some evidence of dilation in the O group women during the menstrual
phase and any calf limb venoconstriction that there was, appeared to be enhanced during
the luteal / high hormone phases in the N and O groups respectively (p > 0.05 vs. menstrual
phase). There was little evidence of any popliteal diameter change during isometric leg
exercise with mean diameter changes being less than 4 % in all groups (p >0.05).
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Figure 3.10: MAP responses to isometric leg exercise. Figure shows mean + SEM peak

responses for males and separate female groups. = p < 0.05 vs. control distension value.
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Figure 3.11: HR responses to isometric leg exercise. Figure shows mean + SEM peak

responses for males and separate female groups. ¢ = p < 0.05 vs. control distension value.
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Figure 3.12: Calf limb volume responses to isometric leg exercise. Figure shows mean *

SEM volume changes expressed as change relative to CON value. Data are shown for

separate female groups.
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Figure 3.13: Popliteal vein responses to isometric leg exercise. Figure shows mean + SEM

% diameter changes expressed as change relative to CON value. Data are shown for

separate female groups.
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3.3.4.2 Responses to mental stress task

Significant increases in MAP and HR were observed in all groups during the 2 minute mental
stress task intervention (figures 3.14 and 3.15, p < 0.05). The trend appeared to be that the
HR increase during mental stress was approximately double that observed during isometric
exercise. A similar trend for MAP appeared for the males but not the females, whose MAP
responses appeared to be very similar to those during isometric exercise. As during isometric
exercise, there were no significant differences in MAP and HR response to mental stress
task between the genders (p > 0.05) or between cycle phases (p > 0.05). As for ILE, calf limb
volume at 3 minutes during the mental stress task distension was not significantly different to
that during the control distension (p > 0.05, and p > 0.05 for MST vs. ILE). During MST, the
OLH women were the only group to show a significant limb volume change (p < 0.01), which
was an increase rather than a decrease (figure 3.16). Responses were attenuated in the
luteal / high hormone phases for the women but not significantly (p > 0.05) and there were no
significant gender differences (p > 0.05). Again, there was little evidence of popliteal vein
diameter change in any group during mental stress task (figure 3.17, all p > 0.05) and
although in contrast to the calf limb, responses were larger in the luteal / high hormone

phases, there were no cycle phase effects (p > 0.05) or gender effects (p > 0.05).
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Figure 3.14: MAP responses to mental stress task. Figure shows mean = SEM peak

responses for males and separate female groups. 4= p < 0.05 vs. control distension value.
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Figure 3.15: HR responses to MST intervention. Figure shows mean + SEM peak responses

for males and separate female groups. « = p < 0.05 vs. control distension value.
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Figure 3.16: Calf limb volume responses to MST intervention. Figure shows mean + SEM

volume changes expressed as change relative to CON value. ¢ =p < 0.01 for MST vs. CON.
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Figure 3.17: Popliteal vein responses to MST intervention. Figure shows mean + SEM %
diameter changes expressed as change relative to CON value. There were no significant
diameter changes in any group.

3.4 Discussion

This study tested the hypothesis that isometric exercise would induce greater leg
venoconstriction than a mental stress test by examining calf volume changes (equilibration
technique) and popliteal vein ultrasound diameter. Responses were compared in males and
in women with low and high levels of endogenous (normal menstrual cycles) or exogenous
(oral contraceptive) female hormones. In response to exercise, very modest decreases in
calf venous volume were observed only in male subjects whereas females showed
inconsistent changes unlikely to represent increases in venous tone and these were
unaffected by menstrual cycle phase or oral contraceptive status. Mental stress likewise
tended to decrease venous volume in men but not women. The only group to show
differences in calf volume response to the two interventions was women taking oral
contraceptives who showed no venoconstriction to exercise but a venodilation to mental
stress (p < 0.01). The popliteal vein did not alter in diameter during either intervention or

during the control distension.

3.4.1 Calf volume changes and filling during control venous distension

Filling of the calf venous vasculature during cuff inflation was similar for men and women and
between women of differing hormonal status either endogenous (menstrual cycle phase) or
exogenous (oral contraceptive). As in the previous chapter, there were no differences in
venous capacity but this study also compared separate groups of women across the

menstrual cycle with and without oral contraceptives. Arterial inflow rates were the same for
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all groups and the similar capacity occurred despite men being taller and having less body fat
and larger calf size than all the females. Although this finding contrasts with literature reports
of gender differences, menstrual cycle phase and oral contraceptive use differences in
venous distensibility (Monahan & Ray, 2003, Meendering et al. 2005), it is consistent with
observations made in the previous chapter and may be related to the relatively high levels of
fitness in the subject cohort studied. All subjects in this present study were examined for
current levels of activity using the IPAQ (self-reported, short form). The results from this
showed that all participants were found to be medium-high levels of activity. The similarity in
resting mean arterial pressures and heart rates between groups (Table 3.2) confirms

homogeneity of the groups.

The capacity and fluid filtration values presented in the results section of this chapter are
approximately twice those reported in the previous chapter. This is most likely due to the
positioning of the subjects for testing. In the previous study, subjects lay on a couch with their
legs raised slightly above heart level, whereas in this present study, subjects lay in a semi-
recumbent position. Although in this present study the subjects’ calf limbs were still raised
above heart level, the pelvic region was also positioned well below the level of the heart,
which may have caused greater lower limb emptying at the onset, hence allowing for more
filling. Although venous capacity measured 3 min after cuff inflation did not differ, there was a
tendency for women taking oral contraceptives to have higher calf filtration values than
women with normal menstrual cycles and not using oral contraceptives. O group values were
about 40% higher than N group values in each of the cycle phases although this was not
significant. In Chapter 2, the female group comprised mainly women using oral
contraceptives and so the study did not compare between usage and non-usage. Female
reproductive hormones have often been associated with induction of fluid filtration and tissue
oedema but the evidence for this is not clear. Tollan et al. (1992) found increased capillary
permeability for plasma proteins in the leg after six months oral contraceptive use associated
with increases in plasma volume and foot swelling. In contrast, Gooding et al. (2005) saw no
difference in calf filtration in post-menopausal women after six months hormone replacement
therapy. Stachenfeld & Taylor (2007) investigated the impact of hormones on oedema
formation by suppressing endogenous production with a gonadotrophin-releasing-hormone
antagonist followed by controlled replacement of oestrogen and progesterone. They
measured forearm Starling forces (hydrostatic and colloid oncotic pressure) and capillary
filtration by plethysmography during venous occlusion periods of 7 min, reporting a lower rate
of transcapillary albumin escape but no difference in fluid filtration rate. They suggested an
increase in forearm blood flow via the dilator action of oestrogen could balance the reduced
protein movement to leave filtration unchanged. There was no evidence of higher calf blood

flow with oral contraceptive use in the present study and findings are more supportive of an
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increase in fluid with oral contraceptive use.

In the present study, the popliteal vein was imaged as opposed to the long saphenous vein in
Chapter 2. This vein is the main deep vein draining the lower segment of the leg and was
larger in size than the long saphenous vein. In males, filled popliteal vein cross sectional
area is calculated as 0.67 cm? which is not dissimilar to 0.83 cm?® observed by Hitos et al.
(2007) in young males and females in the sitting position; this would induce higher pressures
in the leg than the venous occlusion used currently. Vein diameters measured when filled
were also similar to those recorded by Van Diujnhioven et al. (2008) during venous occlusion
at 60 mmHg in males aged ~ 34 years. Vein size tended to increase with leg size, being
larger in men than women. However, comparing average vein diameter during the last
minute of the control distension with baseline diameter shows that percent increases were
similar in males (72 + 18 %) and females (73 + 13%) and were slightly larger than for the
long saphenous vein (~ 60%). Similar relative increases in vein diameter were seen in
women with and without oral contraceptives and between phases, confirming a lack of effect
of female hormones on vein distensibility and diameter. Popliteal vein filling appeared to
reach a plateau at a similar time to the long saphenous vein (~ 3 min; compare fig 3.6 with
figure 2.10). As with the long saphenous vein, there was no evidence of hysteresis or stress
relaxation in this deep vein indicating that when venous distension is prolonged beyond the
time required for capacitance vessel filling, the increase in calf volume beyond this time is

due to fluid filtration and / or small vein viscoelasticity.

3.4.2 Sympathoexcitation and cardiovascular responses

Heart rate rises to isometric leg exercise performed for 2 min at 40% MVC were similar for all
groups (~ 15-20 beats.min™) with no gender, cycle phase or hormonal status differences.
Exercise led to significant increases in MAP that were comparable in males and females
(both N and O groups in their menstrual cycle phase). While this does not indicate a gender
difference, Hogarth et al. (2007) found smaller increases in blood pressure to isometric
handgrip in middle-aged women than men despite similar rises in MSNA. Since some of the
women were post-menopausal and the cycle phase of testing was not specified in this study,
it may be an effect particular to this age group. Other studies have shown that
vasoconstrictor responses in the forearm to adrenergic agonists are less in women than men
(Freedman et al. 1987, Kneale et al. 1997, 2000) but the similar gender rises in MAP in the
current study suggest that either this was not the case for these young healthy subjects or
that peripheral vasoconstriction occurred in other vascular beds to balance this out (Dishman
et al. 2003).

In the luteal cycle phase, MAP increases to exercise were not significant for N or O females
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indicating slight attenuation of peripheral vasoconstriction. However, Freedman & Girgis
(2000) reported greater finger vasoconstriction to adrenergic agonists in the luteal compared
to follicular cycle phase in women, and Chan et al. (2001) found bigger forearm
vasoconstriction to noradrenaline in mid-cycle than in follicular. The attenuated MAP rise is
therefore unlikely to be related to vascular reactivity in the extremities. Although it has been
shown that the calf has a bigger arterial constrictor response to adrenergic activation than
the forearm (Pawelczyk & Levine, 2002), there is no information about the effects of gender

or hormonal status on lower limb reactivity.

Mental stress produced consistent increases in MAP of ~ 10 mmHg in all groups, and peak
heart rate rises of 10-20 beats.min™ were also similar in all groups. Dishman et al. (2003)
also reported similar blood pressure and heart rate rises and calf vascular resistance
decreases in men and women, independent of their level of fithess. In comparison with
isometric exercise, mental stress resulted in very similar cardiovascular responses indicative

of sympathoexcitation.

3.4.3 Venoconstriction to isometric exercise and mental stress

Alterations in venomotor tone during sympathoexcitation were inferred from filled calf volume
changes during 2 minutes of intervention compared to the same 2 minutes during a control
venous distension, during which time volume continued to increase due to fluid filtration. The
control distension always carried out first to avoid persistence of any effects of the
interventions although exercise and mental stress were then applied in random order. The
application of three venous distensions (control, ILE, MST) each lasting 6 minutes could
potentially cause disturbance to calf volume through fluid filtration but venous capacity
measured during the consecutive distensions did not differ significantly in any group, and

care was taken to allow time for reestablishment of calf volume baseline between distension.

Decreases in calf venous volume during isometric leg exercise or mental stress were
extremely variable but where they occurred, they did so gradually to reach maximum by the
end of the 2 minute intervention (see Figure 3.4). In the male group, 6 of the 7 subjects
showed either a decrease or a smaller increase in volume during the ILE intervention
(average approx -2%) whereas volume increased over the same time period during the
control distension (average + 6%). Due to variability in response, the difference between
conditions was not significant. Also in this group, 5 of the 7 subjects showed a smaller
increase in volume (+1%) during mental stress than during the control distension (+6%),
again not significant. Whilst these data suggest that men exhibit a degree of venoconstriction
to both interventions, the changes are modest despite clear evidence, through blood

pressure and heart rate rises, of sympathetic activation. For isometric exercise, compared to
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the 12% reduction in calf volume observed by Seaman et al. (1973) during a 40% handgrip
MVC performed for 2 min, the current decrease is minimal, but it is more similar to the 1%
decrease in calf volume measured using impedance during 2 min of handgrip by Stewart et
al. (2007). On this evidence, the conclusion is that calf venoconstriction during
sympathoexcitation in males is modest at best.

This is borne out by the absence of any significant changes in diameter of the popliteal vein
during either intervention. It had been expected that the popliteal vein imaged below the knee
would show constriction during sympathoexcitation. Webb & Peplow (1968) showed that in
the dog, vein segments below the knee constricted to sympathetic nerve stimulation or
application of noradrenaline whereas above the knee they were unresponsive. There is a
lack of clear cut histological evidence of sympathetic innervation in the human popliteal vein,
and when Delaney et al. (2008) evoked sympathetic activation by a cold pressor test, they
did not observe any shift up or down in the diameter-volume curve for the popliteal vein
imaged by ultrasound, implying lack of change in venous tone. This suggests that this vessel

is a passive conduit that does not respond to sympathetic activation.

The reductions in calf volume measured plethysmographically during exercise or mental
stress are likely to have arisen through an increase in venomotor tone in different vessels
than the large conduit popliteal vein. These could either be the more superficial veins
associated with skin and subcutaneous tissue since Zelis & Mason (1969) showed these to
be more reactive than deep muscle veins, or smaller venous vessels. It had been
anticipated, because of the different patterns of sympathetic outflow in terms of neural
activity and circulating catecholamines, that exercise would evoke arterial vasoconstriction
and mental stress no change or a decrease in arterial resistance in the calf. It is not possible
to comment on whether such changes actually occurred because no measurement of arterial
inflow or vascular resistance was obtained in this study. This was because it proved difficult
to manage logistically an additional plethysmographic measurement of blood flow since the
contralateral leg was engaged in performing the isometric contraction, and it would not have
been possible to use ultrasound to measure popliteal arterial flow as well as imaging the vein
during the interventions. Whilst this leaves open the question of how arterial resistance
actually behaved during the interventions, the fact that both exercise and mental stress
tended to reduce calf volume in male subjects could be taken to indicate that venous volume

changes were independent of passive blood flow-related effects.

3.4.4 Gender
The volume changes of the calf in females during either isometric exercise or mental stress

were even more variable than for males. In women with normal cycles (N), the average
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change in calf volume was -0.1% during isometric exercise and +5 % during mental stress
compared to the control distension increase of +8-10%, but the standard deviations were
more than double these values for the interventions. Although a great deal of the variability in
response is likely due to movement artifact whilst performing the interventions (see
Limitations below), the overall impression is that women showed even less venoconstriction
than the males, particularly during mental stress. This would be consistent with the evidence
that even though rises in MSNA and circulating catecholamines may be similar, women show
attenuated arterial vasoconstriction during sympathoexcitation, an effect attributed to the
arterial dilator effects of female hormones oestrogen and progesterone. On that basis, it
would be expected that normally menstruating women show even greater attenuation of
vascular reactivity in the luteal compared to menstrual cycle phase when hormone levels are
considerably higher. Whereas this was true with respect to total peripheral resistance since
blood pressure rises were attenuated, it was not manifest in calf volume changes which were
similar between phases. Thus, hormonal effects on vascular reactivity may vary in different

vascular beds.

The situation in women taking oral contraceptives was somewhat different. Average calf
volume increases during isometric exercise were +14%, similar to those during control
distension for this group (+14%) but greater than those in N group (-0.1%, p<0.1>0.05).
During mental stress, calf volume in the O women increased by 22% on average,
significantly more than in the N women (+5.4%, p<0.05). Thus, the effect of oral
contraceptives was to enhance slightly the calf volume response to control venous distension
(same filled venous capacity but higher filtration) and to result in further increases in venous
volume during exercise and mental stress. This could be interpreted as a venodilator effect
during sympathoexcitation. Alternately, venous volume could have been increased passively
by arterial dilation during mental stress although this is not a consistently reported effect in
the calf (Rusch et al. 1981). It is difficult to establish why exogenous female hormones in the
form of oral contraceptives rather than endogenous hormone levels fluctuating throughout
the normal menstrual cycle should modify vascular function. Chronic use of oral
contraceptives has been shown to increased basal production of the endothelial dilator nitric
oxide in the forearm (John et al. 2000) but whether this extends to the venous circulation is

unknown.

The popliteal vein in women did not demonstrate any changes in tone with either intervention
in agreement with a role as a passive conduit. In the women taking oral contraceptives, the
discrepancy between calf volume increase (indicating venodilation) and lack of large vein
response (no diameter change) to mental stress reiterates that limb volume changes must

derive from smaller capacitance vessels once the large veins are filled.
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3.4.5 Limitations

In addition to those limitations highlighted in Chapter 2 in relation to ambient / body
temperature, hormonal status and VIA software issues, the following further limitations to this
present study are acknowledged:

The obvious limitation to this present study is the small numbers in each group (n = 7),
resulting in the error bars observed for each group being fairly large. A number of factors
resulted in this low n, chiefly with regard to the female subjects and being able to recruit
these subjects for laboratory testing within the “window of opportunity” as far as their
respective menstrual cycle days were concerned and also fitting this in within the time
constraints of the project itself. Although subject numbers are low within the groups, the
findings presented for this Chapter do give a clear indication of trends in the whole limb and

in the popliteal vein during sympathoexcitation.

As discussed in the previous Chapter, holding the ultrasound probe by hand rather than
using a fixing device may present some issues with measurement accuracy in regard to
vessel compression and possible movement from the point of interest. However, the hand-
held method was still deemed favourable to the fixture method for this present study due to
the advantages it presents in ensuring image quality (as discussed in the previous Chapter)
and allowing the user to make fine adjustments in response to tissue movement, which was
a particular necessity during the isometric leg exercise intervention where subjects
occasionally moved slightly due to the force created against the footplate. This movement
was kept to a minimum by fastening the subjects to the Biodex dynamometer with the in-built

seatbelts and various Velcro fastenings situated at various points on the dynamometer.

For some subjects during isometric leg exercise, attempting to maintain the correct level of
force prevented them from keeping the measurement limb still and relaxed, thus affecting
plethysmograph recording, which resulted in some inaccurate data. Trying to maintain the
desired 40% MVC became harder as fatigue set in and some data may be as a result of a
deviation from this, contributing to variability. To counter this, data was visually inspected
before analysis and it was decided that any obvious outliers would be removed from the data
set. In reality, very little data were removed and the process of averaging the data over 10 s

segments also served to filter and smooth outliers.

As mentioned earlier in the chapter, the positioning of the subjects in the semi-recumbent
position on the Biodex dynamometer may have resulted in a larger amount of blood pooling

in the pelvic region than in the previous Chapter where the subjects were position in the
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supine position. This difference in position is likely to account for the observed larger values

for variables such as capacity in this study compared to the last.

As in the previous Chapter, the female subjects were tested during the menstrual and luteal /
high hormone phases of their respective cycles and these phases were established by self
report questionnaire (Appendix C) only, which may contribute to some inaccuracy. As before,
a more precise method for establishing the individuals’ hormone levels would have been to
use an ovulation predictor kit or to have taken blood hormone samples. However, once

again, financial constraints prevented this.

3.4.6 Conclusions

Sympathoexcitation by isometric leg exercise or a mental stress test resulted in small
reductions in venous vascular volume in men but not women. The popliteal vein was
unresponsive to both interventions. Oral contraceptive use appeared to modify the calf
volume response to mental stress indicating either venodilation or enhanced arterial
vasodilation leading to a passive increase in venous volume. Because the neural and
catecholamine sympathetic output is variable for these interventions a more robust

autonomic activation, the cold pressor test, was used in the next chapter.
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Chapter 4:
COMPARISON OF UPPER AND LOWER WHOLE LIMB
VENOCONSTRICTION RESPONSES TO COLD PRESSOR TEST IN
MEN AND WOMEN
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4.1 Introduction

The previous chapter sought evidence of leg venoconstriction derived either from changes in
calf venous volume or ultrasound observation of the popliteal vein in response to isometric
exercise or a mental stress task. Both interventions raised heart rate and mean arterial
pressure but they evoke different patterns of sympathoexcitation — exercise leads to
increases in MSNA and vasoconstriction in the calf, while mental stress leads to increases in
MSNA but not necessarily vasoconstriction in the calf, and greater levels of adrenaline than
with exercise. With these contrasting effects on arterial resistance any venoconstriction that
occurred would a) be independent of passive effects and b) potentially greater with exercise
than with mental stress because of the different neuroendocrine responses. There were,
however, only small increases in venomotor tone (assessed from calf volume) in men to
these interventions and no significant change in women. The popliteal vein was
unresponsive in all groups. Since autonomic activation follows different patterns during the
two stressors, and it is not possible to determine which efferent stimuli leg veins might have
received in greater intensity. In this present study, a further excitatory challenge to induce
venoconstriction — the cold pressor test - was utilized. Gender and female hormone-
associated differences in responses were again studied. Additionally, arm responses were
also studied for comparison to the legs.

The cold pressor test (CPT) was one of the first procedures used to elicit a cardiovascular
response under standardised laboratory conditions. It is commonly applied to examine
autonomic reactivity in individuals with suspected cardiovascular dysfunction (Hilz & Dutsch,
2006, Freeman, 2006). The CPT is usually performed by immersion of either the hand or foot
into an ice bath (typically ~ 4°C) or by application of a cold pack to the forehead. In the case
of hand or foot immersion, measurements are usually made on the contralateral limb due to
the movement involved in the act of immersion. Typically, studies have exposed their
subjects to CPT for several minutes duration. The cold stimulates temperature and pain
afferents from the skin, leading to activation of the central nervous system — brainstem,
hypothalamus (Petrovic et al. 2004) and cortex (Chang et al. 2002). Sympathetic outflow

induces increases in heart rate, mean arterial pressure and vascular resistance.

4.1.1 Blood pressure and heart rate responses to the cold pressor test

The average blood pressure and heart rate rises to a CPT in healthy subjects have been
reported as 20 mmHg and 10 beats.min™ respectively (Robertson, 1981, cited in Hilz &
Dutsch, 2006). On the other hand, other studies have reported more modest cardiovascular
responses with increases of -16 to + 13 mmHg and -8 to + 11 beats.min™ respectively in
healthy individuals (Fasano et al. 2006). Some of the variation relates to the nature of the

cold stimulus and its duration of application (Mitchell et al. 2004), but if used under
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standardised conditions, the test shows good short-term stability and little variation on test-
retest (Durel et al. 1993, Saab et al. 1993, Fasano et al. 1996). LeBlanc et al. (1979)
compared the time course of blood pressure and heart rate changes to a CPT and a mental
stress task. Systolic pressure rises were similar and reached maximum after 1 min in both
tests whereas diastolic pressure increased 15-20 mmHg within 1 min during the CPT but
only 5-10 mmHg after 2 min with mental stress. By contrast, heart rate rose less with the
CPT than with mental stress.

4.1.2 Sympathetic activation in response to the cold pressor test

Victor et al. (1987) made microneurographic measurements of muscle sympathetic nerve
activity (MSNA) in the peroneal nerve in 25 subjects (21 male and 4 female) during 2 minutes
of hand immersion in iced water. Total MSNA did not increase in the first 30 s of immersion
but rose by 60% (from 230 + 27 AU to 386 + 52 AU) by the end of the first minute and by
150% (to 574 % 73 units) during the second minute. MAP and HR both significantly increased
(20 + 2 mmHg for MAP and 7 + 3 beats.min™ for HR) and there was a significant positive
correlation between MAP and total MSNA increases from rest to the second minute but no
correlation between HR and MSNA increases. Others have confirmed a relatively rapid
increase in MSNA (within 30 sec) during a CPT (Cui et al. 2002). Further evidence of a
relationship between sympathetic activity and the rise in arterial pressure was shown by
Dishman et al. (2003). They exposed 28 subjects (14 male and 14 female) to 2°C hand
immersion for 2 minutes. Blood pressure (+ 24 + 3 mmHg SBP and + 21 + 2 mmHg DBP,
both p < 0.001) and peroneal nerve MSNA (+ 34.6 + 2.4 a.u., p < 0.001) increased
significantly during CPT, and changes in MSNA were correlated significantly with changes in

systolic and diastolic blood pressures.

Increases in circulating catecholamines to a CPT are also evidence of sympathetic
activation. Victor et al. (1987) measured plasma noradrenaline in 10 of their subjects and
showed a small but significant increase during the second minute of CPT (~ 25 pg.ml™) and a
positive correlation between the peak changes in MSNA and plasma noradrenaline. LeBlanc
et al. (1979) compared responses to the CPT and to mental stress (MST) and reported
increases in both plasma adrenaline (+ 20 pg.mlI™ CPT and + 105 pg.ml* MST) and
noradrenaline (+ 75 pg.ml™ for both). The increase in adrenaline during CPT was significantly
lower compared to mental stress but the noradrenaline increases were similar. These
differences indicated greater medullary stimulation during mental stress than during CPT
(Herd, 1991). Similarly, Ward et al. (1983) also found greater adrenaline increases in the
forearm during mental stress (+ 109 pg.ml™) than during CPT (+ 38 pg.ml™) in their 8 male
subjects. The increase during CPT was almost identical to that during knee exercise (+ 38

pg.ml™) but higher than during isometric handgrip exercise (+ 12 pg.ml™). All of these
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increases were significantly different compared to baseline adrenaline levels (p < 0.05). The
noradrenaline increases during CPT (+ 155 pg.ml™*) were significantly greater than during
mental stress (+ 82 pg.ml™), knee exercise (+ 71 pg.ml™) or isometric handgrip (+ 29 pg.ml™).

There is thus unequivocal evidence of elevated sympathetic neuroendocrine activity during
the CPT which is associated with the rise in blood pressure. Despite the correlation between
MSNA and noradrenaline spillover as indices of sympathetic activation (Wallin &
Charkoudian, 2007), Jacob et al. (2000) found greater increases in noradrenaline during a
CPT in the arm (+47 £ 15 %) than in the leg (+18 + 6 %). The potential for differential
vasoconstrictor effects in upper and lower limbs is apparent in measures of vascular

resistance.

4.1.3 Peripheral vascular resistance responses to the cold pressor test

Sympathoexcitation with the CPT is associated with significant peripheral vasoconstriction in
coronary (Momen et al. 2009), splanchnic (Chaudhuri et al. 1991) and cutaneous (Low et al.
1983, Feger & Braune, 2005) circulations. Reduced blood flow and increased vascular
resistance are also evident in the forearm (Jacob et al. 2000, Thijssen et al. 2006) together
with radial artery constriction (Perret et al. 1989). In the leg, however, vasoconstriction is not
a consistent finding. Zbrozyna & Westwood (1983) reported that calf conductance was
increased by immersion of the contralateral foot in iced water for 1 min and no change in calf
vascular resistance was found by Jacob et al. (2000) and Dishman et al. (1993) despite clear
evidence of sympathoexcitation (rises in MAP, HR, MSNA). On the other hand, Thijssen et
al. (2006) saw an increase in calf vascular resistance of 130% that matched that of the

forearm (211%) during a 5 minute immersion of the hand in iced water in young men.

These findings support a pattern of resistance vessel reactivity in arms and legs during reflex
sympathoexcitation that emerged from studying the data on forearm and calf vascular
resistance during isometric exercise and mental stress tasks. Clear cut vasoconstriction
(exercise, CPT) or vasodilation (mental stress) are reported for the forearm whereas for the
calf, such responses were attenuated or absent despite the similarity of MSNA traffic in the
upper and lower limbs. The implication is that transduction of the efferent signals into arterial
vascular responses differs between the limbs. This may have implications for capacitance

vessel responses to the CPT, the evidence for which will now be reviewed.

4.1.4 Evidence for venoconstriction in response to the cold pressor test
Early studies of changes in venomotor tone in response to the CPT used the isolated vein
segment or occluded limb technique. Page et al. (1955) measured pressure within a suitably

long segment of forearm vein without communicating vessels that was temporarily isolated
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from the circulation via rubber-ended clamps at each end. In 15 young healthy male subjects,
the CPT increased venous pressure by 8.9 + 47 mmHg without change in central venous
pressure. Samueloff et al. (1966b) used the occluded limb technique to study pressure
changes in hand, foot, forearm and calf veins during various stimuli. The venous circulation
was partially arrested by cuff inflation proximal to the pressure measurement site to ~ 32
mmHg to allow filling and distension before complete arrest of the circulation was achieved
(=300 mmHg) for 8 — 15 minutes. Immersion of one foot in iced water led to a rise in forearm
vein pressure of 12 mmHg while radial artery pressure in the contralateral arm increased by
only 1 mmHg. This was taken to indicate that the venous pressure rise was due to
capacitance vessel constriction and not secondary to pre-capillary constriction. Rowell &
Blackmon (1988) also studied males aged 24-32 years and observed rises in vein pressure
of between 3 and 20 mmHg in the occluded forearm that peaked within 30 seconds of

immersion of the contralateral hand in iced water.

Zelis & Mason (1969) used the equilibration method to study forearm venomotor tone during
the application of ice to the forehead in healthy male subjects and showed that venous
vascular volume decreased by 13.2%. However, in the forearm in which skin blood flow had
been eliminated by adrenaline iontophoresis, venous volume was reduced by 40% compared
to the untreated forearm and there was no longer any reflex venoconstriction to the CPT.
Venomotor reactivity was therefore considered to be restricted to the cutaneous capacitance
circulation. That superficial veins react to the CPT by constriction was confirmed by Dzeka &
Arnold (2003) who observed decreases in diameter of the dorsal hand vein of 5-10% during
application of ice to the forehead for 2 minute in normal healthy older individuals (62 + 4
years). The diameter decrease was significantly greater after indomethacin was infused into
the vein, leading the authors to conclude that vasodilator prostaglandins which normally

attenuated venoconstriction had been eliminated.

While these studies provide definitive evidence of cold pressor-induced venoconstriction
predominantly in superficial veins, they are restricted to examination of the forearm, and
there has been no attempt to investigate gender differences in vein responses. Moreover, the
sympathoexcitatory effects of the CPT are more stable than those of isometric exercise and
mental stress since increases in neural activity and vasoconstriction are more consistently

reported, albeit with some inter-individual variability (Fasano et al. 1996, Wirch et al. 2006).

4.1.5 Effects of gender and female hormones on response to the cold pressor test
With regard to blood pressure, heart rate, MSNA and forearm constrictor responses to the
CPT, there are reports indicating no difference between the genders. Jones et al. (1996)

tested young males and females during 3 min hand immersion in iced water and recorded
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similar increases in systolic and diastolic blood pressures, heart rate, MSNA and plasma
catecholamines in the two groups. The female group of 17 included women tested in either
follicular or luteal cycle phase and 4 who were taking an oral contraceptive. Likewise,
Lischauer et al. (1998) saw increases of ~10 mmHg in mean arterial pressure with little
change in heart rate, and elevations in plasma noradrenaline of 10-15% in response to a cold
fact test (ice to the forehead for 2 minute) in young men and in women with normal cycles
tested both in their follicular and luteal phases. Dishman et al. (1993) compared young men
of average fitness levels, assessed by maximal oxygen uptake, with similarly fit non-oral
contraceptive using women tested in their follicular phase. The CPT (immersion of one hand
into iced water for 2 min) elicited comparable increases in both genders in mean arterial
pressure (~ +25 mmHg), heart rate (~ +10-20 beats.min™) and MSNA activity (~2-fold
increase in bursts.min™). In addition, calf blood flow decreased to the same extent in men (-
19%) and women (-22%) such that vascular resistance was unchanged. In contrast, Hogarth
et al. (2007) compared the responses of 34 men and 34 women to CPT (4°C hand
immersion) for 1 minute and found the increase in calf vascular resistance to be significantly
smaller in women (+88% males vs.+46% females), whereas increases in MAP (+20% and
+22%, men and women respectively), HR (+8% and +10%) and MSNA (+53% and +86%)
were similar in both groups. Overall, the authors concluded that the vasoconstrictor effect of
the peroneal nerve activity was attenuated in women compared to men during CPT. It should
be noted that the subjects in this study were all middle-aged and almost a third of the
females were post-menopausal (Hogarth et al. 2007).

While there appears to be little difference between the genders in response to a CPT, the
same can also be said with regard to the low and high hormone phases of the menstrual
cycle. Miller & Sita (1994) investigated non-OC women aged 18-39 years during their
follicular and luteal cycle phases, reporting no differences in heart rate and blood pressure
rises during a 2 min hand immersion CPT, confirming earlier work by Hastrup & Light (1984).
Tersman et al. (1991), on the other hand, noted bigger rises in systolic pressure to a CPT
during the luteal (+14 mmHg) compared to follicular(+9 mmHg) cycle phase in women aged
21-40 years, although this may have been confounded by inclusion of a number of women
who were smokers. The lack of effect of cycle phase has also been confirmed for blood
pressure, heart rate and catecholamine responses to a CPT (Litschauer et al. 1998). MSNA
levels under resting conditions and the increase during a CPT were not different between the
menstrual and early follicular cycle phases in young women (Ettinger et al. 1998). Other
studies have found higher basal MSNA in the late luteal compared to menstrual phase in
women with normal cycle (Minson et al. 2000a) although there was no difference in low and

high hormone phases in women taking oral contraceptives (Minson et al. 2000b).
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Overall, the evidence indicates that men and women show similar sympathoexcitation and
cardiovascular response to a CPT and that, based on studies of normal menstrual cycle and
oral contraceptive use, female reproductive hormones are likely to have little effect on the
responses to this stressor. It is not known whether this also applies to venomotor tone.

4.1.6 Summary and Chapter aims

The cold pressor test is a sympathoexcitatory challenge that evokes similar increases in
mean arterial pressure, heart rate, sympathetic neural activity and catecholamines in men
and women. Forearm arterial and venous constriction are elicited but in the calf, arterial
constrictor responses are not consistently found and there is no information about calf

venomotor tone.

Reflex venoconstriction occurs in arms and legs (Samueloff et al. 1966b) whereas gender
differences in vascular characteristics have most often been investigated in forearms.
Forearms show less arterial adrenergic constrictor reactivity (Pawelczyk & Levine, 2002) and
their venous compliance may be greater than (Halliwill et al. 1999), smaller than (Young et al.
2006) or similar to (Freeman et al. 2002, Risk et al. 2003) that of the leg. To take account of
potential differences between limbs, and in view of the greater significance of leg venous
function in orthostasis (Halliwill et al. 1998), this study will examine venoconstriction, venous
capacity and compliance in both calves and forearms of men and women. It is hypothesised
that:

1) Venoconstriction to sympathetic activation by a cold pressor test will be less in

women than men.

2) Venoconstriction may be enhanced in women exposed to high levels of exogenous

female hormones via oral contraceptive use.

3) Changes in venomotor tone are expected to be greater in the forearm than the calf.

4.2 Methods

4.2.1 Subjects and groups

30 subjects (10 males and 20 females) volunteered to participate in the study, which was
approved by the Local Research Ethics Subcommittee, School of Sport and Exercise
Sciences, University of Birmingham, UK in accordance with the declaration of Helsinki 1964.
Following informed consent (Appendix A), subjects were screened by general health
questionnaire (Appendix B) to ensure all participants were in good health and injury free.

Exclusion criteria were: Current iliness, consumption of ‘over the counter’ non-steroidal anti-
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inflammatory drugs in the previous 24 hour period, cardiovascular disorders, pregnhancy
(either prior to or at time of study), injury to limbs (either during or at any time over 6 months
prior to study) and immune, metabolic or kidney condition(s). The subjects’ anthropometric
characteristics are shown in table 4.1.

The female group consisted of 10 women with a normal menstrual cycle pattern who were
not taking (and had not previously taken) oral contraceptives (N). Five of these women were
tested in the menstrual phase (days 1 — 5) and 5 were tested in the luteal phase (days 17 —
28) of their normal cycle (day 1 was taken to be the first day of bleeding - established by
questionnaire, Appendix C). The remaining 10 women were taking a “combined” oral
contraceptive pill (O), which contained both a synthetic oestrogen (e.g. 30 um
ethinylestradiol) and a progestin (e.g. 150 um levonorgestrel). As in the previous study
(chapter 3), these women had been taking the combined pill for between 1 and 5 years
duration (established by questionnaire) and were tested during the high hormone pill-taking
phase (but between days 19 — 28). Volunteers were excluded from the study if they
displayed an irregular menstrual cycle pattern i.e. markedly longer or shorter (x 3 days) than
an average of 28 days or were taking a form of oral contraceptive other than a “combined”

pill e.g. a progesterone only pill or the contraceptive injection.

All subjects attended one testing session. Hydration status, time of testing and the laboratory
ambient temperature conditions were controlled as described previously in Chapter 2. On
arrival for testing, subjects’ height, weight, 4-site skinfold thicknesses and limb segment
circumferential and length measurements were also made as previously described (Chapters
2 and 3).

4.2.2 General experimental setup

Subjects lay in the supine position on a laboratory couch throughout testing with all limbs
supported at heart level. Whole limb measurements (see below) were made on the dominant
limbs. Small inflatable cuffs (Hokanson Ltd.) of 6 cm width were placed around the ankle and
wrist, @ medium inflatable cuff (Hokanson Ltd.) of 13 cm was placed around the upper arm
and a large inflatable cuff (Hokanson Ltd.) of 18 cm width was placed around the mid-thigh of
the test limb. Mercury in silastic strain gauges (Hokanson Ltd.) - measuring 2 cm smaller
than the largest limb circumference - were placed around the belly of the calf and of the
forearm of the test limbs, as described in the previous chapter. Subjects were instructed to

breathe at normal rhythm throughout testing and to avoid sudden gasps or deep inspirations.
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Table 4.1: Anthropometric characteristics of subjects. Values are mean + SD. Table shows data for male and both female groups (N
and O). « =p < 0.05 vs. other 2 groups. 1 =p < 0.05 calf vs. forearm.

Males (n=10) N (n=10) O (n=10)

Mean + SD Mean + SD Mean + SD
Age (years) 25 7 21 3 22 3
Height (cm) 178 7* 166 8 165 6
Weight (kg) 72.4 9.5* 63.0 11.7 62.6 8.9
Body Mass Index (kg/m?) 23 2 23 3 23 4
Body fat (%) 12.3 3.6* 21.6 7.8 23.5 5.6
Calf segment volume (1) 2.39 0.14 t 2.35 0.70 2.31 0.35¢
Forearm segment volume (1) 0.98 0.15* 0.76 0.18 0.73 0.68




4.2.3 Measurement of variables

Beat-to-beat blood pressure, from which mean arterial pressure (MAP, calculated as diastolic
pressure + 1/3 (systolic pressure — diastolic pressure) and heart rate (HR) values were
derived, was detected using a Portapress photoplethysmograph incorporating height
correction (Finapres medical systems, The Netherlands) placed around the left middle finger.
The analogue signal from the Portapress control console was input via a Powerlab A/D
converter to a PC where it was recorded at a sampling rate of 40 Hz using Chartlab software
(ADInstruments Ltd.).

Blood flow, limb vascular filling, venous capacity and fluid filtration were determined using
strain-gauge plethysmography. The strain gauges around the calf and forearm were
connected to plethysmographs (Hokanson Inc.) and the output signals were routed to the
same PC running Chartlab software via a Powerlab A/D converter. Limb volume changes
were continuously recorded simultaneously with cardiovascular variables MAP and HR so

that changes throughout the experiment were time-matched.

4.2.4 Resting variables

Subijects rested in the supine position for 20 minutes prior to the testing procedure. Ankle
and wrist cuffs were inflated to supra-systolic pressure (> 50 mmHg above systolic pressure)
to eliminate foot and hand blood flow (Wiliams & Lind, 1979). Following a baseline
measurement period of 2 minutes during which resting MAP, HR and limb volumes were
continuously recorded, the thigh and upper arm cuffs were inflated simultaneously to
50mmHg for 10 seconds to occlude the venous outflow from the limbs, thus enabling calf and
forearm arterial inflow rate to be measured (Greenfield et al. 1963, Wilkinson & Webb 2001).
Following a ~ 30 s recovery period for variables to return to baseline values, the procedure
was repeated until a total of 3 calf and forearm blood flow measurements had been produced

for analysis.

4.2.5 Control venous distension

A further 2 minute baseline rest period was observed following blood flow measurements. A
control venous distension was then induced by simultaneous thigh and upper arm cuff
inflation to 50 mmHg for 5 minutes while measurements of MAP, HR and limb volume
changes were continuously recorded throughout. Values for venous capacity and fluid
filtration were extracted from the filling data at specific time points as previously described

and illustrated (figure 2.3) in the preceding chapters.
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Figure 4.1: Example of an original calf volume trace during venoconstriction distension.
Figure identifies the point at which the CPT intervention (illustrated by blue shaded area) was

introduced for 1 minute within the venous distension period.

4.2.6 Sympathoexcitation by cold pressor test

A 10 minute period of rest followed the control distension. The ankle and wrist cuffs were
then again inflated to supra-systolic pressure and a further 2 minutes of baseline rest data
were recorded. A second venous distension was induced by simultaneous upper and lower
limb cuff inflation to 50 mmHg for 5 minutes as in the control distension. To measure reflex
venous constriction, sympathoexcitation was induced for 1 minute by cold pressor test (CPT)
between minutes 3 and 4 of the venous distension period (figure 4.1). CPT was performed by

passively lowering the subjects’ left (contralateral) foot into a 4°C ice bath for 1 minute.

4.2.7 Effects of leg lowering

On a separate occasion, 4 subjects were invited back to perform two further venous
distensions as described above with the exception that: upper limb volume responses were
not measured and during the second intervention, although the left (contralateral) leg was
passively lowered, there was no ice bath for the subject’s foot to be placed into. The purpose
of this protocol was to examine the effects of leg lowering per se to ensure that any changes
observed as a direct result of the CPT intervention were not due to the partial posture

change.

4.2.8 Venous compliance and hysteresis

Ankle and wrist cuffs were inflated as before following a 10 minute rest period. Venous
distension was induced by a modified version of the technique used by Buckey et al. (1988)
whereby upper limb cuffs were inflated to 20 mmHg for 2 minutes and then further inflated to
30, 40 and 50 mmHg and deflated in 10 mmHg steps at 2 minute intervals (figure 4.2). The

limb volume — pressure curves generated by this procedure enabled venous compliance to
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be derived from the descending arm of the relationship, and venous hysteresis, as an index
of vessel wall viscoelastic creep, to be evaluated from the difference between ascending and
descending curves at a pressure of 30 mmHg (Edouard et al. 1998).
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Figure 4.2: Original chart trace segment for venous compliance and hysteresis protocol.
Figure shows actual responses of variables (identified on figure) for one subject and
identifies the cuff pressure (mmHg) steps within each 2 minute segment (marked by dotted
lines). Calf and forearm limb volumes are observed to change linearly with the corresponding

increases or decreases in cuff pressure, while MAP and HR remain unaffected.

4.2.9 Data analyses

All measurements recorded onto the Chartlab software were initially analysed using the
Microsoft Excel software package. Anthropometric data (BMI, body fat and limb segment
volume) were calculated as described in chapter 2 and compared as described in chapters 2
and 3.

4.2.9.1 Sympathoexcitation by cold pressor test

Baseline values for variables, blood flows, cardiovascular variables, venous capacities and

fluid filtrations were analysed as described and illustrated in Chapter 2 and figure 2.3
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respectively. As described in the previous chapter, the peak change for each variable during
the CPT was used for comparison with the change over the same time period during the
control venous distension i.e. min 3-4. MAP and HR behaved in a similar manner to that
observed during isometric exercise (figure 3.3), i.e. values increased over time and peaked
towards the end of the intervention period. For detailed description of analysis methods see
Chapter 3.

4.2.9.2 Effects of leg lowering
Limb volume responses to leg lowering were compared to those during venous distension

without leg lowering in the same manner as for CPT vs. control venous distension.

4.2.9.3 Venous compliance and hysteresis

Venous compliance was evaluated from the relationship between limb volume and pressure
during the stepped increases and decreases in cuff pressure. Compliance was calculated as
the slope of the relationship between 40 and 20 mmHg on the descending (emptying) part of
the pressure-volume curve via linear regression analysis. Since in this study Doppler
ultrasound was not used to assess vein reactivity directly, venous visco-elastic creep was
calculated as the difference between the limb volumes on the ascending and descending
curves at 30 mmHg since this indicates the extent of hysteresis between filling and emptying
(Edouard et al. 1998).

4.2.10 Statistical analyses

All statistical analyses were conducted using the Statistical Package for the Social Sciences,
version 13 (SPSS, Inc., Chicago, IL). A one-sample Kolmogorov-Smirnov test was firstly
performed to check for normal distribution of the data to determine the most appropriate
(parametric or non-parametric) statistical analysis. The data were normally distributed and

therefore the following parametric tests were applied:

Within groups, paired samples t-test was used to compare changes in variables during CPT
with those during control venous distension, percentage volume changes during leg lowering
with those during control distension, percentage volume changes during filling with those

during emptying and calf and forearm responses.

To assess gender differences in venous function, measures were compared between men
and N women by independent samples t-test (sympathoexcitation and leg lowering
protocols). Previous studies have reported increased venous capacity in the luteal phase in
women with normal menstrual cycles in forearm (Fawer et al. 1978), finger (McAusland et al.

1963) and calf (Meendering et al. 2005) but the differences were relatively small and findings
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from the previous study (chapters 2 and 3) also showed very little difference in calf venous
capacity between the phases. Furthermore, venous compliance has been shown to be
unaffected by cycle phase (Meendering et al. 2005). Since changes in limb volume during
the CPT in the present study were normalised to venous capacity to take account of any
such variations (Stewart, 2002), and no capacity differences were observed between N
women in the menstrual or luteal phase of their cycle in this study as well as the last, they
were treated as a single female group. O women were all tested during their high hormone
weeks and were compared against N women by separate independent samples t-test to
elucidate any effects specific to long-term exposure to exogenous synthetic hormones. Data
are presented as means + S.E.M. unless otherwise stated. Differences were deemed

significant if p < 0.05.

4.3 Results

4.3.1 Anthropometry

Male subjects were significantly taller, heavier, leaner and had significantly larger
anthropometric forearm segment volumes than the females (table 4.1, p < 0.05). Unlike in the
previous studies where calf segment volume was bigger is males than females (tables 2.2
and 3.1), the current male subjects had similar calf segment volumes to the female
participants (table 4.1). Calf size was significantly larger than forearm size in all groups (table
4.1, p < 0.05).

4.3.2 Baseline data

Table 4.2 shows baseline values for all variables. Resting MAP was similar in all groups (M,
N and O, p > 0.05) but HR was significantly higher in the O group compared to the M and N
groups (p = 0.01). Resting calf and forearm blood flows were similar between groups (p >
0.05).

4.3.3 Control venous distension

Calf venous capacity was not significantly different between groups (p > 0.05, figure 4.3).
Males and O females displayed significantly larger forearm venous capacity than the N
females (p = 0.01 and p = 0.04 respectively, figure 4.3). Calf venous capacity was
significantly smaller than forearm venous capacity in all groups (p < 0.01). Calf and forearm
fluid filtration were similar in all groups (table 4.2, p > 0.05 between groups) but were lower in

calf (vs. forearm) in the M and O groups.
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Table 4.2: Resting and control values for MAP, HR and blood flows and fluid filtration of subjects. Values are mean + SEM. Table

shows data for male (M) and female groups (N and O). % = p < 0.05 O vs. other 2 groups. 1 =p < 0.05 calf vs. forearm.

act

Males (n=10) N (n=10) O (n=10)

Mean + SEM Mean + SEM Mean + SEM
MAP (mmHg) 80 2 79 2 81 5
HR (beats.min™) 59 2 57 3 70 4%
Calf blood flow (ml.100mI*.min™) | 1.43 0.20 t 2.01 0.26 1.87 0.32
Forearm blood flow (ml.200ml
_ 2.87 0.36 1.87 0.20 2.92 0.57
.min™)
Calf fluid filtration (ml.200ml
1 L s 1.69 0.20 T 2.52 0.60 2.00 0.36 T
.min".mmHg™ x 10)
Forearm fluid filtration (ml.100mI’

3.31 0.47 2.90 0.34 4.23 0.63

L min".mmHg™* x10®)




3.0 ~

Capacity (ml.100mI™Y)

Calf Forearm

Figure 4.3: Calf and forearm venous capacity for male (M) and female (N and O) groups (all
n = 10). Figure shows mean + SEM for capacity (ml.100ml™) taken as the limb volume

increase at 3 minutes. T = p < 0.05 calf vs. forearm. # = p < 0.05 N vs. other 2 groups for
forearm.

4.3.4 Responses to cold pressor test

Cold pressor test application induced similar significant increases in MAP and HR in all
groups compared to the control distension (M = 7.7 = 2.0 mmHg and 9.2 + 2.5 beats.min™, N
= 7.6 £ 3.2 mmHg and 7.3 = 2.4 beats.min® and O = 5.4 + 2.7 mmHg and 8.1 + 1.9
beats.min™ for MAP and HR respectively, all p < 0.05, figure 4.4). While calf limb volume
significantly decreased in the M and O groups during CPT compared to the control distension
(M=-573+1.82% and O =-4.35 + 1.83 %, both p < 0.05), the decrease was not significant
in the N group (-2.16 = 2.08 %, p > 0.05). Males were the only group to show significant
venoconstriction in the forearm (M = -7.17 + 1.97 %, p < 0.01, N =-4.12 £ 2.49 %, p > 0.05
and O = -5.90 + 2.81 %, p = 0.06). There were no significant differences in size of
venoconstriction response between lower and upper limbs in any group (figure 4.5). In
summary, although there were no differences between the groups, the males were the only
group to show significant venoconstrictor effects for calf and forearm. The O group showed
significant venoconstrictor effects for calf and nearly for forearm while the N showed no
significant venoconstrictor effects at all.
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Figure 4.4: MAP and HR responses to cold pressor test. Figure shows mean * SEM
increases during CPT compared to the respective control distension (CON) values
(represented here as 0 change). = p < 0.05 compared to CON. There were no significant

differences between groups.
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Figure 4.5: Limb volume responses to cold pressor test. Figure shows mean + SEM
decreases during CPT compared to the respective control distension (CON) values
(represented here as 0 change). = p < 0.05 compared to CON. There were no significant

differences between groups or between limbs within groups.
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4.3.5 Effects of leg lowering
Calf volume increased 0.12 + 0.05 ml.100mlI™* from the capacity value during contralateral leg
lowering without immersion in iced water compared with a 0.11 + 0.01 ml.100mlI™* increase

from capacity during the control distension without leg lowering (p > 0.05).

4.3.6 Venous hysteresis and compliance

Both calf and forearm volumes at 30 mmHg were significantly different between filling and
emptying phases in all groups (calves = 0.21 + 0.04 ml.100mI™* kg™, 0.26 + 0.03 ml.100mI
'kg™* and 0.33 = 0.06 ml.100mlI™.kg™; forearms = 0.60 + 0.13 ml.100mlI*.kg™® 0.47 + 0.10
ml.100ml*.kg™* and 0.69 + 0.11 ml.100mI*.kg™ for M, N and O groups respectively, all p <
0.01, figure 4.6). These data suggest that venous creep was greater in the forearm than in
the calf for all groups. However, this only reached significance in the M and O groups (p <
0.05) with the N group just outside (p = 0.07). There were no significant differences in either
calf or forearm venous creep between genders, groups or female hormone type (all p >
0.05).

2.0

1.5 A

1.0 ~

0.5 A

A Limb volume (m1.100mI™Y)

0.0 -

Calf Forearm
Figure 4.6: Venous hysteresis. Figure shows the difference between filling (blue (M), red (N)

and green (O) bars) and emptying (gold bars) phases mean + SEM limb volumes at 30
mmHg. « = p < 0.01 filling vs. emptying. T+ = p < 0.05 calf vs. forearm. There were no

significant differences between groups.

Figure 4.7 shows venous compliance, calculated from the slope of the curve during emptying
between the pressures of 40 — 20 mmHg, for all groups. Compliance was 1.5+ 0.1 (M), 1.6 +
0.4 (N) and 1.9 + 0.3 (O) ml.100mI*.mmHg™ x 10 for calves and 3.6 + 0.6 (M), (N) 3.0 + 0.4
and 3.5 + 0.2(0) ml.100mI™.mmHg™ x 10 for forearms. Venous compliance was significantly
greater in the forearm than the calf in all groups (all p < 0.02). Overall there were no
significant differences in either calf or forearm venous compliance between genders, groups

or female hormone type (all p > 0.05).
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Figure 4.7: Venous compliance. Figure shows mean + SEM venous pressure-volume curves for calf (solid lines and solid points) and
forearm (dotted line and hollow points) for all groups. Venous compliance was derived from the slope of the descending part of the
curve between 40 and 20 mmHg (points with orange fill). « = p < 0.05 calf vs. forearm. There were no differences between genders,

groups or female hormone types (all p > 0.05).



4.4 Discussion

The aim of the present study was to investigate gender differences in venous vessel
reactivity by comparing men with women having normal menstrual cycles. In the lower leg
and the forearm, decreases in venous vascular volume during sympathoexcitation by the
cold pressor test were only significant in the men and not the women. In the women taking
oral contraceptives, significant venoconstriction occurred in the legs but not in the arms but
both of these leg and arm responses were still greater than those of the normally
menstruating women, implying that the presence of exogenous female hormones can

facilitate the response to sympathoexcitation by CPT.

4.4.1 Calf and forearm volume changes during control venous distension

As in the previous study, venous capacity showed no gender difference in contrast to studies
showing smaller capacity in women than men (Hernandez & Franke, 2004, Monahan & Ray
2004, Meendering et al. 2005, Lindenberger & Lanne 2007). A number of factors can
influence measures of venous capacity based on whole limb volume and may offer insight as
to why there was no gender difference observed. Convertino et al. (1988) showed an inverse
relationship between calf capacitance and skeletal muscle mass in men, suggesting that
more muscle provided greater physical constraint for the veins. Males and females did not
differ in estimated total calf volume. The subjects were young healthy exercise science
students who all engaged in regular physical activity to college level or above and the
relationship between calf muscle and venous capacitance is liable to be modified by training
which alters both muscle mass and venous capacitance (Hernandez & Franke, 2004). In this
present study, values for calf capacitance and fluid filtration were half those found in the
previous chapter, as were resting values for calf blood flow. They were, however, similar to
those corresponding values found in chapter 2. These findings confirm that limb positioning

in relation to heart level does influence blood volume readings.

In forearms, likely to show less training-related variation, higher capacity in men than women
was associated with their larger overall limb volume. On the other hand, although there are
similar relative proportions of muscle versus skin and subcutaneous fat in arms and legs
(Elia & Kurpad, 1993), forearm capacity overall was greater than calf capacity, in keeping
with the concept of reduced physical restraint with a smaller muscle mass (Convertino et al.
1988) and greater vein distensibility in the arm than leg (Eiken & Kolegard, 2004). Limb size
therefore appears to play a more significant role in determining venous vascular volume in
the forearm than the calf. However, the O group women had bigger forearm venous capacity
than the N group women, consistent with other studies demonstrating an effect of female
hormones (Goodrich & Wood, 1964, Fawer et al. 1978, Barwin & Roddie, 1976). This could

be linked to enhanced basal release of nitric oxide (John et al. 2000) and attenuated
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myogenic constriction (Bishop & Brown, 2007) associated with prolonged oral contraceptive

use.

Calf venous compliance has been shown be smaller in women than men (Monahan & Ray,
2004, Meendering et al. 2005) but the findings from this present study identified no gender
difference in legs or arms. This may be related to levels of fitness of the subjects since
Hernandez & Franke (2004) saw no difference in calf compliance between young fit women
and men. Compliance was also similar in women with normal menstrual cycles and those
taking oral contraceptives, in agreement with Meendering et al. (2005). They commented that
previous studies showing increased venous distensibility under the influence of female sex
hormones were based on limb volume changes during venous filling (McAusland et al. 1961,
1963, Goodrich & Wood, 1964, Barwin & Roddie, 1976, Fawer et al. 1978) and therefore
subject to confounding errors due to fluid filtration and / or venous wall creep. The studies
mentioned above (Monahan & Ray, 2004, Hernandez & Franke, 2004, Meendering et al.
2005) measured limb compliance using a method based on pressure-volume curves
generated during vein emptying after a period of venous occlusion, specifically to avoid these
errors (Halliwill et al. 1999). By constructing pressure-volume curves during both filling and
emptying (Figure 4.7) it was possible to derive estimates of creep from the hysteresis, but no
gender or hormonal effects were found on this parameter. There were also no gender or
hormonal differences in fluid filtration in legs or arms, as previously shown (Gamble et al.
1998, Gooding et al. 2005, Stachenfeld & Taylor, 2007). In contrast, Lindenberger & Lanne
(2007) partitioned out the filtration component from the calf volume response to lower body
negative pressure and demonstrated higher values in women than men. This could,
however, have been confounded by the effects of suction on tissue compliance and
activation of cardiovascular reflexes due to splanchnic pooling. Clearly, the derivation of
parameters such as capacitance and filtration based on volume changes during venous filling
should be made with full appreciation of the impact that limb position, limb composition and
ambient temperature can have (Jorfeldt et al. 2003) and for complete characterisation of
venous properties (i.e. also compliance), the recording of volume during both filling and

emptying is preferable.

4.4.2 Gender and cold pressor-induced venoconstriction

Limb veins constrict to sympathetic neural activity and circulating catecholamines. The cold
pressor test was chosen as a reflex challenge to the sympathetic nervous system because
increases in these parameters, as well as blood pressure and heart rate, are similar in men
and women (Jones et al. 1996, Litschauer et al. 1998, Dishman et al. 2003, Hogarth et al.
2006), and unaffected by female sex hormones (Hastrup & Light, 1984, Ettinger et al. 1998,

Litschauer et al. 1998). Furthermore, this intervention was chosen as, unlike in Chapter 3, it
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allowed subjects to be positioned in the supine position without the pelvic region being
situated below heart level, therefore avoiding blood pooling, which in hindsight may have
occurred in the semi-recumbent position that the Biodex dynamometer offered. Indices of
sympathetic activity were not directly measured but heart rate and blood pressure responses
to the test were uniform across groups in support of a lack of gender or hormone-related
differences. As >70% of limb volume expansion during venous occlusion is due to venous
filling (Buckey et al. 1988), application of the cold pressor test enabled sympathetic effects
on venous vessel tone to be compared between the groups assessed from the decrease in

venous vascular (limb) volume.

The decreases in limb volume throughout 1 minute of cold pressor test application
corresponded to those shown in the forearm by Zelis & Mason (1969) using the same
equilibration technique. They represent active constriction in the more superficial venous
vessels since they were abolished when skin and subcutaneous blood flow were eliminated
using adrenaline iontophoresis (Zelis & Mason, 1969). During cold pressor test application,
lowering of the leg per se could potentially lead to reduced venous return and reflex
vasoconstriction, or invoke locally-mediated postural arterial constriction, contributing to
decreases in limb volume. This is unlikely because limb volume was not influenced by this
manoeuvre without cold immersion. Moreover, reduction in fluid filtration cannot account for
the decrease in limb volume during cold pressor test because this parameter is not altered by
sympathoexcitation during tilting (Gamble et al. 1997) when venous and capillary pressures

are elevated to a similar extent as by the venous occlusion used in the present study.

Women with normal menstrual cycles showed similar venoconstriction as men in their
forearms but only men showed significant leg venoconstriction. The literature does not
appear to contain any studies measuring sympathetic neural outflow to arms and legs
concurrently during a cold pressor test, but it is assumed to be comparable in both limbs, as
during stressors such as head up tilt or lower body negative pressure (Wallin & Charkoudian,
2007). The difference in venoconstriction could thus be interpreted as due to a gender effect
on venous vascular reactivity in the lower limbs. Arterial vasoconstriction in the leg during a
cold pressor test is attenuated in women compared to men despite similar gender efferent
sympathetic nerve activity (Dishman et al. 2003, Hogarth et al. 2007). In a predominantly
female cohort, Jacob et al. (2000) measured equivalent increases in plasma catecholamines
in forearms and legs during a cold pressor test associated with increases in forearm but not
leg vascular resistance. Attenuation of arterial adrenergic reactivity in women has been
attributed to the action of oestrogen through enhanced basal release of nitric oxide (Sudhir et
al. 1997), augmentation of other dilator pathways (Orshal & Khalil, 2004) or inhibition of

noradrenaline release (Du et al. 1995). Porcine veins are also relaxed by oestrogen in an
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endothelial-dependent fashion (Bracamonte et al. 2002), and although receptors for
oestrogen and progesterone are present in human veins from both genders (Mashiah et al.
1999), no investigations appear to have identified mechanisms of gender differences in
venous vascular tone in human legs. The reason why forearm venoconstriction did not show
a gender difference whereas the leg did is not clear. Limb- and gender-specific differences in
flow-mediated dilation have recently been investigated, demonstrating similar dilator
responses in male and female arms but a gender difference in the leg (Nishiyama et al.
2008). Whether this differential limb reactivity extends to the venous circulation will require

further investigation.

4.4.3 Exogenous female hormones and cold pressor-induced venoconstriction

It is interesting that exposure to exogenous hormones through oral contraceptive use
enhanced leg but not forearm venoconstriction. This is consistent with observations that
exposure to oestrogen and progesterone in vitro (Rorie & Muldoon, 1979, Nekooeian &
Pang, 2000) and in vivo (Varbiro et al. 2002) augment constriction of veins to noradrenaline.
The O group women were tested during the ‘luteal’ days of the menstrual cycle when levels
of endogenous hormones would be low (Hirshoren et al. 2002) but those of exogenous
hormones high (Endrikat et al. 2002). The difference in leg venoconstriction between the two
groups of women (O and N) would imply that synthetic oestrogen and progesterone modify
adrenergic responses to enhance constriction in a different way to endogenous hormones
(Rorie & Muldoon, 1979, Varbiro et al. 2002). Exogenous oestrogen may increase post-
synaptic a, receptor density or inhibit neuronal noradrenaline reuptake (Du et al. 1995) and
synthetic progesterone, which can have higher bioactivity than natural progesterone
(Schindler et al. 2003), may also enhance noradrenaline release (Mercuro et al. 1999) and
constriction (Byrne et al. 1988). On the other hand, chronic use of oral contraceptives
increased forearm basal NO production (John et al. 2000), and arterial dilator effects of
oestrogen in oral contraceptives may be antagonised by the progestin component
(Torgrimson et al. 2007). The mechanisms of these antagonistic effects on vein reactivity will
require further pharmacological investigation in the context that women using oral

contraceptives have a higher risk of venous disease (Beebe-Dimmer et al. 2005).

4.4.4 Limitations

The use of ultrasound imaging in this present study would have provided a better insight into
vein reactivity to the cold pressor test, particularly in the light of the significant / marked
whole limb constriction that was observed. A measurement of arterial blood flow during the
cold pressor test would have helped confirm whether the observed decreases in venous
vascular volume were active or passive. However, the number of personnel required to

include these measures made this logistically impossible for this present study — however,
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the issue of individual vein responses to cold pressor test will be investigated in the next

Chapter.

As in previous chapters, the female hormones issue would have been better controlled by
use of ovulation predictor kits and / or blood hormone samples. The numbers of participants
in the N group women may also be an issue. With n = 5 for phase groups, the data would not
give enough statistical power for analysis but since there were no differences between
phases in any parameter the groups were combined. Throughout the analysis process, N
group data has been analyzed both as one group and as two separate groups (NM and NL)
and on no occasion have the data for the two groups been statistically significant from each
other. On reflection, had there been subjects readily available within the time constraints of
the project then it would have been better to have larger numbers of subjects in each

individual group.

4.4.5 Conclusions

Evidence of venoconstriction was present in both the forearm and calf limbs during
sympathoexcitation by cold pressor test in all groups. However, this venoconstriction was
only significant in both limbs for the male group and of the female groups, the N group calf
response was attenuated with only the O group showed significant calf limb venoconstriction.
The differences between groups with regard to gender or female hormone status
(endogenous vs. exogenous) were not significant. These findings indicate limb-specific
differences in venoconstrictor reactivity that can be modified by long-term synthetic female
hormone exposure. Moreover, they have highlighted that there are distinctive differences
between venous characteristics in the legs and arms that should be taken into account when

assessing any aspect of venous function.
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Chapter 5:
COMPARISON OF RESPONSES OF LONG SAPHENOUS AND
POPLITEAL VEINS TO SYMPATHOEXCITATION IN MALES
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5.1 Introduction

Thus far, the experimental work in this thesis has investigated changes in venomotor tone in
the lower leg based on venous volume using the equilibration technique and by ultrasound
imaging of the popliteal vein. The most significant evidence for venoconstriction in response
to isometric exercise, mental stress or a cold pressor test was observed as decrease calf
venous volume in male subjects. As explained in Chapter 1 (General Introduction),
plethysmography records volume changes of all tissues in a limb and whilst venous vascular
volume represents the major part of this (Buckey et al. 1988, Cirovic et al. 2006),
contributions from fluid filtration and visco-elastic creep are involved especially when venous
distension is elicited, either by cuff inflation or upright tilt (Halliwill et al. 1999). Among the
capacitance vessels, it is not clear which exhibit the venoconstriction that is detected by

plethysmography.

5.1.1 Innervation and reactivity of the long saphenous and popliteal veins

As also stated in the General Introduction, the venous system of the lower leg comprises
deep veins lying within the fascial envelope of the leg, including inter- and intra-muscular
veins, and superficial veins in the subcutaneous tissue, with perforating veins that join the
two systems (Ludbrook, 1962). During rhythmic calf exercise, pressure in both the deep and
superficial systems rises during contraction and falls on relaxation, with superficial pressure
always remaining higher so that blood drains into the deep veins where valves help to
maintain forward flow for venous return. Since the early work of Donegan (1921), the majority
of evidence from animal studies supports the notion that it is the superficial veins that are
more responsive to sympathetic activation. Anatomical demonstration of adrenergic nerves
using catecholamine histochemistry showed sparse supply to the intrasmuscular veins in cat
gastrocnemius muscle (Fuxe & Sedvall, 1965) whereas cutaneous and superficial veins are
more densely innervated (Shepherd & Vanhoutte, 1975). The maost prominent superficial vein
of the human lower leg is the long saphenous vein (see Figure 1.3) and because of its
widespread use in surgery as a graft for arterial bypass, it has been the subject of most
investigation. Histochemical methods for detection of catecholamines show a plexus of
sympathetic perivascular nerve fibres on human saphenous vein (Loesch & Dashwood,
2009) and stimulation of these nerves evokes venoconstriction via complex co-transmission
and neuromodulation involving noradrenaline, neuropeptide Y and ATP (Fabi et al. 1996,
Loesch & Dashwood, 2009).

In contrast, there is a lack of information about the innervation of the human popliteal vein,
the main conduit vessel carrying blood from below to above the knee, and whether it
responds to sympathetic activation. In Chapter 3, the popliteal vein did not react to

sympathoexcitation by either isometric leg exercise or mental stress task and did not
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increase in diameter after reaching capacity at 3 minutes, implying that it does not contribute
to venoconstriction. Studies have investigated the popliteal vein by using Doppler ultrasound
imaging. Hertzberg et al. (1997) measured popliteal vein diameters below the knee in 975
legs in vivo and found that vessel diameter was greatest at the level of the common femoral
vein (10.57 = 2.88 mm) and became progressively smaller as it travelled down to the level of
the mid superficial femoral vein segment (6.41 + 1.72 mm). Mean popliteal vein diameter was
reported as 6.80 = 2.11 mm. Neglen & Raju (1995) measured popliteal vein diameter during
graded head up tilt and estimated hydrostatic pressure at the imaging site in order to
construct diameter-pressure plots and calculate popliteal compliance. Although they found
reasonable agreement between vein compliance and that of the calf based on
plethysmographic venous volume, their sample population involved both healthy and post-
thrombotic limbs and data was not separated out for these groups. De Groot et al. (2005)
also described a method to measure popliteal vein compliance from cross-sectional area —
pressure plots during thigh cuff inflations to set pressures and reported significant correlation
(R?=0.39) with plethysmographically-derived calf compliance in normal and spinal-cord
injured subjects. Young et al. (2006) subsequently modelled popliteal vein compliance from
cross-sectional area — pressure plots during emptying in healthy young men and women.
They also administered a cold pressor test and sublingual nitroglycerin to induce constriction
and dilation respectively and neither treatment had any effect on popliteal vein size,
supporting the notion that it acts primarily as a passive conduit and makes little contribution

to calf volume changes during a cold pressor test.

The involvement of the long saphenous vein during sympathoexcitation by cold pressor test
has not been investigated to date. Evidence that, compared to deep vessels, this vein is
capable of reflex changes in venomotor tone comes from a study of whole body heat stress
(Abraham et al. 1994), where the CSA of the long saphenous vein doubled while that of the
femoral vein remained unchanged. Early work by Page et al. (1955), Samueloff et al. (1966a)
and Zelis & Mason (1969) all demonstrated venoconstriction in the forearm following reflex
sympathoexcitation by various manoeuvres and in the only study to compare venomotor tone
in upper and lower limbs, Samueloff et al. (1966b) reported that constriction to a deep breath
was greatest in hand and foot veins, intermediate in a forearm vein and least in the long
saphenous vein. This might imply that despite the presence of innervation, the superficial
long saphenous vein does not greatly respond to sympathetic activation. However, there was
no information provided in this study about the systemic cardiovascular changes so that it is
not possible to estimate whether the degree of sympathoexcitation was comparable under all
conditions. The only direct evidence for differential venoconstriction in superficial and deep
veins remains that from Zelis & Mason (1969) based on their use of adrenaline iontophoresis

of the whole forearm to eliminate skin and subcutaneous blood flow. In this situation,
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decreases in forearm venous volume to a deep breath, leg exercise or a cold pressor test
were abolished, but again, no data on blood pressure and heart rate changes to the
interventions or any other indices of sympathetic activation were given to verify that

cardiovascular status was similar between conditions.

5.1.2 Ultrasound imaging of the superficial and deep lower limb venous vessels

Doppler ultrasound imaging allows direct measurement of vein diameter changes under
different conditions e.g. bed-rest, applied pressure, tilt, standing and has been used to view
many of the vessels of the lower leg (Louisy et al. 1997, Haenen et al. 1999, Eiken &
Kolegard 2004, Chauveau et al. 2006, Cirovic et al. 2006, Arbeille et al. 2008). A number of
studies (Woodman et al. 2001, Newey & Nassiri, 2002, Sidhu et al. 2002) have recently used
on-line, i.e. “live”, edge-detection software to continuously measure brachial artery diameter
change during flow-mediated dilation technique. Briefly, a segment of vessel, in this case —
brachial artery, is imaged in long-section by Doppler ultrasound, while the software
continuously (~25 Hz) detects the vessel walls via 2 artificial neural networks, which have
been “trained” to track vessel wall movement and from this, the software can calculate vessel
diameter within the image region (Newey & Nassiri, 2002). This approach was used in
Chapter 2 to monitor long saphenous vein diameter changes during filling and in Chapter 3,
to measure popliteal diameter during isometric exercise and mental stress. Although it offers
an ideal tool with which to compare reactivity of deep and superficial veins to autonomic
challenge, no studies appear to have directly compared deep and superficial vessels in vivo

during sympathoexcitation.

5.1.3 Summary and Chapter aims

On the basis of data presented in Chapter 3, the popliteal vein does not make any
contribution to the reduced calf venous volume during reflex sympathetic activation by
isometric exercise or mental stress. It is not known whether this vessel responds to a cold
pressor test or to what extent constriction of the long saphenous vein is involved. In light of
the established increases in venomotor tone in response to the cold pressure test in the
calves of men as demonstrated in Chapter 4, the aim of this study is to use Doppler
ultrasound imaging in conjunction with on-line edge-detection software to continuously
monitor and compare reactivity of superficial (long saphenous) and deep (popliteal) veins of

the lower limb during sympathoexcitation via cold pressor test. It is hypothesized that:

The long saphenous vein of the calf will constrict during CPT stimulation but the

popliteal vein will not.
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5.2 Methods

5.2.1 Subjects
10 young healthy males volunteered to participate in two venous distension protocols to

investigate differences in deep vein (popliteal, POP) and superficial vein (long saphenous,
LS) filling characteristics and reactivity to sympathoexcitation by cold pressor test (CPT). All
procedures were approved by the Local Research Ethics Subcommittee, School of Sport and
Exercise Sciences, University of Birmingham, UK in accordance with the declaration of
Helsinki 1964. Following informed consent (Appendix A), all subjects were screened by
general health questionnaire (Appendix B) in order to ensure all subjects were in good health
and injury free. Exclusion criteria were: Current illness, consumption of ‘over the counter’
anti-inflammatory drugs in the previous 24 hour period, cardiovascular disorders, injury to
limbs (either during or at any time over 6 months prior to study) and immune, metabolic or

kidney condition(s). The subjects’ anthropometric characteristics are shown in table 5.1.

Table 5.1: Anthropometric characteristics of subjects. Values are mean + SD.

(n=10)

Mean <+ SD
Age (years) 26 4
Height (cm) 177 5
Weight (kg) 724 7.4
Body Mass Index (kg/m?) 23 2
Calf limb segment volume (l) | 2.65 0.27

5.2.2 Other considerations

Subjects were fasted before the testing session. The modified euhydration protocol
described in the previous chapters was used to ensure subjects were sufficiently hydrated.
The study was conducted in the Vascular laboratory at the School of Sport and Exercise
Sciences, University of Birmingham, UK. The laboratory is situated along a quiet corridor and
silence was requested from passers by so that experimental subjects were not distracted.
The environmental temperature within the laboratory was maintained at 21 °C to keep room
temperature fluctuations and its associated effects on calf volume measurements by strain
gauge plethysmography to a minimum. Lighting inside the laboratory was dimmed to ensure

subjects remained relaxed.

The two protocols (POP and LS) were held on separate days and were performed in a

counter-balanced order by the subjects so that half performed the POP protocol on the first
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day and the LS on the second day, and vice versa. On both days, subjects completed a
control venous distension and a venous distension with a CPT intervention. All procedures
were the same in both protocols, the only difference between them being that a different vein
was measured. All subjects were tested in the afternoon to avoid any differences due to
circadian effects on metabolic rate or catecholamine levels (Aschoff & Heise, 1972, Kleitman
& Ramsaroop, 1948, Wenger et al. 1976, Sowers, 1981, Stephenson & Kolka, 1985).

5.2.3 General experimental setup

Subjects lay in the supine position with lower limbs raised slightly above heart level in order
to aid venous emptying (see figure 2.1). All whole limb and direct vein measurements were
made on the dominant calf. A small inflatable cuff (Hokanson Ltd.) of 6 cm width was placed
around the ankle and a large inflatable cuff (Moor Instruments Ltd.) of 13 cm width was
placed around the mid-thigh of the test limb. A mercury in silastic strain gauge (measuring 2
cm smaller than the largest circumference of the calf, Hokanson Ltd.) was placed around the
belly of the calf. Subjects were instructed to breathe at normal rhythm throughout testing and

to avoid sudden gasps or deep inspirations.

5.2.4 Measurement of variables

Beat-to-beat blood pressure, from which mean arterial pressure (MAP, calculated as diastolic
blood pressure + 1/3 (systolic blood pressure - diastolic blood pressure) and heart rate (HR)
values were derived, was detected using a Portapress photoplethysmograph incorporating
height correction (Finapres Medical systems, Netherlands) placed around the right middle
finger. The analogue signal from the Portapress control console was input to a Powerlab A/D
converter and displayed on a PC where it was recorded at a rate of 40 Hz using Chartlab
software (ADInstruments Ltd.).

Blood-flow, whole-limb vascular filling, venous vascular capacity and filtration were
determined using strain-gauge plethysmography. The mercury in silastic strain gauges
placed around the calf and forearm were connected to a plethysmograph (Hokanson Inc.)
and the output signals were connected to the same PC running Chartlab software via a
Powerlab A/D converter. Whole limb volume changes were continuously recorded
simultaneously with cardiovascular variable changes so that changes throughout the

experiment were time-matched.

Venous filling and filled vein diameter were all detected using Doppler ultrasound imaging.
Popliteal and long saphenous vein diameters were imaged in longitudinal section with a
linear 3 - 12 MHz probe positioned by hand 5 - 7 cm below the line of the popliteal fossa over

the respective vein (figure 1.3). The transducer head (probe) was manipulated, ensuring to
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not press into the leg tissue, in order to obtain an optimum image of the vessel borders. The
ultrasound image signal was relayed to a second PC running Vascular Image Analysis
(VIA®) software (Newey & Nassiri, 2002), which, as described previously, uses two artificial
neural networks to detect anterior and posterior walls of the vessel and produce a digital
display tracking vessel diameter at a rate of ~ 25 Hz.

5.2.5 Blood flow and control distension measurements

Subjects rested in the supine position for 20 minutes prior to the testing procedure. The ankle
cuff was inflated to supra-systolic pressure (> 50 mmHg above systolic pressure) to eliminate
foot blood flow (Williams and Lind, 1979). Following a baseline measurement period of 2
minutes where resting MAP, HR and limb volume was recorded, calf arterial inflow rate was
measured as described in the previous chapters (Greenfield et al. 1963, Wilkinson & Webb
2001). Briefly, the thigh cuff was inflated to 50mmHg for 10 seconds and the rate of increase
in calf limb volume was measured by strain gauge plethysmography. Following a ~ 30 s
recovery period for variables to return to baseline values, the procedure was repeated until a

total of 3 calf blood flow measurements had been produced for analysis.

5.2.6 Control venous distensions

The ankle cuff was again inflated to supra-systolic pressure to eliminate foot blood flow and a
2 minute baseline rest period was observed. Venous distension was then induced by thigh
cuff inflation to 50 mmHg for 5 minutes; in this experiment by means of a Moor Instruments
Ltd. DRT4 automatic cuff inflator. Measurements of MAP, HR and limb volume changes were
continuously recorded throughout. Values for venous capacity, fluid filtration and filled vein
diameter were extracted from the whole limb and direct vein filling data at specific time points

as in the previous Chapters.

5.2.7 Venoconstriction to cold pressor test

After a 10 minute period of rest following the control distension, the ankle cuff was again
inflated to supra-systolic pressure and a further 2 minutes of baseline rest was observed. A
second venous distension was induced by thigh cuff inflation to 50 mmHg for 5 minutes as in
the control distension. To measure reflex venous constriction, sympathoexcitation was
induced by (left) hand immersion in iced water (4°C CPT) for one minute between minutes 3
and 4 of the distension protocol (see figure 4.1 for protocol illustration). Hand immersion was
used in order to eliminate any movement artifact caused by the leg lowering required for foot

immersion, which was used in the previous study.

5.2.8 Data analyses

All measurements recorded onto the Chartlab and VIA software were initially analysed using
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the Microsoft Excel software package. Calf blood flow (rate of arterial inflow) was calculated
from the rising slope of the plethysmograph trace (ml.100mlI™.min™) as the mean of the three
10 s cuff inflations performed prior to the control distensions. Baseline values for all variables
(MAP, HR and limb volumes) were averaged over the 2 minute rest period prior to venous
distension. Venous capacity was reported as the limb volume increase at 3 minutes (Gamble
et al. 1993, Lanne & Olsen, 1997). This also represented the “baseline” volume from which
changes during the intervention period (minutes 3 — 4) were evaluated. Fluid filtration was
taken as the volume increase from capacity to the volume at the end of the distension period
(figure 2.5). Filled vein diameter was taken as the value at 3 minutes.

To compare the two venous distensions (CON and CPT) in each protocol (POP and LS), the
recorded signal for all variables were averaged over 10 s segments. The patterns of
response for both cardiovascular and limb volume variables were identical in this study to the
patterns observed in the previous study and therefore, analyses between the two conditions
(CON and CPT) were conducted in the same manner. MAP and HR remained similar to
baseline levels during the control distension but increased, peaked and remained at their
highest levels until the end of the intervention period during CPT. To assess the influence of
CPT on the cardiovascular variables, peak MAP and HR during both distensions (CON and
CPT) in each protocol were compared to their respective values at the end of minute 3 (as in
the previous chapters). Limb volume continued to increase during the control distension
(figure 2.5) whereas it decreased on application of the CPT (figure 4.1). To evaluate this, the
change in limb volume during minutes 3 — 4 for both distensions was normalised to the
respective capacity at 3 minutes (e.g. change in volume = (volume at 3.5 minutes) — (volume
at 3 minutes)). The peak change from the capacity value for both distensions was taken and
converted to a percentage change, thus providing a single value for limb volume change,
which was used to describe the magnitude of the venoconstrictor response to CPT (Zelis &
Mason, 1969). For an illustration of the process for analysing limb volume described above,

see figure 3.4 in Chapter 3.

Direct vein diameter changes were analysed in the same manner as limb volume changes:
The change in vein diameter during minutes 3 — 4 for both distensions was normalised to the
respective filled vein diameter at 3 minutes. The peak change from the filled vein diameter
value for both distensions was then converted to a percentage change, providing a single

value for vein diameter change.

5.2.9 Statistical analyses
All statistical analyses were conducted using the Statistical Package for the Social Sciences,

version 13 (SPSS, Inc., Chicago, IL). A one-sample Kolmogorov-Smirnov test was firstly

139



performed to check for normal distribution of the data to determine the most appropriate
(parametric or non-parametric) statistical analysis. A paired samples t-test was used to
compare changes in variables during CPT with those during control distension and also
changes in variables during the same condition (e.g. CON) in the different protocols (i.e.
POP vs. LS). Data are presented as means + S.E.M. unless otherwise stated. Differences
were deemed significant if p < 0.05.

5.3 Results

5.3.1 Resting and control values for variables

Resting MAP and HR were similar prior to the respective POP and LS protocols (table 5.2, p
> 0.05) and there were no significant differences in resting calf blood flow between the two

protocols.

Table 5.2: Resting and control distension values for variables. Figure shows mean + SEM for
variables during POP and LS protocols. # = p < 0.01 POP vs. LS.

POP LS
Mean + SEM | Mean + SEM

MAP (mmHg) 76 3 71 3

HR (beats.min™) 58 3 60 4

Calf blood flow (ml.100mI™.min™) 254 021 |285 0.22

Filled vein diameter (mm) 10.52 0.93* | 3.10 0.27

Fluid filtration (ml.100mI™*.min".mmHg* x 10% | 1.81 0.29 |1.86 0.36

5.3.2 Venous distension

5.3.2.1 Time course patterns of responses to venous distension

In agreement with the findings from chapters 2 and 3, calf limb volume, long saphenous vein
diameter and popliteal vein diameter all increased markedly during venous distension (figure
5.1). Both veins became full (point of inflection) at approximately 60 s earlier than in the
previous studies but appeared to follow a similar pattern to the previous studies in that the
popliteal vein filled more rapidly to reach this point of “fullness” first (Pop = 1 min vs. 2 min in
Chapter 3 and LS = 2 min vs. 3 min in Chapter 2, figure 5.1b & c). These findings are
consistent with previously published data that deep veins fill more rapidly than superficial
veins (Buckey et al. 1988).
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Figure 5.1: Calf limb (a), long saphenous vein (b) and popliteal vein (c) filling. Figure shows

mean + SEM limb volume and vein diameter changes during venous distension.

In comparison to the filling data in chapters 2 and 3, the calf limb response (figure 5.1a) was
similar to that in chapter 2 (figure 2.8), which were approximately half that observed in
chapter 3 (figure 3.5) in terms of overall volume increase (p < 0.05). Long saphenous vein
filing was similar to that observed in Chapter 2 in that both increased in diameter by
approximately 1 mm over the course of the distension (figures 2.10 and 5.1b) but the

baseline and filled diameters were in the region of 1 mm and 0.5 mm larger in this present

141



study than in Chapter 2. Similarly, filled popliteal vein diameter was larger in this present
study compared with that in Chapter 3 (~ 1 mm larger, figure 3.6) but there was a difference
of in the region of 3 mm in baseline diameters. However, popliteal filling was slightly smaller
in this present study compared to that observed in Chapter 3. These differences perhaps
highlight the influence of leg positioning during venous volume studies. As in all studies, MAP
and HR remained unaltered from their respective baseline values throughout venous
distension.

5.3.2.2 Control venous distensions

Capacity (figure 5.2) and fluid filtration (table 5.2) were almost identical during the two control
distensions (both p > 0.05). Filled popliteal vein diameter (t = 3 minutes) was significantly
larger than filled long saphenous vein diameter taken at the same time point (table 5.2, p <
0.01).
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Figure 5.2: Venous capacity. Figure shows mean + SEM venous capacity (ml.100ml™) for
POP and LS protocaols.

5.3.3 Venoconstriction

MAP and HR significantly increased during CPT compared to the control distension in both
the POP and LS protocols (POP = 18 + 3 mmHg and 11 * 3 beats.min™ and LS = 22 + 3
mmHg and 14 + 2 beats.min™, all p < 0.01, figure 5.3). These increases were not significantly
different between the two protocols (p > 0.05). Calf limb volume significantly decreased by
almost exactly the same amount during CPT in the two protocols compared to the control
distension (POP = -16.0 % and LS = -15.8 %, both p < 0.05, figure 5.6, p > 0.05). Popliteal
vein diameter was not different between the control distension and the CPT distension (figure
5.4) illustrating that it does not constrict during sympathoexcitation by CPT. In contrast, long
saphenous vein diameter reduced markedly at the onset of the CPT intervention (figure 5.5)
and was significantly constricted through the remainder of the CPT and up to 30 s into the

final minute after the intervention had ceased. The peak difference between CPT and CON

142



distensions was -13.46 + 3.46 % (p < 0.01, figure 5.6), providing direct evidence that
venoconstriction had occurred. Paired t-test confirmed that popliteal and long saphenous

vein reactivity to CPT was significantly different (figure 5.6, p < 0.01).
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Figure 5.3: MAP and HR responses to cold pressor test. Figure shows mean = SEM
increases compared to control distension values during both protocols. % = p < 0.05
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Figure 5.4: Popliteal vein filling and reactivity during control and cold pressor test
distensions. Figure shows mean + SEM diameter changes and clearly illustrates that the

popliteal vein does not react to CPT.
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Figure 5.5: Long saphenous vein filling and reactivity during control and cold pressor test
distensions. Figure shows mean = SEM diameter changes and clearly illustrates the marked
decrease in vein diameter at the onset and throughout application of the CPT (identified by

the blue shaded area). = p < 0.05 compared to control value (CON).
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5.4 Discussion

The aim of the present study was to use Doppler ultrasound imaging in conjunction with on-
line edge-detection software to continuously monitor and compare reactivity of superficial
(long saphenous) and deep (popliteal) veins of the lower limb during sympathoexcitation via
cold pressor test. In support of the study hypothesis, the main finding is that the long
saphenous (superficial) vein actively constricts during CPT, while the popliteal (deep) vein
shows no active contribution to a reduction in total venous capacity in the lower limb during

the same stimulus.

5.4.1 Responses to control venous distension

Both veins imaged (long saphenous and popliteal) increased in size rapidly at the onset of
cuff inflation to 50 mmHg. The findings were in agreement with previous chapters in so far as
that the veins became “full” at different time points into the distension procedure. The
popliteal vein filled more rapidly and reached its capacity at 1-1.5 minutes into the distension
procedure, while the long saphenous vein took longer and became full at around 2-2.5
minutes. These findings are consistent with previously published data that deep veins fill
more rapidly than superficial veins (Buckey et al. 1988). However, there is somewhat of a
discrepancy between the findings of this present study and the findings in previous chapters,
where the responses took approximately 30 seconds longer in each case. Apart from the
possibility these differences were due to the different cohort of subjects used, it is possible
that the different cuff inflator that was used in this study (DRT4 in present study vs.
Hokansen in previous studies), which had a slightly different inflation rate than that used in
the other studies, may have caused the limb to fill more rapidly.

Baseline diameter, although extremely hard to measure at rest due to the very small size and
the purported irregular cross sectional profile due to the low blood volume, was larger in this
present study than in the previous studies. It has already been discussed in Chapter 3 that
the positioning of the subjects may have caused the veins to be more “emptied” than in this
present study, which may also largely account for the discrepancy in popliteal vein size and
filling (filling from baseline level was approximately 1 mm greater in Chapter 3) but does not
account for the difference between this study and that in Chapter 2, as the subjects were
tested in the same position. Since calf limb segment volume was 2.65 + 0.27 | in this study
and 2.7+ 0.5 | in the males in Chapter 2, this difference in vein diameter cannot be explained
by larger segment volume and so the already mentioned very small size and irregular profile,
which make the vessel difficult to image and measure accurately in combination with the
possibility that the subject cohort simply produced a larger group mean would seem to be the

most likely explanation for the variation in baseline vein size between these Chapters.
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In line with the direct vein measurements, whole limb measurements of resting blood flow,
capacity and filtration although slightly higher in this present study compared to the findings
in the previous Chapter were not significantly different (p > 0.05). Neither were they dissimilar
to those findings in Chapter 2. As mentioned above, calf limb segment volume was similar
between Chapters 2, 4 and 5 but all of these values were approximately half those found in
Chapter 3. The differences between the Chapter 3 findings and those in the other Chapters
have largely been related to body position during the experiments, which was different in
Chapter 3 and may have promoted greater emptying of the leg veins. However, all calf limb
segment measurements were performed in the same position in all of the studies (in the
supine position) and the fact that the Chapter 3 subjects displayed a much larger calf

segment volume must account for some of the discrepancies observed.

5.4.2 Venoconstriction to cold pressor test

The calf limb responded to CPT stimuli by showing an approximately 15% reduction in limb
volume (measured by plethysmography) during the intervention in both LS and POP
protocols. These responses were approximately twice that observed for the males in the
previous Chapter when a CPT intervention was also used. As in previous chapters, mean
arterial pressure (MAP) and heart rate (HR) were used as indices of sympathoexcitation as
they have previously been found to accompany more direct measures of sympathoexcitation
i.e. increases in noradrenaline (LeBlanc et al. 1979, Ward et al. 1983, Victor et al. 1987,
Jacob et al. 2000) and MSNA (Victor et al. 1987, Dishman et al. 2003, Hogarth et al. 2007).
Resting MAPs were slightly lower in comparison to the previous Chapter (76 = 3 and 71+ 3
vs. 80 = 2 mmHg) but HRs were almost identical (58 = 3 and 60 * 4 vs. 59 + 2 beats.min™).
During CPT, MAP responses (like the calf responses) were approximately twice those
observed in the previous study and HR responses were similar but still slightly higher in the
present study, which may indicate a greater sympathoexcitatory affect. The water was the
same temperature (4°C) and was cooled in the same way in both experiments and was also
checked using the same thermometer immediately prior to the protocol being performed. The
CPT intervention was performed by immersing the subject’s hand in cold water in the present
study, whereas in the previous study it was the subject’s foot that was immersed. The hand,
in particular - the finger tips, contains the densest area of nerve endings in the body with
nerve receptors in abundance (Vazquez et al. 2003) and it is possible that a lesser
sympathoexcitatory effect is elicited from foot immersion CPT than from hand immersion due
to the presence of fewer nerve endings. However despite this, Mark (1987) had shown that
leg MSNA responses to CPT were greater following contralateral foot immersion than
following hand immersion and therefore in light of this the differences between the findings in
this Chapter and those in the last are a little puzzling. None-the-less both still illustrate

significant venoconstriction via CPT in males and the only way of knowing which protocol
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had elicited the greatest leg MSNA response would have been to make direct
microneurographic measurements during the experiments, which was not possible at the

time.

Within this present study, although slightly higher MAP and HR responses were observed
during the LS protocol, there were no significant differences between these responses during
the two different protocols (LS and POP). The reason why MAP and HR responses were
slightly higher during the LS protocol cannot be explained since the trials were completed in
a randomised order so that half of the subjects completed the POP protocol first and vice

versa.

Zelis & Mason (1969) previously used iontophoresis to imply that the superficial veins of the
forearm displayed marked venoconstriction during sympathoexcitation by CPT, while the
deep veins were unresponsive to the same stimulus. The findings of Zelis & Mason (1969)
and those of Eiken & Kolegard (2004) for the lower limb during pressure stimuli, along with
histological evidence for more sparsely innervated deep veins (Fuxe & Sedvall, 1965,
Ehinger et al. 1967, Burnstock et al. 1970), provided the basis for the hypothesis for this
present study that only significant venoconstriction would be observed in the (superficial)
long saphenous vein when compared to the (deep) popliteal vein. As found in Chapter 3, the
popliteal vein in this present study provided no evidence of deep vein reactivity to
sympathetic stimulus and these findings are strengthened in the light that the
sympathoexcitation was evidently greater in this study. In contrast, the long saphenous vein
displayed clear venoconstriction (13.5% reduction in diameter) to the same stimulus. That
this degree of venoconstriction is sufficient on its own to maintain venous return during
orthostatic challenge is unlikely but what these findings do provide is evidence for the greater
relative contribution of the superficial veins of the lower limb in countering venous pooling
compared to the more sparsely innervated deep capacitance vessels. However, the
significant contribution of skeletal muscle pump in aiding the deep venous vasculature in

maintaining venous return during orthostasis cannot be overlooked.

In the previous Chapter, the issue was raised that without making direct measurements of
the venous vessel responses or measurements of blood flow, one could not be sure whether
the “venoconstriction” observed was genuine venoconstriction or resulting from arterial
constriction. Certainly arterial constriction is a contributing factor in the observed whole limb
constriction since the arteries are also innervated by sympathetic nerves, but the direct
measurement of two major leg veins also confirms that significant constriction of the
superficial leg veins also contributes to the observed whole limb constriction. The differing

responses of the two veins, despite the similar sympathoexcitatory challenge, suggests that
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changes in whole limb volume when measuring sympathoexcitation by plethysmography will

reflect constriction in the more superficial but not the deep veins.

5.4.3 Limitations

As in the studies in the previous two chapters, indices of sympathoexcitation were not
directly measured, i.e. MSNA and noradrenaline responses, and these measurements would
have enhanced the findings in this present study.

The difference in filling rates between this Chapter and the previous Chapters has been
attributed in part to the different thigh cuff inflator used in this present study. Had an arterial
blood flow rate been taken during the distension procedure then this could have been
confirmed or discredited. The DRT4 cuff inflator that was used in this study allows the user to
run a baseline period before automatically inflating the thigh cuff to a predetermined pressure
and therefore makes it easier to run an experiment with low numbers of personnel. It may
have been more appropriate to use the same cuff inflator throughout all of the experiments,
however at the time of running this study, the Hokansen pump that had been used in all other

experiments had a pressure fault and had gone for repair.

One of the overall aims of this project was to identify gender and hormonal differences during
sympathoexcitation. This present study was conducted using only male subjects on the basis
that in the previous experiments, only the males had demonstrated significant or a marked
tendency towards venoconstriction and that male subjects were the most likely to produce
venoconstrictor responses again rather than females. In the light of such positive results from
these experiments in support of the study hypothesis, it is regrettable that a female cohort of
subjects was not also studied in order to better answer the gender and female hormone

status questions.

5.4.4 Conclusions

This study directly and continuously observed and compared measurements of superficial
and deep vein reactivity during sympathoexcitation by means of Doppler ultrasound imaging
and on-line edge-detection software. The main finding was that the popliteal (deep) vein did
not actively contribute to a reduction in total venous capacity in the lower limb during
sympathoexcitation, whereas the long saphenous (superficial) vein actively constricted.
These differences could largely be due to differences in sympathetic nerve innervation in that

the long saphenous vein is more greatly innervated than the popliteal vein.
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Chapter 6:
GENERAL CONCLUSIONS
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The veins of the human lower leg are distended due to gravitational blood pooling when in
the upright posture, and venous return under this condition is aided during dynamic exercise
by the calf muscle pump. Although it is generally thought that these capacitance vessels are
relatively weakly innervated compared to arteries and respond little to adrenergic stimulation,
an increase in leg venomotor tone would assist in countering pooling and help to maintain a
pressure gradient for forward flow. Previous studies of venoconstriction have been carried
out mainly in the forearm, demonstrating significant responses to interventions known to
evoke increase in sympathetic autonomic activity such as a deep breath, Valsalva’s
manoeuvre, upright tilt, lower body negative pressure, exercise, mental stress and cold
stimulus. There are very few investigations of gender differences in venous reactivity despite
evidence that women are more orthostatically intolerant than men and experience a higher
incidence of venous disease, both conditions in which attenuated venoconstriction could play
a role. The main aim of this thesis was thus to investigate the reactivity of veins in the lower

leg in men and women to three specific sympathoexcitatory interventions.

6.1 Methodological considerations

Measurements of changes in venous tone in humans have been carried out using a variety
of methods (see Chapter 1, page 26). In the limbs, vein function can be studied in single
superficial vessels, by extrapolation from changes in venous vascular volume and in single
deeper vessels using ultrasound. In the present work, the equilibration technique was used
whereby limb volume was measured plethysmographically during venous distension by an
occluding cuff held at constant pressure, and any changes in volume taken to due to altered
venous tone. In addition, ultrasound imaging was used to investigate the responses of
superficial and deep large veins of the lower leg. There are several issues to be considered
when measuring limb volume as a surrogate for venous vascular volume because vein filling
can be influenced by the rate of arterial inflow and experimental conditions such as limb

position relative to heart level and ambient temperature.

In Chapter 2, ultrasound imaging was employed to investigate arterial flow to the lower leg
(popliteal artery) during a period of venous occlusion (5 min, thigh cuff inflated to 50 mmHg).
It was confirmed that flow velocity was reduced without any change in artery diameter so that
estimated volume flow was decreased ~ 35-40%. When vascular resistance was calculated
using mean arterial pressure and taking into account the back pressure applied by the thigh
cuff, there was no significant change, indicating that the reduction in flow was due to the
lower arterio-venous pressure difference rather than any active change in arterial tone. This
finding confirmed steady state conditions of arterial inflow during venous distension and

justified the use of the equilibration technique for assessment of venomotor tone.
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Laboratory temperature was carefully controlled in all studies in this thesis, but there were
differences in venous filling observed that can be related to leg position. When calf blood flow
and venous capacity in males are compared across the four different studies (Chapters 2,3,4
and 5), it is evident that they were higher in Chapter 3 (3.85 +0.74 ml.100ml™".min™* and 4.4 +
0.3 ml.100mI™* respectively) and lower in Chapter 4 (1.43 + 0.20 ml.100mI*.min™* and 2.1 +
0.3 ml.100ml™). The main difference between these studies was body posture. In Chapter 3,
the subjects were semi-recumbent in a Biodex isokinetic dynamometer with their calves at
heart level but slightly higher than the hips, allowing for better drainage, whereas in Chapter
4, subjects were lying flat with the calves and hips at heart level. While these postures were
consistent within each study, the absolute values of venous capacity representing the
baseline from which decreases due to venoconstriction were measured clearly differed. For
this reason, changes in limb volume resulting from the sympathoexcitatory interventions were
normalized to capacity to enable comparison between studies. A similar approach was
adopted by Stewart (2002).

Another confounding factor when measuring limb volume during periods of venous occlusion
lasting several minutes is fluid filtration which occurs because of the raised capillary
hydrostatic pressure. Relative to venous capacity measured after 3 minutes of occlusion,
filtration over the subsequent 2 minutes accounted for a further 7-8% in calf volume in the
men studied in Chapters 3 and 5 even though absolute values of capacity and filtration were
lower in the second of these studies. This consistent effect enabled decreases in volume
during sympathoexcitation to be determined relative to capacity without undue influence from

interstitial fluid accumulation.

There is, however, yet another potential factor in the volume increase of a limb during
venous distension, namely viscoelastic venous creep. This property derives from the
biomechanical characteristics of connective tissue elements in the vein wall that undergo
delayed relaxation when under pressure. It has been demonstrated in venous vessels in rat
skeletal muscle (Skalak & Schmid-Schonbein, 1986) and inferred from the hysteresis in the
pressure-volume curve of a limb during venous filling and emptying (Halliwill et al. 1999), but
the exact contribution of creep to venous volume during distension is unclear. Ultrasound
imaging was used in Chapter 2, 3 and 5 to capture vein diameter during distensions lasting
several minutes and any changes in diameter once filling reached maximum would have
indicated creep. For both the long saphenous vein (Chapters 2 and 5) and popliteal vein
(Chapters 3 and 5), maximum diameter was achieved within 2-3 minutes of thigh cuff
inflation and there was no evidence of substantial increase thereafter. With no creep
occurring in these large veins, there remains the potential for smaller venous vessels to

contribute a creep component to limb volume, but this cannot be determined with the current
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methodology because ultrasound vessel diameter measurement becomes increasingly tricky
as the vessels become smaller in size and may prove to be extremely unreliable in veins

smaller than 3-4 mm in diameter (personal observations).

Ultrasound vein imaging has, however, been used to asses what proportion of the calf
volume response during venous distension is due to filling of the larger veins. Cirovic et al.
(2006) summed the cross-sectional area of all visible large veins at mid-calf level during
venous distension induced by leg dependency. This manoeuvre was estimated to increase
venous pressure at the calf by ~ 65 mmHg and vein CSA accounted for only 20% of the
increase in calf CSA measured by strain gauge, the remainder assumed due to distension of
small venous vessels. Buckey et al. (1988), on the other hand, measured 70% of the calf
volume increase during thigh cuff inflation as due to distension of large veins in the calf,
based on MRI imaging. In the present work, only one main vein in the lower leg was imaged
at a time whilst calf volume increase was registered during distension at 50 mmHg, but as
Figures 6.1 and 6.2 show, over time there was very good agreement between the increase in
diameter of the long saphenous and popliteal veins respectively and the increment in calf
volume in male subjects (r* = 0.97 and 0.97 for long saphenous and popliteal veins

respectively vs. calf).

0 (f T T T T 1
0 0.5 1 15 2.5

Calf volume increase (mI.lOOmI'l)

Long saphenous vein diameter increase (mm)

N

Figure 6.1: Relationship between calf volume increase and long saphenous vein diameter

increase (r* = 0.97).
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Popliteal vein diameter increase (mm)
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Figure 6.2: Relationship between calf volume increase and popliteal vein diameter increase
(r* = 0.97).

6.2 Venomotor responses to sympathoexcitation in male subjects
Venoconstriction was assessed by the equilibration technique in the calf in response to
isometric exercise and mental stress (Chapter 3) and a cold pressor test (Chapters 4 and 5).
Decreases in calf venous volume were relatively modest to the first two interventions despite
clear evidence of sympathoexcitation from the rises in heart rate and mean arterial pressure
and a longer duration stimulus (2 minutes) compared to the cold stimulus (1 minute). There
were differences in the responses seen to a cold pressor test in the two studies in which this
was employed. A pronounced venoconstrictor effect was seen in Chapter 5 (calf volume
decrease of ~ 17%) compared to that in Chapter 4 (calf volume decrease of ~ 6%). This
difference is not immediately easy to explain as the protocols and measurements were made
in similar fashion in both studies. However, blood pressure and heart rate responses to the
CPT were larger in Chapter 5 where the hand was immersed in iced water than in Chapter 4
where the foot was immersed. The sympathetic neural response to a CPT is related to the
size of the stimulus in that greater nerve activity was recorded with two hands immersed than
with one (Mark, 1987; Seals, 1990) and there is a greater abundance of nerve receptors in
the hand than the foot (Vazquez et al. 2003).

With regard to the question of differing responses in different vascular beds, a comparison of
arm vs. leg responses to CPT was made in Chapter 4 where the findings showed that the
decreases in limb volume throughout one minute of cold pressor test application were
significant in both the lower (Chapters 4 and 5) and upper limbs (Chapter 4) in men. These
findings corresponded to those shown in the forearm by Zelis & Mason (1969) using the

same equilibration technique. On comparison of deep and superficial venous beds in the
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lower limb, there was an absence of any significant changes in diameter of the popliteal vein
during any intervention (CPT, ILE & MST) throughout the experimental works, suggesting
that this vessel is a passive conduit that does not respond to sympathetic activation. While
conversely, the long saphenous vein displayed clear venoconstriction (13.5% diameter
reduction) to the cold pressor test. These findings provide direct evidence that the reductions
in calf volume measured by plethysmography during sympathoexcitation arise through an
increase in venomotor tone in different vessels than the large conduit popliteal vein (or other

deep venous vessels) such as the long saphenous vein and other small venous vessels.

6.3 Venomotor responses to sympathoexcitation in female subjects

The findings from Chapters 2, 3 and 4 showed that there were no gender differences when
comparing males and menstrual phase females in responses to venous distension or venous
distension in conjunction with sympathetic stimuli. The results from all of these studies clearly
demonstrate only anatomical differences between the genders, which do not appear to

impact upon venous characteristics.

Calf venous capacity and fluid filtration measured by plethysmography were not different
between men and women (menstrual phase) during any study. No relationship was found
between whole limb venous capacity and calf size (p > 0.05) suggesting that anatomical size
is not a factor even though men and women had different sized calves in Chapters 2 and 3.
Other studies that have reported differences in capacity have examined forearms (see
introductions in previous Chapters) and in Chapter 4 there was a difference in forearm
capacity between men and women. Compared to the calf, the forearm has less muscle mass
(Chapter 4) and so this perhaps made vascular volume more ‘accessible’, i.e. it was easier to
detect the changes in volumes by plethysmography. However, ‘accessibility’ of the specific
lower limb veins was not issue when using ultrasound and also this technigue clearly showed
slight differences in filled venous diameter between the genders, as for the whole limb
measurement, there were no significant gender differences observed in the lower limb in
regard to venous characteristics. However, these findings may suggest the case for using a
more direct method of venous measurement (such as ultrasound) in conjunction with
plethysmography to measure venous vascular responses in the lower limb, particularly in
cases where the vessels may be deemed f‘inaccessible’ due to large segment size.
Additionally, all of the subjects examined in these studies were young fit sports science
students most of whom were regularly undertaking either recreational or competitive level
physical activities. Calf venous volume is higher in athletes than non-athletes (Boutcher &
Boutcher, 2005) and in those with higher fitness levels (Hernandez & Franke, 2004, 2005)
and is decreased by inactivity (Bleeker et al. 2004). Therefore, it is possible that differences

between the genders are less evident in fitter individuals.
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The calf volume changes in females during isometric leg exercise and mental stress task
were more variable than for males and the overall impression was that women showed less
venoconstriction than the males, particularly during mental stress. As with the males, women
showed much greater lower limb venoconstrictor responses to CPT. These findings in
relation to CPT responses would be consistent with the evidence that even though rises in
MSNA and circulating catecholamines may be similar, women show attenuated arterial
vasoconstriction during sympathoexcitation, an effect attributed to the arterial dilator effects
of female hormones oestrogen and progesterone. As for men, there was no evidence of
change in popliteal vein tone in women during isometric leg exercise and mental stress task

in agreement with a role as a passive conduit.

Venoconstrictor reactivity to CPT of the venous vasculature in the forearms (Chapter 4) did
not differ between genders or with exogenous female hormone use. In Chapter 4, lower leg
venoconstriction was attenuated in women with normal menstrual cycles compared to men
but not in women using oral contraceptives. The reason why forearm venoconstriction did not
show a gender difference whereas the leg did is not clear and no other investigations appear

to have identified mechanisms of gender differences in venous vascular tone in human legs.

The long saphenous vein tended to be bigger when filled in men than in women (Chapter 2,
p > 0.05). While the popliteal vein also tended to be bigger in men than in women (Chapter 3,
p > 0.05). Statistical analysis also revealed that popliteal vein size was correlated with calf
size (p < 0.05) but long saphenous vein size had no relationship with calf size (p > 0.05).
This latter finding is presumably in keeping with the notion that the deep veins, particularly
the popliteal vein, are the main drainage point for the lower leg and therefore must reflect the

size, and therefore overall blood volume, of the limb.

The long saphenous vein tended to be bigger in the luteal than menstrual phase (Chapter 2,
p = 0.06) but there was no difference in popliteal vein size between the menstrual and luteal /
high hormone phase of the respective normal cycle (N) or oral contraceptive using (O)
groups (p = 0.61). During sympathoexcitation, the only difference in responses between the
phases in the N group women was a smaller MAP increase to isometric leg exercise during

the luteal phase than in the menstrual phase.

Oral contraceptive use appears to enhance the leg response to CPT in women (Chapter 4).
These findings are consistent with observations that exposure to oestrogen and
progesterone in vitro (Rorie & Muldoon, 1979, Nekooeian & Pang, 2000) and in vivo (Varbiro

et al. 2002) augment constriction of veins to noradrenaline. The reason why exogenous
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hormones (OCs) would enhance this affect may be due to an increased basal production of
the endothelial dilator nitric oxide associated with long-term oral contraceptive use (John et
al. 2000). All female subjects who were using oral contraceptives in these studies had
typically been doing so consistently for between 3 and 5 years, which could be considered
relatively long-term use and therefore this explanation is entirely feasible. Additionally, it is
also possible that exogenous oestrogen may increase post-synaptic a, receptor density or
inhibit neuronal noradrenaline reuptake (Du et al. 1995) and synthetic progesterone may also
enhance noradrenaline release (Mercuro et al. 1999) and constriction (Byrne et al. 1988).

As a final point, in the women taking oral contraceptives, the discrepancy between calf
volume increase (indicating venodilation) and lack of large vein response (no diameter
change) to mental stress reiterates that limb volume changes must derive from smaller

capacitance vessels once the large veins are filled.

6.4 Limitations

The individual Chapters of this thesis presented the specific limitations for each study.
However the key limitations of the experimental works carried out for this Thesis as a whole
are that:

1. Direct indices of sympathoexcitation, MSNA and noradrenaline responses, were not
directly measured and, had they been included, may have enhanced the findings of the
studies in relation to being able to quantify the level of sympathoexcitation within the lower

limb to each intervention.

2. Arterial measurements during sympathoexcitation would have given a clearer indication of

changes in arterial flow.

3. Female hormone levels in relation to menstrual cycle phase were established by self
report only. This issue would have been better controlled by use of ovulation predictor kits

and / or blood hormone samples.

4. The numbers of subjects in the groups in Chapter 3 may have led to a lot of variation in

responses and a lack of clarity with regard to the whole limb findings.

6.5 Significance of findings
Moving from the supine to the upright posture (orthostasis) presents a significant challenge
to the human body. During this action, approximately 500 - 700 ml of blood is translocated

from the thoracic compartment into the highly compliant capacitance vessels (veins) of the
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lower limb causing a transient decrease in blood pressure in the vessels above the lower
limb (Levick, 2003). Therefore maintaining the end diastolic volume in orthostatic
hypotension is crucial (Rothe, 2006). Sympathetically-mediated reflex constriction of the
veins in the lower body has been suggested as one compensatory adjustment to orthostasis
(Smit et al. 1999) as it redistributes the blood volume and reduces the contained blood
volume and the rate of venous pooling in the lower limb (Samueloff et al. 1966a, Rothe,
2002). Attenuated venoconstriction has been implicated in conditions of pathological
orthostatic intolerance (Streeten & Scullard, 1996; Manyari et al. 1996; Streeten, 1999).
However, quantifiable proof of active venoconstriction in humans is sparse and the majority
of work in this field has been done on animals (Rothe, 2006, Hainsworth & Drinkhill, 2006).

The studies within this thesis have looked directly at lower limb responses to
venoconstriction in humans and have investigated potential differences in the responses of
vein vs. whole limb, differing types of stimuli (greater neural stimulus (mental stress) vs.
lesser neural stimulus (isometric exercise)), gender and female hormones, upper limb vs.
lower limb and deep vs. superficial vein responses. Since the sympathoexcitation invoked by
the interventions used in this thesis are non-baroreceptor mediated, their effects on the
venous vasculature cannot be directly extrapolated to the situation of changes in posture and
orthostatic responses. Nonetheless, the data do demonstrate lower limb venous reactivity to
adrenergic stimulation — venoconstriction — which has been suggested as a compensatory

adjustment to orthostasis.

With regard to gender and female hormone differences, women have been shown to be less
orthostatically tolerant than men (White et al. 1996; Convertino, 1998; Shoemaker et al.
2001). One reason proposed for this gender difference is that women experience enhanced
lower body blood pooling because of greater capacitance and / or compliance of the leg
veins (Monahan and Ray, 2004). However, venous capacitance and compliance were both
found to be similar between males and females in these present studies and have been
found to be similar or lower in women than men by others (Monahan & Ray, 2004,
Hernandez & Franke, 2004; Meendering et al. 2005) and therefore the evidence does not
support this proposal. It therefore seems unlikely that differences in limb venous pooling
contribute to orthostatic intolerance in women. Since increases in sympathetic nerve outflow
and total peripheral resistance during upright tilting are equivalent in women and men (Fu et
al. 2005), it may be that the differences during orthostasis are due to the transduction of
these adrenergic signals at the venous vessel wall being modified by the presence of female
reproductive hormones. Oestrogen and progesterone have relaxant effects on venous
vessels (Nekooeian & Pang, 2000; Herkert et al. 2000) but enhance the constriction to
noradrenaline (Rorie & Muldoon, 1979; Herkert et al. 2000; Varbiro et al. 2002). In these
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present studies, males displayed greater venoconstriction than females during all three
stimuli used (ILE & MST (Chapter 3) and CPT (Chapter 4)). Oral contraceptive use appeared
to modify the calf volume response to mental stress (Chapter 3) indicating either venodilation
or enhanced arterial vasodilation leading to a passive increase in venous volume and during
cold pressor test intervention (Chapter 4), the responses of the women taking oral
contraceptives were also modified compared to those with normal menstrual cycles but in
this case to enhance venoconstriction. It is clear from these experiments that oral
contraceptive use modifies the venous responses to sympathetic stimuli in females. However
it should be noted that these modified responses were only slight and that overall there were
no significant gender or female hormone differences found for lower (or upper, Chapter 4)
limb reactivity during any of the experiments (all p > 0.05) and therefore clearly more work
needs to be carried out in this area to establish the exact reasons for female orthostatic

intolerance.

The respective data for vein filling of the long saphenous and popliteal veins (Chapters 2, 3
and 5) provide further evidence in support of the literature (Buckey et al. 1988) that the deep
capacitance vessels of the lower limb fill to capacity before the smaller venous vessels on
the periphery. Chapters 3 and 5 also provided direct evidence that the popliteal vein did not
actively contribute to a reduction in total venous capacity in the lower limb during
sympathoexcitation by any of the stimuli used, whereas the long saphenous vein actively
constricted. These findings for the lower limb are akin to those reported by Zelis & Mason
(1969) for the forearm, whereby they implied via iontophoresis that the superficial forearm
vessels provide the major active component in forearm venoconstriction during cold pressor
test stimulus. Since supine humans have irregular bursts of MSNA of ~ 1Hz and during
orthostasis this may increase to ~ 2Hz (Graham et al. 2004), venoconstriction would
therefore reduce lower limb capacitance by ~ 100ml during standing (Hainsworth & Drinkhill,

2006) and so could make a contribution to maintaining cardiac output.

There is also the issue of establishing the extents of both active and passive venoconstriction
and their relative contributions during orthostasis (Chapter 1, page 29). There is little doubt
that constriction was observed in the whole limb and in the long saphenous vein during
sympathoexcitation via cold pressor test. However, active and passive components of
venoconstriction are difficult to separate since sympathetic activity not only constricts veins
but arteriols also and so some of the observed whole limb “venoconstriction” that was
observed in Chapters 4 & 5 may have been resultant from a passive reduction in arterial
inflow. This is also the conclusion that Hainsworth & Drinkhill (2006) came to. Active
venoconstriction occurs at low levels of activity (Noble et al. 1997), which would suggest that

in supine humans, 50% of the sympathetic “drive” would already have been engaged
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(Graham et al. 2004) before movement into orthostasis took place and therefore it would be
unlikely that active venoconstriction of the superficial venous vessels alone would be
sufficient on its own to maintain end diastolic volume. As it appears that the majority of blood
pooling occurs in the larger capacitance vessels of the lower limb due to both their size and
that they fill more rapidly than their superficial counterparts (Chapters 2, 3 & 5) and also that
they do not appear to actively venoconstrict during sympathoexcitation (Chapters 3 & 5),
then it would seem that the deep lower limb veins such as the popliteal vein may be more
reliant on skeletal muscle pump or a passive reduction in venous flow (caused by
sympathetic activation of arteriols) to assist blood flow and counter venous pooling during
orthostasis and it is this that may be of more importance than venoconstriction during

orthostasis.

6.6 Future directions

The findings from these studies have shown that venoconstriction occurs in the superficial
lower limb veins during sympathoexcitation but not in the deep veins. With regard to
orthostasis, whether venoconstriction of the lower limb superficial veins alone is sufficient to
maintain venous return during orthostatic challenge is unlikely but may warrant further
investigation in humans to categorise the precise contribution. Furthermore, the question of
active vs. passive venoconstriction and the respective contributions of arterial and venous
vessels during sympathoexcitation and orthostasis also need to be addressed. There was no
evidence in these studies of significant gender or female cycle phase differences during
measures of venous reactivity to venous distension or sympathoexcitation. However, use of
exogenous female hormones in the form of the oral contraceptive pill clearly modified
responses to sympathoexcitation and requires further investigation, particularly in the area of

long-term use and its implications.
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Appendix A:
INFORMED CONSENT FORM
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School of Sport and Exercise Sciences

Consent Form

Investigation:
Investigators:

Subject:

| have read the attached Information sheet and discussed the investigation
WIth....iis who has explained the procedures to my satisfaction. | am willing to
undergo the investigation but understand that | am free to withdraw at any time without
having to give an explanation and that doing so will not affect any treatment or care | may
receive.

Signed

Witnessed -------------mmmmmmmooeee-

Date = ---mmmmmmmmeeee-
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Appendix B:
GENERAL HEALTH QUESTIONNAIRE
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The University of Birmingham

School of Sport and Exercise Sciences

General Health Questionnaire

P O N .

Please answer the following questions. If you have any doubts or difficulty with the
questions, please ask the investigator for guidance. These questions are to determine
whether the proposed exercise is appropriate for you. Your answers will be kept strictly
confidential.

1.

You are....... Male | Female
2.

What is your exact date of birth?

Day........... Month........... Year..19........

SO Yyour age iS.......oeeveeeeiececnnnnns Years
3.

When did you last see your doctor?  In the:

Last week............ Last month.......... Last six months............

Year.........coce.. More than a year...........
4.

Are you currently taking any medication? YES | NO
5.

Are you currently taking the contraceptive pill? YES | NO
6.

Have you taken any anti-inflamatory drugs such as ibuprofen | YES | NO

in the last 24 hours?
7.

Have you had a cold or feverish illness in the last month? YES | NO
8.

Has your doctor ever said you have “heart trouble”? YES | NO
9.

Has your doctor ever said you have high blood pressure? YES | NO
10.

Have you ever taken medication for blood pressure or your YES | NO

heart?
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11.
Has your doctor ever told you that you have circulation YES | NO
problems in your limbs?
12.
Has your doctor ever told you that you have any vascular YES | NO
disease or venous disorders such as venous congestion or
varicose veins?
13.
Has your doctor (or anyone else) said that you have araised | YES | NO
blood cholesterol?
14.
If you are female, are you experiencing amenorrhea or YES | NO
irregular menstrual cycles?
15.
If you are female, to your knowledge, are you pregnant? YES | NO
16.
Do you ever lose balance because of dizziness, or do you YES | NO
ever lose consciousness?
17.
Do you suffer from asthma? YES | NO
18.
Do you have any joint or bone problems or have you injured YES | NO
any of your limbs in the past 6 months?
19.
Has your doctor ever said you have diabetes? YES | NO
20.
Have you ever had viral hepatitis? YES | NO
21.
Do you know of any reason, not mentioned above, why you YES | NO
should not participate in this study?
22.
Do you exercise regularly? YES | NO
If so, how many hours per week? ..............

| have completed the questionnaire to the best of my knowledge and any questions | had
have been answered to my full satisfaction.
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Appendix C:
MENSTRUAL CYCLE QUESTIONNAIRE
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The University of Birmingham
School of Sport and Exercise Sciences
Subject Questionnaire

Name: Age: Date:

We would be grateful if you could answer the following questions. (All information is
confidential and will be held in a secure sight).

1. Do you have regular periods? Y/N
2. When was the first day of your current cycle?..........cccooevevnnne. (date)
(Day 1 = First day of bleeding)
3. What is the usual duration of your full cycle?..............cccoeeenen. (days)
4. Do you take oral contraceptives? Y/N
If yes,
i.  Which type?

ii. How long have you used them for?
iii. At what time of the day do you take them?

Thank you for completing this questionnaire. All information given is completely
confidential.
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Appendix D:
INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE (IPAQ, short

version)
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INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE
(August 2002)

SHORT LAST 7 DAYS SELF-ADMINISTERED FORMAT

FOR USE WITH YOUNG AND MIDDLE-AGED ADULTS (15-69
years)

The International Physical Activity Questionnaires (IPAQ) comprises a set of 4
guestionnaires. Long (5 activity domains asked independently) and short (4 generic items)
versions for use by either telephone or self-administered methods are available. The purpose
of the questionnaires is to provide common instruments that can be used to obtain
internationally comparable data on health—related physical activity.

Background on IPAQ

The development of an international measure for physical activity commenced in Geneva in
1998 and was followed by extensive reliability and validity testing undertaken across 12
countries (14 sites) during 2000. The final results suggest that these measures have
acceptable measurement properties for use in many settings and in different languages, and
are suitable for national population-based prevalence studies of participation in physical
activity.

Using IPAQ

Use of the IPAQ instruments for monitoring and research purposes is encouraged. It is
recommended that no changes be made to the order or wording of the questions as this will
affect the psychometric properties of the instruments.

Translation from English and Cultural Adaptation

Translation from English is supported to facilitate worldwide use of IPAQ. Information on the
availability of IPAQ in different languages can be obtained at www.ipag.ki.se. If a new
translation is undertaken we highly recommend using the prescribed back translation
methods available on the IPAQ website. If possible please consider making your translated
version of IPAQ available to others by contributing it to the IPAQ website. Further details on
translation and cultural adaptation can be downloaded from the website.

Further Developments of IPAQ

International collaboration on IPAQ is on-going and an International Physical Activity
Prevalence Study is in progress. For further information see the IPAQ website.

More Information

More detailed information on the IPAQ process and the research methods used in the
development of IPAQ instruments is available at www.ipag.ki.se and Booth, M.L. (2000).
Assessment of Physical Activity: An International Perspective. Research Quarterly for
Exercise and Sport, 71 (2): s114-20. Other scientific publications and presentations on the
use of IPAQ are summarized on the website.
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INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE

We are interested in finding out about the kinds of physical activities that people do
as part of their everyday lives. The questions will ask you about the time you spent
being physically active in the last 7 days. Please answer each question even if you
do not consider yourself to be an active person. Please think about the activities you
do at work, as part of your house and yard work, to get from place to place, and in
your spare time for recreation, exercise or sport.

Think about all the vigorous activities that you did in the last 7 days. Vigorous
physical activities refer to activities that take hard physical effort and make you
breathe much harder than normal. Think only about those physical activities that you
did for at least 10 minutes at a time.

1. During the last 7 days, on how many days did you do vigorous physical
activities like heavy lifting, digging, aerobics, or fast bicycling?

days per week

No vigorous physical activities === Skip to question 3

2. How much time did you usually spend doing vigorous physical activities on one of
those days?

hours per day

minutes per day

Don’t know/Not sure

Think about all the moderate activities that you did in the last 7 days. Moderate
activities refer to activities that take moderate physical effort and make you breathe
somewhat harder than normal. Think only about those physical activities that you did
for at least 10 minutes at a time.

3. During the last 7 days, on how many days did you do moderate physical
activities like carrying light loads, bicycling at a regular pace, or doubles
tennis? Do not include walking.

days per week

No moderate physical activities === Skip to question 5

4. How much time did you usually spend doing moderate physical activities on one of
those days?
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hours per day

minutes per day

Don’t know/Not sure

Think about the time you spent walking in the last 7 days. This includes at work
and at home, walking to travel from place to place, and any other walking that you
might do solely for recreation, sport, exercise, or leisure.

5. During the last 7 days, on how many days did you walk for at least 10
minutes at a time?

days per week

No walking === Skip to question 7

6. How much time did you usually spend walking on one of those days?

hours per day

minutes per day

Don’t know/Not sure

The last question is about the time you spent sitting on weekdays during the last 7 days.
Include time spent at work, at home, while doing course work and during leisure time. This
may include time spent sitting at a desk, visiting friends, reading, or sitting or lying down to
watch television.

7. During the last 7 days, how much time did you spend sitting on a week day?

hours per day

minutes per day

Don’t know/Not sure

This is the end of the questionnaire, thank you for participating.
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