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Abstract
The maintenance of adequate cerebral blood flow (CBF) is important both acutely and
chronically, is highly dependent on mean arterial pressure (MAP) and the partial pressure of
arterial carbon dioxide (PaCO2), and can be affected by age, fitness, and exercise. The
primary aim of this thesis was to assess the effects of age, fitness and exercise on the control
of CBF.
Resting CBF undergoes a gradual decline with increasing age. Although there is a higher risk
of syncope with older age, the effect of fitness on orthostatic tolerance remains
controversial. Furthermore, syncope has been widely reported following prolonged exercise
(>4 h), but not following exercise of shorter durations. The purpose of the first study was to
assess the cardiorespiratory and cerebrovascular responses to orthostatic stress [60° headup tilt (HUT); i.e., assessment of the control of CBF during perturbations in MAP] in young
and older trained and untrained individuals at rest and following moderate (30 min), and
prolonged (4 h; trained groups only) exercise. Across the study, neither age nor fitness had a
differential effect on orthostatic tolerance at rest or following exercise. Although tolerance
was uncompromised following 30 min of exercise, all groups exhibited greater postural
reductions in MAP and middle cerebral artery blood flow velocity (MCAv; an index of CBF),
potentially indicating the early stages of reduced post-exercise cardiovascular and
cerebrovascular control. Syncope developed in ~80% of participants following prolonged
exercise. Although the progression of syncope was not affected by age, the cardiovascular
mechanisms responsible for syncope differed between the young and older athletes. The
young athletes exhibited greater reductions in stroke volume (SV) alongside a maintained
total peripheral resistance (TPR), whereas the older displayed lesser reductions in SV
combined with a reduced TPR. Despite a 32% higher resting MCAv in the young, MCAv at the
point of syncope was the same in both young and older adults. Therefore, as determined by
perturbations in MAP (by HUT), neither age, nor fitness differentially affect the maintenance
of CBF at rest or following exercise.
Study One also provided the opportunity to examine the previously suggested – but
untested – notion that the magnitudes of both post-exercise hypotension (PEH) and initial
vii

orthostatic hypotension (initial (<30 s) hypotensive response to HUT; IOH) are related to
syncope following prolonged exercise. Neither PEH nor IOH were related to time to syncope
following prolonged exercise, indicating that although a reduction in MAP (and consequently
CBF) are ultimately responsible for syncope, the magnitudes of PEH and IOH do not predict
the extent of orthostatic intolerance.
The purpose of the second study was to assess the effects of age and fitness on the control
of CBF (during perturbations in PaCO2; termed cerebrovascular reactivity) at rest and during
exercise. Based on cross-sectional data, irrespective of age, CBF is chronically elevated with
fitness. The effect of age on cerebrovascular reactivity is controversial, and the effect of
fitness on reactivity is also unknown. In addition, the effect of age on the control of CBF
during exercise has not been reported. Therefore, the aim of this study was to assess the
effect of a 12-week aerobic-based exercise intervention on CBF and CO2 reactivity at rest and
during sub-maximal exercise in young and older individuals. Findings showed that,
irrespective of age, both resting MCAv (~+7%) and cerebrovascular reactivity (~+10-15%)
were elevated following the training. The increase in MCAv in response to sub-maximal
exercise was attenuated in the older individuals. Furthermore, cerebrovascular reactivity
was elevated during sub-maximal exercise, although not differentially with age. Collectively,
these findings support the use of chronic exercise as an effective tool in the prevention of
cerebrovascular disease, and may provide a physiological link in the positive relationship
between exercise training and stroke.
In conclusion, the control of CBF is well maintained in healthy older age. Assumption of the
upright posture following an acute bout of exercise can compromise the ability to maintain
adequate CBF, leading to syncope; however, conversely, the control of CBF seems to be
improved during exercise and following chronic exercise training.
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Chapter One

Introduction

The maintenance of cerebral blood flow (CBF) is critical in order to maintain a constant
supply of oxygen and nutrients to the highly metabolically active brain. The adoption of the
bipedal stance by early human ancestors (i.e., homo erectus) may have proved beneficial for
vision, food gathering and the use of tools; yet, it has provided a major challenge in the
maintenance of blood flow to the brain. The superior location of the brain with respect to
the heart means blood must be pumped against gravity, making the brain vulnerable to
hypoperfusion. An acute reduction in the control of CBF can result in syncope, a transient
loss of consciousness due to inadequate cerebral perfusion [1]; whereas more chronic
impairments in the control of CBF may place the brain at risk of cerebrovascular disease
(e.g., stroke and Alzheimer’s disease) [2, 3]. The control of CBF is multi-faceted. Arterial
blood pressure (BP) and arterial blood gases (specifically the partial pressure of arterial
carbon dioxide (PaCO2)) are the two most important components involved in the
maintenance of adequate CBF [4, 5]. Furthermore, physiological alterations associated with
ageing, fitness, and exercise may all influence CBF or its control.
Upon postural change up to ~1 L of blood is pooled in the abdomen, pelvis, and lower limbs,
resulting in a reduction in venous return, cardiac output ( ) and mean arterial pressure
(MAP) [6]. This transient reduction in MAP depresses cardiopulmonary and arterial
baroreceptor firing, leading to an elevation in sympathetic nervous activity and related
increases in heart rate (HR) and vascular resistance; usually restoring MAP within 30 s [6].
Transient hypotension can place the brain at risk of hypoperfusion, however, cerebral
autoregulation acts to maintain a relatively constant CBF during transient changes in MAP in
the range of 60-150 mm Hg [5]. By altering cerebrovascular tone, the brain can normally
withstand acute perturbations in MAP, one effect of which is to (help) prevent syncope
every time we stand up.
Syncope is characterised by a sudden loss of consciousness with spontaneous recovery [1, 7].
Most often syncope is centrally-mediated, a reflex response causing a loss of systemic
vascular tone and therefore hypotension and bradycardia. The exact mechanisms
responsible for this ‘vasovagal’ syncope remain poorly understood; however, essentially the
syncope is benign, due to an inability to maintain MAP, and consequently CBF. Syncope
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accounts for up to ~3% of emergency department visits in the United States annually, with
an increasing incidence of up to 15-20% in individuals aged 60+ [8, 9]. However, there is also
evidence of a bimodal distribution in syncope incidence, with the first peak occurring in the
teenage and early adulthood years [10, 11]. The reason/s for this higher incidence in older
age is/are likely due to a combination of ageing-induced physiological alterations (such as a
reduced absolute CBF [12], and reduced baroreflex control of BP [13]), but, co-existing
medical conditions and some medications may also play a role [7]. Conversely, older
individuals also tend to exhibit an increased arterial stiffness, and reduced vascular
compliance which may assist in the maintenance of MAP whilst upright [14].
The first known association between exercise and syncope/collapse occurred in 490 BC,
when Pheidippides ran from Marathon to Athens (~42 km) to announce the Greek victory
over Persia in the Battle of Marathon [15]. On arrival he reportedly collapsed and died.
Albeit with the additive effects of heat and dehydration, the first scientific report of collapse
following prolonged exercise was by Adolph et al. [16] in their desert-based experiments in
1942. Increasing participation rates in endurance sporting events in the past 20-30 years
(especially in slower, less well trained athletes) have coincided with the frequent reporting
of syncope following prolonged exercise events ≥~4 h [17-23]. Exercise-induced alterations
in autonomic and cardiovascular function compromise orthostatic tolerance in many
individuals, however, the exact mechanisms responsible are not well understood. Whether
the incidence and/or severity of exercise-associated syncope is increased in older athletes
who may already exhibit an age-induced lowered orthostatic tolerance is unknown.
Although syncope has been observed and reported following prolonged exercise, there are
no scientific reports of syncope following exercise of shorter durations. Whether the
internationally recommended guidelines of regular moderate exercise (e.g., 30-60 min) for
general health [24, 25] may compromise orthostatic tolerance, especially in older
individuals, is unknown. Furthermore, although controversial [26-31], chronic exercise
training has been shown to compromise orthostatic tolerance in some young trained
athletes [32-35]. Whether the combined effects of age and fitness may compromise
orthostatic tolerance, especially following moderate exercise has not been well studied.
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An elevated resting CBF has been observed in fitter individuals at any age [36]. Interestingly,
age-induced cerebral atrophy is also reduced in those with higher aerobic fitness [37]. In
addition, six months of aerobic exercise training in previously sedentary older individuals has
been shown to increase brain volume [38]. The mechanisms responsible for this observed
higher CBF with aerobic fitness are yet to be fully elucidated in humans; however, animal
based studies have found an increased cerebral capillary density (i.e., angiogenesis)
following exercise training [39-42], indicating this as a potential mechanism. Whether CBF
can be elevated in humans following an exercise training intervention is unknown. A
chronically reduced flow may result in stroke [2], and is a major risk factor for Alzheimer’s
disease [3]. Furthermore, whether a higher resting CBF in itself is beneficial is also unclear.
Whereas cerebral autoregulation refers to the ability to maintain CBF despite changes in
MAP (e.g., with a change in posture), cerebrovascular reactivity refers to the ability of the
cerebral vessels to respond to changes in PaCO2 [43]. Arterial PCO2 is the most potent
regulator of CBF, with hypercapnia causing vasodilatation of cerebral vessels and an increase
in flow, and hypocapnia resulting in vasoconstriction and a reduction in CBF [43]. The effect
of normal ageing on cerebrovascular reactivity is controversial [44-46]; however, an
impaired cerebrovascular reactivity has been linked to endothelial dysfunction [47, 48] and
cerebrovascular disease [49-51].
Although an acute bout of (prolonged) exercise might compromise CBF control (i.e.,
syncope), the opposite might be true for chronic exercise training. Regular exercise is
associated with an increased nitric oxide (NO) bioavailability [52], an important cerebral and
systemic vasodilator. Conversely, a reduced NO bioavailability results in an impaired ability
of the endothelium to vasodilate in response to shear stress within the vessel (termed
endothelial dysfunction) [53]. Since systemic endothelial dysfunction has been related to an
impaired cerebrovascular reactivity [47, 48], it seems likely that any training-induced
improvements in systemic vascular function may have positive effects on the cerebral
vasculature. Although the effect of fitness on cerebrovascular reactivity has not yet been
studied, evidence is emerging that regular physical activity decreases stroke risk and
improves long-term outcome [54-56].
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The control of CBF is highly important to ensure there is always an adequate supply of
oxygen and nutrients to the brain. Overall, it seems that the control of CBF may be improved
with fitness, but compromised following acute exercise, and with normal ageing. The
combined effects of age, fitness, and exercise (during exercise, following an acute bout of
exercise, and following chronic exercise training) on the control of CBF require further
investigation.

Therefore, the broad aims of this thesis were:


To assess the effects of age and fitness on the control of CBF (as assessed by
orthostatic tolerance) at rest and following moderate exercise;



To assess the effect of age on the control of CBF (as assessed by orthostatic
tolerance) following prolonged exercise;



To assess the effect of an exercise training intervention on resting CBF and the
control of CBF (as assessed by cerebrovascular reactivity) at rest and during exercise
in young and older individuals.

This introduction serves to introduce the reader to cerebrovascular and cardiovascular
physiology as they pertain to age, acute exercise (both during and following), and chronic
exercise (i.e., with fitness). At the end of each section a brief summary and outline of the
specific research questions as they relate to each section, and which form the basis of this
thesis is provided. At the conclusion of this introduction the more specific research questions
addressed by this thesis are stated. The thesis layout is detailed on pages 63-64, and, a more
complete rationale for Study Two is given on pages 197-198.
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1.1

The Brain, Cerebral Blood Flow, and Metabolism

The brain is supplied by four major arteries (Figure 1.1). Two internal carotid arteries each
contribute about 40% of total cerebral perfusion, and two vertebral arteries which
contribute to the remaining 20% of cerebral perfusion [57]. At the base of the brain, the two
vertebral arteries feed into the basilar artery which, along with the internal carotid arteries
join to form the Circle of Willis. This is a structure of origin for the left and right anterior and
middle cerebral arteries which perfuse the cerebral cortex. This circular system also enables
the maintenance of adequate CBF in the face of occlusion of a supplying artery [58]. The
middle cerebral arteries (MCA) are the main vessels branching from the internal carotid
arteries, providing ~80% of the blood flow to each hemisphere [59]. Downstream from the
MCA, superficial cerebral arteries lie between the cerebral cortex and the meninges,
branching into small pial arteries which penetrate into the grey matter and then further
branch into arterioles and capillaries to perfuse the brain [57].
The brain accounts for ~20% of total body oxygen consumption and 25% of total body
glucose utilisation at rest; yet, only accounts for ~2% of body mass [60]. Glucose is the main
energy substrate oxidised by the brain, and must be supplied constantly as it cannot be
stored. In addition, recent research indicates that lactate constitutes ~8% of resting brain
energy utilisation [61]. Cerebral blood flow is tightly regulated to meet metabolic demands,
coupling with local brain activity, either chemically in response to metabolism, or via
neurogenic mechanisms [60]. An increase in blood flow in response to cerebral activation
will therefore increase the delivery of oxygen and glucose.
Total CBF at rest is ~800 mL.min-1, or 50-55 mL.min-1.100 g of tissue-1 [58]. The maintenance
of an adequate CBF to meet metabolic demands is crucial. If cerebral perfusion pressures are
too high, damage to the blood brain barrier can occur, resulting in cerebral oedema; if CBF is
too low, and oxygen extraction is maximised, cerebral hypoxia and syncope may result [62].
Although the brain is effective in controlling blood flow, an acute reduction in CBF of >50%,
and cerebral tissue oxygenation of >10-15% results in a rapid loss of cortical function, and a
loss of consciousness follows [1].
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The two major consequences of an inability to maintain adequate CBF to meet metabolic
demands are syncope and stroke. Syncope, defined as a “transient, self-limited loss of
consciousness and postural tone” [58], is temporary, caused by cerebral hypoperfusion on a
global cerebral scale, and itself is not life-threatening. The adoption of a horizontal posture
caused by the circulatory collapse restores CBF and consciousness within a few seconds.
Stroke is defined by the World Health Organisation as “rapidly developing signs of focal (or
global) disturbance of cerebral function lasting longer than 24 h (unless interrupted by
death), with no apparent nonvascular cause” [63]. Stroke can be further defined as ischemic
(disruption of blood flow) or haemorrhagic (accumulation of blood outside the vascular
system due to vessel rupture). Ischemic strokes are the most common, accounting for ~7080% of all strokes [64]. Yet, despite the separate underlying pathologies, there is
considerable overlap between the two; for example, ischemic stroke can result in
haemorrhage due to rupture of the ischemic vessels, or by shunting-induced increases in
blood flow to other areas [65]. Unlike postural-induced syncope, in ischemic stroke, the
disruption of blood supply is generally more localised (depending on the vessel involved),
and does not always result in a complete loss of consciousness. In addition, ischemia as a
result of stroke is not reversed by a change in posture (as with syncope), and tissue damage
ensues, often with severely disabling consequences, or sometimes death. Furthermore, a
risk factor for stroke is orthostatic hypotension [66], which is an inability to completely
restore MAP to supine values whilst upright and a potential precursor to syncope [67, 68].
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Figure 1.1: Diagram of the major arteries supplying the brain. The basilar and internal carotid
arteries converge to form the circle of Willis, from which the anterior, middle and posterior
cerebral arteries originate. Image obtained from http://en.academic.ru/dic.nsf/enwiki/
1434243.
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1.1.1 Effect of Age on the Brain, Cerebral Blood Flow, and Metabolism
Global CBF undergoes a gradual, continuous decline of 25-30% between 20 and 80 years of
age [12, 36, 69-75], or ~5% per decade [72]. The reason for this age-related decline in CBF is
not well understood, however, a reduced cerebral metabolism both at a cellular and global
level due to cerebral atrophy [12, 36, 71, 76, 77], as well as vascular alterations (e.g.,
atherosclerosis) [73, 75] have been postulated. These effects may be interdependent.
From the third decade of life, the brain undergoes a gradual atrophy, losing approximately
15% of grey matter and 25% of white matter by 90 years of age [77]. This atrophy is mostly
due to neuronal shrinkage, rather than cell loss, and is more apparent in the frontal and
temporal lobes than the parietal lobe [78]. An increase in cerebrospinal fluid accompanies
this atrophy in the unchanging volume of intracranial space [79]. Cerebral oxygen
consumption undergoes a gradual linear decline of approximately 6% per decade,
irrespective of lobe and independent of cerebral atrophy [80]. Cerebral glucose utilisation is
also reduced with increasing age, by approximately 25% between 20 and 80 years of age
[81]. Since CBF is coupled with metabolic rate (neurovascular coupling), a reduced brain
volume and consequently metabolic rate may reduce CBF requirements1. Such changes
could therefore underpin the observed 25-30% reduction in CBF between 20 and 80 years of
age, although, another possibility is that ageing-induced vascular alterations may also play a
role in the reduction in CBF with increasing age [73, 75]. Blood vessels stiffen with age [82,
83] and begin to develop atherosclerotic plaques which can infiltrate the lumen of the blood
vessel, potentially reducing or even blocking blood flow (and thus also contribute to the
atrophy and lower oxygen requirement).
A consequence of normal ageing is systemic endothelial dysfunction [84-86]. Endothelial
dysfunction describes an impaired endothelium-dependent vasodilatation in response to a
physiological or pharmacological stimulus, and is ultimately due to a reduced NO
production/bioavailability [87]. A relationship between systemic endothelial dysfunction and
impairment in the reactivity of cerebral blood vessels to CO2 (cerebrovascular reactivity; see
1

Although it is assumed that the ageing-induced reduction in CBF is a result of cerebral atrophy and an
associated reduction in metabolism, the possibility of a bi-directional relationship cannot be discounted (i.e.
CBF ↔ Atrophy)
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section 1.4) has been established [47, 48]. The relationship indicates that ageing-induced
alterations in the peripheral vasculature may also be reflected in cerebral vessels. It is likely
that the reduction in CBF with increasing age is due to a combination of cerebral atrophy,
reduced cerebral metabolism, and vascular alterations, all of which may interact and place
the older brain at a greater risk of hypoperfusion. However, the relative contribution/s of
these factors in reducing CBF is unknown.
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1.1.2 Effect of Physical Activity on the Brain, Cerebral Blood Flow, and
Metabolism
1.1.2.1

Acute Exercise (Effect of a single exercise bout)

The traditional and invasive studies using the Kety-Schmidt and Xenon-clearance techniques
for assessing CBF (see [88, 89] for reviews on the techniques for measuring CBF) found no
effect of exercise on global CBF [90-93]. However, more recent studies using Transcranial
Doppler ultrasound (TCD), a method of measuring blood flow velocity in the MCA (as an
index of CBF; see section 2.2.1), have yielded consistent increases in MCA blood flow velocity
(MCAv) of ~10-15% during sub-maximal exercise [94-98]. The increase in MCAv is intensity
dependent up until ~60% of maximal oxygen consumption ( O2 max), after which it declines
to near resting levels due to hyperventilation-induced hypocapnia [94, 97]. The reason for
the discrepancy in global CBF versus TCD measures may be due to limitations of global CBF
measurement techniques in non steady-state situations. Global CBF assessment can take
>10 min for one measurement, missing the dynamic exercise response [99]. Furthermore,
other limitations including unequal jugular venous drainage, postural change, and the
confounding effects of skin blood flow for heat dissipation may yield different results with
these early assessment techniques [99, 100]. In addition, regional differences in the CBF
response to exercise (e.g., increased flow to motor areas but not others) may also account
for the differing results with different techniques [101].
The elevation in CBF with exercise seems to be initially mediated by an increased neural
activation and consequently metabolism. Linkis et al. [96] found increases in flow in the left
hemisphere of the brain in response to right-hand and right-footed exercise, indicating that
increased neural activity and therefore metabolism, especially in the motor cortex, is the
main determinant of increases in CBF during low-moderate intensity exercise. Although
metabolism may be important in the CBF response to exercise at low-moderate intensities,
the reduction in CBF at higher exercise intensities indicates that other factors are likely
responsible. Linear increases in MCAv with increases in
exercise [102, 103]. MAP and

have been observed during

are both increased during exercise and may modulate the

CBF response to exercise; however, the relatively linear increases in MAP and
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with

increasing intensity [104], but non-linear increases in MCAv with increasing intensity indicate
that systemic factors are unlikely to play the major role. Furthermore, cerebral
autoregulation, appears to be well maintained during exercise [98, 105], which theoretically
would result in a maintained CBF during exercise. Therefore, the increase in CBF is unlikely to
be mediated by exercise-induced elevations in BP.
As exercise intensity increases above ventilatory threshold, minute ventilation exceeds O2
requirements, causing hyperventilation. This hyperventilation lowers PaCO2, resulting in
cerebral vasoconstriction, and a reduction in CBF [94, 97]. Nybo & Nielsen [106] assessed the
MCAv response to normothermic and hyperthermic exercise, and observed that the
hyperthermic-induced hyperventilation and corresponding hypocapnia accounted for 56% of
the reduction in MCAv. The aforementioned remaining reductions in MCAv with
hyperthermic exercise (44%) may be due to redistribution of

to the skin to aid heat

dissipation [106]. In all, it seems that the CBF response to exercise is controlled by a variety
of mechanisms whose role/s are discussed in more detail in the following sections.
The effect of increasing age on the CBF response to exercise has not been well studied.
Fisher et al. [107] found similar exercise-induced increases in MCAv, despite older subjects
exhibiting a greater hypertensive response to both low and moderate intensity exercise.
Similarly, Heckmann et al. [108] also observed a similar increase in MCAv between young
and older subjects during low-moderate intensity exercise. Therefore, even though basal CBF
is reduced with increasing age, older age does not appear to attenuate the increase in CBF
observed with sub-maximal exercise, however, whether the same is observed in response to
higher intensity exercise is unknown.
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1.1.2.2

Chronic Exercise (Effect of fitness)

As outlined previously (section 1.1.1), the brain undergoes atrophy with increasing age, and
a concomitant reduction in CBF. Interestingly, recent research has established a relationship
between fitness and MCAv; that is, individuals with a higher cardiorespiratory fitness have
~17% higher cerebral blood flows than those who are sedentary of the same age (Figure 1.2)
[36]. This fitness difference equates approximately to a 10 year reduction in MCAv
equivalent age (i.e., a 60 year old trained male has a MCAv similar to that of a sedentary
male aged 50). However, this study was cross-sectional in nature, and whether CBF in
humans can be improved following an exercise training intervention is yet to be determined.
In addition, whether there is a relationship between a reduced absolute CBF and stroke
incidence, or whether a chronically elevated CBF offers protection against stroke, is
unknown.
Interestingly, age-induced cerebral atrophy is reduced in those with a higher level of aerobic
fitness [37]. Likewise, six months of aerobic exercise training in previously sedentary older
individuals can increase the volume of both grey and white matter in the frontal and
temporal cortices of the brain [38]. The mechanisms responsible for this observation of an
increased brain volume and higher CBF with aerobic fitness are yet to be fully elucidated in
humans. Animal based studies on rats and monkeys have found an increased cerebral
capillary density (i.e., angiogenesis) following exercise training of three weeks to five months
[39-42]. This exercise-induced cerebral angiogenesis was observed in older rats as well as
young [41], but not in older monkeys compared with their younger counterparts [40],
indicating that the older brain both may or may not exhibit similar exercise-induced
alterations. Although angiogenesis associated with exercise training has been demonstrated
in human muscle [109, 110], it has not yet been established in the human brain, due to
experimental limitations. Furthermore, it is also difficult to accurately compare the exercise
regimens used in rodent studies to those exercise recommendations for humans, and
whether or not the same cerebral angiogenesis would likely occur [111].
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Figure 1.2: Relationship between age, cerebral blood flow velocity and physical fitness. The
red line represents linear regression for the endurance trained group. The blue line
represents linear regression for the sedentary group. MCAv was consistently elevated by 9.1
± 3.3 cm.s-1 [CI = 2.7 – 1.56, P=0.006 (~17%)] in endurance trained men throughout ageing.
Figure reproduced from Ainslie et al., 2008 [36] with permission.

Evidence also indicates that exercise is effective in the prevention and treatment of stroke.
For example, a recent prospective study of more than 60 000 men and women found that
the relative risk reduction in fatal and non-fatal stroke was 40-60% in those with higher
cardiorespiratory fitness [112]. In addition, a ~50% reduction in stroke incidence was
observed in those with a functional capacity of 7-8 metabolic equivalents (METs), a level
which can be achieved by participating in moderate to vigorous intensity exercise for 30
minutes or more on most days of the week [112]. Endres et al. [54] induced cerebral
ischemia (by occluding the left middle cerebral artery) followed by reperfusion in mice after
three weeks of training versus sedentary control. They assessed stroke outcome in terms of
lesion size and neurological deficit and observed that the trained mice had much reduced
brain injury following induced ‘stroke’. Interestingly, CBF was also increased above baseline
levels in the trained versus the control mice [54], supporting the findings of Ainslie et al. in
humans [36].
14

Regular exercise is associated with an increased endothelium-dependent vasodilatation and
NO bioavailability [113]. An impairment in systemic vascular function has been linked to
reduced cerebral vascular function [47, 48]; therefore, it seems possible that any systemic
fitness-related improvements in vascular function and blood flow are also apparent in the
cerebral circulation. This increased NO bioavailability has been suggested as a potential key
mechanism responsible for an increase in resting CBF, and to protect the brain from injury
during/following ischemia [54]. There is overwhelming evidence in support of exercise as a
means of preventing cerebrovascular disease. In addition to the role of exercise in the
prevention and treatment of stroke, exercise has also been shown to be effective in
neurocognitive disease, specifically by reducing cognitive impairment [114], and the risk of
dementia [115].
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1.1.3 Summary: The Brain, Cerebral Blood Flow, and Metabolism
Cerebral blood flow must be maintained to ensure adequate supply of oxygen and nutrients.
Two major consequences of an inability to maintain CBF are syncope and stroke. Ageing is
associated with cerebral atrophy and vascular alterations which reduce cerebral metabolism
and CBF ~25-30% between 20 and 80 years of age. Fitness-induced elevations in resting CBF
have been observed irrespective of age, in a cross-sectional setting. Furthermore, chronic
exercise has been shown to be effective in the prevention and treatment of stroke. Whether
a lowered basal CBF itself is a contributing factor for syncope and/or stroke is unknown.
Acute exercise increases CBF 10-15% due to increases in cerebral activation, however,
whether is altered with age is not well understood.
Therefore, the main research questions arising from this section which were assessed in this
thesis are:


Is the MCAv increase during exercise altered with age?



Can resting MCAv be elevated following a longitudinal exercise programme? And if
so, is it differentially affected by age?

16

1.2

Control of CBF: Overview

Cerebral blood flow is controlled by various mechanisms, including: Chemical; metabolic;
autoregulatory; systemic; and neurogenic (Figure 1.3 & 1.4) [116]. This section provides a
brief overview of these mechanisms involved in the control of CBF. The mechanisms
responsible for the maintenance of CBF, as related to orthostatic tolerance and
cerebrovascular reactivity (specifically MAP [autoregulatory] and CO2 [chemical]) will be
discussed in more detail in the following sections (see 1.3 & 1.4).

Figure 1.3: Major factors involved in the control of cerebral blood flow and their effect. BP,
blood pressure; SNA, sympathetic nerve activity; PCO2, partial pressure of carbon dioxide.
Figure reproduced from Ainslie & Duffin, 2009 [116] with permission.

The most potent regulator of CBF is PaCO2. Carbon dioxide relaxes the smooth muscle of the
cerebral vessels (mostly smaller arterioles and pre-capillary sphincters), resulting in
vasodilatation and an increase in CBF. Hypocapnia has the opposite effect, of
vasoconstriction and a reduction in CBF [43, 117]. This alteration of cerebrovascular
resistance in response to changes in PaCO2 acts to maintain central pH, and is termed
cerebrovascular reactivity (see section 1.4). Cerebral blood flow is also tightly linked with
cerebral metabolism. Low neuronal activity (e.g., slow-wave sleep) and therefore lowered
oxygen and glucose consumption, result in a reduced CBF. Conversely, higher neuronal
activity (e.g., a cognitive task) results in an elevation in CBF [118-120].
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Although recently challenged (Lucas et al. [121]), a unique feature of the cerebral circulation
is the ability to maintain a relatively constant blood flow despite changes in MAP [122].
Between approximately 60 and 150 mm Hg, CBF is reported to be kept constant, by
constriction of cerebral vessels at higher pressures and dilatation of vessels at lower
pressures [5]. This concept of cerebral autoregulation will be discussed in more detail in
section 1.3. Furthermore,

has also been shown to be correlated with CBF. Linear increases

in MCAv in response to increases in

at rest and during exercise have been observed in

healthy subjects [102, 103]; however, important to note is that this relationship is not 1:1
and is only apparent during sub-maximal exercise. In addition, a reduced exercise-induced
increase in MCAv has been observed in patients with atrial fibrillation (and therefore an
impaired ability to increase

with exercise) when compared with healthy controls [123].

Despite this, the mechanisms by which

may directly or indirectly affect CBF are not clear.

Lastly, there may also be some neurogenic control of CBF. Although the cerebral vasculature
is richly innervated with sympathetic nerve fibres [124, 125], the effect of sympathetic
activity on the control of CBF is controversial [126]. The traditional view was that there is
little effect of sympathetic activity on the cerebral circulation at rest [127]. Early studies
displayed sympathetic-induced vasoconstriction of the larger cerebral arteries that was
counteracted by vasodilatation in the smaller resistance vessels, with a minimal overall
effect on CBF [128, 129]. However, studies in animal models [130], and humans [131], have
shown an increase in sympathetic outflow causing vasoconstriction during hypertension, but
not hypotension. Although such a response may serve as protection against hyperperfusion,
the absence of such a response to hypotension may place the brain at risk of syncope. It
seems that any effects of sympathetic activity on the control of CBF are of lesser importance
than the effects of autoregulation (MAP) and PaCO2 [126, 132, 133]. However, the
sympathetic control of CBF may also play an indirect role in the cerebrovascular response to
changes in MAP [134] and PaCO2 [135]. The exact role of the autonomic nervous system in
the control of CBF requires further investigation.
Traditionally, the term cerebral autoregulation was used to describe the overall control of
CBF, hypothesised by three different mechanisms: Metabolic; myogenic; and neurogenic [5].
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The metabolic hypothesis proposes that the supply of CBF is consistent with metabolic
demand; mediated by vasoactive molecules such as CO2. The myogenic hypothesis proposes
that any changes in transmural pressure are detected by the smooth muscle of the cerebral
vessels, which then constrict or dilate in an attempt to maintain a constant flow. The
neurogenic hypothesis proposes that the vascular smooth muscle in the resistance vessels is
controlled by sympathetic innervation. This traditional view is perhaps over-simplified as it is
clear that neural activity and PaCO2 are independent controllers of CBF [43, 118].
Furthermore, as outlined in Figure 1.3,

may also influence the control of CBF, independent

of MAP [102, 103]. Therefore, for the purpose of this thesis, the term autoregulation has
been used only when discussing the effect of MAP on the control of CBF.
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Figure 1.4: Schematic illustrating major mechanistic pathways involved with human cerebral
blood flow (CBF) control. The prime driving force for cerebral perfusion is cerebral perfusion
pressure (CPP; 1), which is determined by the difference between mean arterial blood
pressure and intra-cranial pressure (ICP; 2) under conditions where central venous pressure
(CVP; 3) is lower than ICP. Under steady-state conditions, mean arterial blood pressure is
determined by total peripheral resistance (TPR) and cardiac output (CO). Conduit vessels in
humans are believed to play no role in CBF control. Resistance vessels (e.g. pial vascular bed)
are actively engaged in the regulation of CBF via cerebral autoregulation. Neurogenic control
of cerebrovascular tone is controversial but sympathetic (4) and parasympathetic (5) inputs
have been implicated. Cerebral autoregulation is also under the influence of multiple
modulating factors such as CO2 and brain metabolism (6). Some controversial evidence
indicates that CO influences CBF independently of CPP (7). The mechanism for CO-mediated
effects on CBF remains obscure, given that neither stroke volume nor CO is a determinant of
blood flow as defined by Poiseuille’s Law. It is also important to note that, under conditions
with elevated CVP and/or ICP, cerebral venous outflow (and therefore CBF) may also be
“regulated” by a Starling resistor because of the enclosed nature of the cranium (8). Figure
reproduced from Ainslie & Tzeng, 2010 [136] with permission.
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The mechanisms responsible for the control of cerebrovascular resistance (CVR) in response
to the aforementioned stimuli are not well understood but almost certainly involve a myriad
of factors (Figure 1.5). Furthermore, the exact mechanisms responsible for each stimulus
(i.e., changes in MAP, PaCO2 etc.) are not yet clearly defined. The cerebral vasculature may
respond directly to changes in transmural pressure, by vasoconstriction during increases in
pressure or vessel stretch, and vasodilatation in responses to decreases in pressure or strain
[62, 137]; yet, the exact mechanism/s by which a force applied to the vessel wall initiates a
response is not well understood. Other mechanisms involved in vasodilatation and
vasoconstriction have been identified and are discussed briefly below; however, for more
detail see [138-140] for relevant review articles.
Potassium (K+) channels are involved in the control of vascular tone and hence vasodilatation
and vasoconstriction of the cerebral vasculature. Activation of the K+ channel results in K+
efflux which hyperpolarises the cell, reducing calcium (Ca2+) entry (due to the closure of
voltage gated Ca2+ channels), and resulting in relaxation of the smooth muscle. Conversely,
inhibition of K+ channels causes depolarisation and consequent vasoconstriction [141]. Three
types of K+ channels, ATP-sensitive (activated by ↓ ATP) and Ca2+-activated (activated by ↑
Ca2+), and voltage-gated (activated by change in membrane potential), are likely important in
the control of cerebrovascular tone [138, 140].
Nitric oxide is also an important regulator of cerebrovascular tone and is produced tonically
by endothelial cells in the brain, maintaining the vasculature in a dilated state [142]. Nitric
oxide is produced from L-arginine by various NO synthase enzymes and diffuses into the
adjacent smooth muscle cells, activating guanylyl cyclase which then catalyses the
dephosphorylation of GTP to cyclic GMP. Cyclic GMP induces smooth muscle relaxation by
activating K+ channels and inhibiting Ca2+ entry into the cell [139]. Furthermore, NO may also
be involved in a shear stress-type response [143, 144], with increases in blood flow velocity
causing further vasodilatation.
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Endothelin-1 is a protein produced by the endothelium, which primarily induces long-lasting
vasoconstriction. Endothelin receptors are located on the smooth muscle and initiate Ca2+
release from the sarcoplasmic reticulum [140]. However, although endothelin receptors are
located widely throughout the brain, they may not play much of a role in the maintenance of
cerebrovascular tone [145].
The control of CBF is clearly complex and affected by a number of factors that can occur
independently, but more often in combination and synergistically, making comprehensive
mechanistic understanding difficult. Furthermore, isolated mechanistic data obtained from
animal studies is relied on to draw conclusions about the control of human cerebral
circulation, which has limitations. The roles of MAP and PaCO2 in the control of CBF are
important in the scope of this thesis and will be discussed in more detail in the following
sections (1.3 & 1.4).
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Figure 1.5: Main factors influencing cerebrovascular resistance and therefore vessel diameter and cerebral blood flow (CBF) that are relevant to
this thesis. VSM, vascular smooth muscle; EC, endothelial cell; PaCO2, partial pressure of arterial carbon dioxide; BP; blood pressure. Figure
modified from Karen Peebles, University of Otago PhD thesis, 2010 with permission.
23

1.3

Control of CBF: Cerebral Autoregulation

Autoregulation ensures that the blood flow to an organ or vascular bed is kept relatively
constant despite large changes in perfusion pressure [146]. When autoregulation is
completely effective, CVR will change proportionally with changes in perfusion pressure,
resulting in a maintained CBF. Without autoregulation, CBF would change in the same
direction as changes in perfusion pressure, potentially resulting in ischemia or oedema. In
the brain, perfusion pressure is equal to MAP minus intracranial pressure (assuming that
central venous pressure is less than intra-cranial pressure; Figure 1.4) [5]. This intrinsic
control of blood flow is performed by the resistance vessels, mostly the pial arteries and
arterioles. In response to changes in perfusion pressure, these vessels alter their resistance
to maintain similar blood flow; more specifically, at least in animal models, they dilate in
response to a reduction in perfusion pressure and constrict in response to elevated
perfusion pressure [5].
In the brain, under normal conditions, autoregulation of CBF is effective between MAPs of
~60 and 150 mm Hg (Figure 1.6). Once MAP goes beyond the limits of autoregulation, CBF
increases or decreases passively with increases or decreases in perfusion pressure. Below
the lower limit of autoregulation, vasodilatation continues, but not adequately enough to
maintain CBF. Well below ~60 mm Hg, vasodilatation reaches maximal levels and at very low
pressures the cerebral vessels collapse [5] (Figure 1.7). In addition, at low perfusion
pressures oxygen extraction is increased to maintain cerebral oxygen supply; however, with
continued reductions in MAP and consequently CBF, syncope ensues [147]. Above the upper
limits of autoregulation, constriction of the cerebral vasculature cannot be maintained and
CBF increases. If the high perfusion pressure is maintained, cerebral oedema may result [5].
These limits of autoregulation are not completely fixed; chronic hypotension or hypertension
can result in a shift of the autoregulatory curve to the left or right respectively [146, 148].
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Figure 1.6: Traditional flow-pressure curve of the cerebral circulation. Autoregulation
ensures CBF is maintained within ~60 - ~150 mm Hg. Outside of this autoregulatory plateau,
flow changes proportionally with changes in pressure.

Recent research by Lucas et al. [121] has challenged this traditional concept of a plateau in
CBF across the pressure range of 60-150 mm Hg. They measured MCAv during
pharmacological-induced alterations in MAP in the hypertensive and hypotensive ranges (±
~60 mm Hg), and observed a 0.82% change in MCAv per mm Hg change in MAP. Their data
indicate that across the autoregulatory range, CBF is not independent of changes in MAP as
previously thought. This is an interesting finding and requires further investigation before a
paradigm shift is made.
Cerebral autoregulation can be described as static or dynamic, depending on the kinetics of
changes in perfusion pressure [149]. Static autoregulation refers to the process of
maintaining CBF in response to gradual, progressive changes in perfusion pressure. As a
result, the system undergoes full adaptation to the new arterial pressure. In contrast,
dynamic cerebral autoregulation refers to the rapid control of CBF in response to acute
(within a few seconds) changes in perfusion pressure [147]. An impairment in dynamic
autoregulation is a risk factor for, and consequence of, ischemic cerebrovascular disease
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[150-153]. For the purpose of this thesis, when using the term cerebral autoregulation,
dynamic cerebral autoregulation is being referred to.

Figure 1.7: Diagrammatic representation of the relationship between pial arteriolar
diameter, cerebral blood flow and cerebrovascular resistance with blood pressure. Figure
reproduced from Paulson et al., 1990 [5] with permission.

The assessment of cerebral autoregulation has become more advanced in recent years with
the advent of TCD [154]. Cerebral autoregulation is assessed by comparing the response of
cerebral perfusion to steady-state oscillations of, or rapid changes in, MAP [155]. Dynamic
autoregulation is assessed during acute changes in MAP; for example, with orthostasis
(stand or HUT), application of lower-body negative pressure (LBNP), thigh cuff release or the
Valsalva manoeuvre. All of these techniques assess dynamic autoregulation by evoking a
stressor which causes a shift in blood volume (with or without significant changes in MAP)
into the lower body, away from the cerebral circulation. A common method of assessing
cerebral autoregulation is transfer function analysis [156], which assesses autoregulation
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during oscillations in MAP using three components: gain; phase; and coherence. The gain
represents the dampening effect of autoregulation on the magnitude of oscillations in MAP;
the phase compares the horizontal displacement of the two (MAP and CBF) waveforms; and
coherence assesses the linearity between the input (MAP) and output (CBF) [155]. Because
transfer function requires ‘steady-state’ data for analysis, it cannot assess the initial
response of CBF to a dynamic change in MAP (e.g., with postural change). From a practical
standpoint, a ‘better’ or more ‘intact’ autoregulation means that in response to a change in
posture, the reduction in CBF will be less than the reduction in MAP, and the recovery of CBF
will occur prior to the restoration of MAP. This simplified although physiologically
meaningful approach will be used in this thesis, to assess an index of dynamic cerebral
autoregulation.
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1.3.1 Effect of Age on Cerebral Autoregulation
Healthy ageing is associated with changes in cerebral hemodynamics (i.e., with reductions in
brain volume and CBF) [73, 77, 157]. The incidence of falls and syncope are also increased
with age [7], especially during the early adaptation to a change in posture [68]. However,
research indicates that cerebral autoregulation is well maintained with increasing age [155],
despite autoregulatory impairments with some cerebrovascular diseases (i.e., acute ischemic
stroke and carotid artery disease) which often accompany ageing [150-153]. In the past 10
years, authors have used various techniques and analysis methods to assess dynamic
cerebral autoregulation in older humans (for review see Van Beek et al. [155]). In this thesis I
only the initial changes in MAP and MCAv in response to postural change have been
compared to provide a meaningful and practical index of dynamic cerebral autoregulation;
therefore in this section only literature as it pertains to the method used in this thesis will be
reviewed.
To date, five known studies have reported the MAP and MCAv responses to orthostatic
challenge in young and older participants [158-162]. All of these studies used supine–stand
or sit–stand tests as a means of assessing an index of dynamic cerebral autoregulation. In all
studies, greater reductions in MAP than MCAv were evoked, indicating a relatively intact
autoregulatory response. Only two of these studies [160, 161] assessed the time to the nadir
and time to recovery of both variables. In both studies the recovery of MCAv occurred prior
to the recovery of MAP, further confirming an active autoregulation. Furthermore, four
studies found a less pronounced MCAv response (i.e., less of a reduction) to orthostasis with
age, despite a similar reduction in MAP, potentially indicating a more preserved
autoregulatory response in older age [158, 159, 161, 162]. Despite differences in the
technique and method of analysis, the general consensus is of a maintained cerebral
autoregulation in normal healthy ageing.
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1.3.2 Effect of Physical Activity on Cerebral Autoregulation
1.3.2.1

Acute Exercise (Effect of a single exercise bout)

As discussed in 1.1.2.1, CBF is elevated some 10-15% during low-moderate intensity exercise
[100]. During exercise, increases in cerebral activation, sympathetic nervous activity, MAP
and

, and changes in PaCO2 often occur simultaneously and are responsible – either

directly or indirectly – for driving changes in perfusion pressure. Dynamic cerebral
autoregulation has been assessed during exercise and has been shown to be maintained
during static exercise [163], and during low-, moderate-, and high-intensity dynamic exercise
[98, 105], but impaired during exhaustive exercise [164]. Furthermore, the combined effects
of age and exercise on cerebral autoregulation have been studied. Heckmann et al. [108]
found that cerebral autoregulation was retained but delayed in older individuals during
exercise. However, this group used similar absolute exercise intensities across the age
groups, potentially resulting in the older individuals completing the protocol at a higher
relative intensity. A later study by Fisher et al. [165] found no compromise in dynamic
autoregulation in older individuals during moderate intensity dynamic exercise; therefore,
the results are contradictory.
The assessment of dynamic cerebral autoregulation following exercise has been less
comprehensive. Exercise results in physiological alterations which may compromise the
control of CBF during acute changes in MAP. Ogoh et al. [166] assessed autoregulation
during recovery following 6-8 min of low-, moderate-, and high-intensity dynamic exercise
and found that although MCAv was well maintained, autoregulation may be compromised
during rapid reductions in MAP following high-intensity exercise. Conversely, cerebral
autoregulation was found to be uncompromised whilst standing following a mountain
marathon [21]. However, as mentioned in section 1.3 above, this transfer function analysis
can only assess autoregulation during steady-state changes in MAP. In the initial response to
standing following the mountain marathon [21], participants exhibited a significant
reduction in MCAv in the early (<90 s) response to stand when compared to pre-marathon,
not accompanied by a significant reduction in MAP. This indicates a clear reduction in
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dynamic cerebral autoregulation following prolonged exercise, although not substantial
enough to compromise orthostatic tolerance.
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1.3.2.2

Chronic Exercise (Effect of fitness)

Although the effect of fitness on the cardiovascular responses to an acute change in MAP
(e.g.,. postural change) has been relatively well studied (see sections 1.5.2.2 and 1.6.2.2), the
effect of fitness on cerebrovascular responses to orthostatic stress is less well understood.
Franke et al. [27] assessed the combined effects of age and fitness on cerebrovascular
responses to LBNP. They assessed cerebral autoregulation by regression of the changes in
CVR, blood flow pulsatility, and MAP with changes in MCAv and found that autoregulation
was preserved in all groups, because a significant amount of the variance in MCAv was
attributed to cerebrovascular tone (CVR: 43%; and pulsatility index: 7%) rather than
perfusion pressure (MAP: 3%). Furthermore, Formes et al. [167] compared the cerebral
hemodynamic responses to LBNP in active and sedentary older individuals. They observed a
more maintained MCAv in response to central hypovolemia, a lesser increase in
cerebrovascular tone, and less pronounced hypocapnia in the active older individuals,
indicating a more preserved autoregulation in this group. The effect of fitness on dynamic
autoregulation in both young and older individuals, especially during postural change,
requires further investigation.
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1.3.3 Summary: Control of CBF: Cerebral Autoregulation
The term cerebral autoregulation describes the intrinsic ability of the cerebral vasculature to
alter resistance in response to changes in systemic MAP (within ~60-150 mm Hg), thereby
maintaining a constant CBF. Dynamic cerebral autoregulation (the response to an acute
reduction in MAP) is maintained with healthy ageing, however, the effects of fitness and an
acute bout of exercise are less well understood.
Therefore, the main research questions arising from this section which were assessed in this
thesis are:


Do age and fitness affect dynamic cerebral autoregulation at rest and following
moderate exercise?



Is dynamic cerebral autoregulation compromised following prolonged exercise, and
if so, is it more evident in older individuals?
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1.4

Control of CBF: Cerebrovascular Reactivity

Similar to the intrinsic ability of the brain to alter CVR in response to changes in pressure
(cerebral autoregulation; see section 1.3); the brain also regulates resistance in response to
changes in PaCO2. An increase in PaCO2 causes vasodilatation of cerebral vessels and a
subsequent increase in CBF; reductions in PaCO2 cause vasoconstriction and a reduction in
CBF (Figure 1.8) [43]. This altered cerebrovascular resistance in response to changes in
PaCO2 occurs mostly in the arterioles and capillary bed, with the large arteries and veins
unaffected, and serves to maintain central pH. The increase in CBF with hypercapnia serves
to “wash out” CO2 from the brain in an attempt to reduce the rise in central PCO 2 and lessen
acidosis, whereas the reduced flow associated with hypocapnia serves to maintain central
PCO2 and prevent alkalosis [116]. Although the overall PaCO2 – CBF relationship is sigmoidal,
it is also linear between ~25 and 65 mm Hg [43].
The use of TCD (see section 2.2.1) allows the measurement of changes in MCAv in response
to alterations in PaCO2. Normal global cerebrovascular reactivity is ~3-4% change in MCAv
per mm Hg change in PaCO2 within the range of 35-55 mm Hg [168-172]. However, reactivity
is normally higher in the hypercapnic compared with the hypocapnic range [168, 170]. This
increased reactivity to hypercapnia is likely due to a greater influence of vasodilator over
vasoconstrictor factors on cerebrovascular tone [170, 173], and may even serve to prevent
against ischemia during transient reductions in PaCO2 (e.g., with postural change and intense
exercise) [116]. Furthermore, it appears that cerebrovascular reactivity is not constant
within cerebral tissues, and is much higher in grey matter than white [45, 174, 175].

33

Figure 1.8: The effect of alterations in the partial pressure of arterial carbon dioxide (PaCO 2)
on cerebral blood flow in normotensive animals. Figure reproduced from Harper & Glass,
1965 [176] with permission.

As with cerebral autoregulation, the mechanisms responsible for changes in cerebrovascular
tone in response to changes in PaCO2 are not fully understood. CO2 diffuses easily across the
blood brain barrier and dissociates into H+ and HCO3-. There is evidence to indicate that the
associated reduction in pH with hypercapnia activates K+ channels in the vascular smooth
muscle resulting in vasodilatation. ATP-sensitive and voltage-gated K+ channels are activated
by a reduction in pH, indicating that these may also contribute to hypercapnia-induced
vasodilatation [177, 178]. Furthermore, in humans, Peebles et al. [179] assessed
concentrations of various vasoactive factors across the human brain during hypercapnia and
hypocapnia, and found that NO plays a significant role in hypercapnic-induced cerebral
vasodilatation, but not vasoconstriction with hypocapnia. This vascular response to
alterations in PaCO2 is relatively rapid, with observable changes in CBF within ~10 s [116].
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The reactivity of cerebral vessels has been shown to be associated with systemic endothelial
function. Individuals with a reduced endothelial function also exhibit a reduced
cerebrovascular reactivity to CO2 [47, 48], potentially indicating a common mechanism of
impaired endothelium-dependent vasodilatation by either pressure- or chemically-induced
stimuli. An impaired endothelial function is characterised by a reduced production and/or
bioavailability of NO, and consequently a reduced vasodilatation in response to shear stress
[144]. Because NO has been shown to play an important role in hypercapnia-induced
cerebral vasodilatation [179], it seems that any condition which compromises NO
bioavailability will have both systemic and cerebral effects.
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1.4.1 Effect of Age on Cerebrovascular Reactivity
With increasing age there are numerous alterations in cerebral (see sections 1.1-1.3) and
vascular (see section 1.5) physiology, which may affect cerebrovascular reactivity. Crosssectional studies have yielded conflicting results. Some authors have observed a reduced
hypercapnic cerebrovascular reactivity in older individuals [45, 180], while others have not
[44, 171, 181, 182]. Likewise, one group conducted a 1-3 year longitudinal assessment of
cerebrovascular reactivity to acetazolamide (a cerebral vasodilator), and found no effect of
increasing age [183]. Similar to hypercapnia, the effect of age on hypocapnic cerebrovascular
reactivity is controversial. Reduced [46, 184], unchanged [44], and even an elevated [182]
reactivities have been observed in older individuals. The reason/s for this discrepancy in
findings is likely to be multi-factorial and may include differences in: CBF measurement
technique (i.e., TCD, Xe-inhalation, and positron emission tomography (PET)); the magnitude
of the CO2 stimulus, and whether incorporated into a room air or hyperoxic solution; the age
ranges used to describe ‘older’; and posture [182].
The potential mechanisms responsible for a reduction in cerebrovascular reactivity with
increasing age may involve alterations to K+ channels and/or the NO-mediated response.
Ageing-induced reductions in the density of K+ channel subunits have been observed and
may reduce basal vasodilatory tone [185]. Similarly, a reduced NO-dependent vasodilator
response had also been observed with increasing age [86]. Conversely, an unchanged global
cerebrovascular reactivity with increasing age may be due to the differing effect of age on
cerebral tissue. If grey matter is more reactive to CO2 than white matter [45, 174, 175], and
age-induced atrophy of grey matter is attenuated when compared with white matter [77],
this may explain a maintained reactivity with increasing age. Furthermore, Galvin et al. [182]
observed an increased hypocapnic reactivity with increasing age which indicates a potential
impairment in the control of CBF during acute reductions in PaCO2 (e.g., during a change in
posture or with intense exercise). The effects of increasing age on the cerebrovascular
responses to hypercapnia and hypocapnia are controversial and require further
investigation.
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1.4.2 Effect of Physical Activity on Cerebrovascular Reactivity
1.4.2.1

Acute Exercise (Effect of a single exercise bout)

The effect of an acute bout of exercise on cerebrovascular reactivity in young individuals has
been studied by two groups [186-188]. All studies reported an elevated hypercapnic
cerebrovascular reactivity during exercise (by up to ~50%). However, the mechanisms
responsible for this increased reactivity are not well understood. Slow wave sleep is
associated with a reduced cerebral activation [119] and consequent reduction in
cerebrovascular reactivity [189]. Furthermore, exercise is associated with an increased
cerebral activation [190], potentially indicating a relationship between cerebral activation
and reactivity [188]. In support of this, sympathetic nervous activity (which is elevated with
exercise and reduced during slow-wave sleep) has been proposed as a mediator of
cerebrovascular CO2 reactivity [191, 192]. Other proposed mechanisms responsible for the
elevation in cerebrovascular reactivity with exercise include increases in BP and core
temperature [188]. This exercise effect on reactivity has been demonstrated in three studies
on young individuals only; therefore, whether or not similar responses are observed in older
individuals is unknown.
Cerebrovascular reactivity during recovery from an acute bout of exercise has not been
studied. Orthostatic intolerance and syncope have frequently been reported following
prolonged exercise and are associated with hypocapnia and a reduction in CBF [20].
Whether an increased hypocapnic reactivity, placing the brain at an increased risk of
hypoperfusion, exacerbates the development of syncope following exercise requires further
investigation.
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1.4.2.2

Chronic Exercise (Effect of fitness)

There are no known reports on the effect of chronic exercise on cerebrovascular reactivity.
Cerebrovascular vasodilatation in response to hypercapnia is dependent upon NO
bioavailability [170], which is increased with exercise training [52, 193]. However, whether
increases in fitness are associated with an increased cerebrovascular reactivity is currently
unknown. Cerebrovascular diseases such as stroke have been linked with an impaired
cerebrovascular CO2 reactivity [49-51]. Furthermore, evidence is emerging that physical
activity decreases stroke risk and improves long-term outcome due to upregulation of
endothelial NO synthase [54-56]. Whether an elevation in cerebrovascular reactivity to CO2
is associated with a higher aerobic fitness and is also important in stroke protection is
unclear.
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1.4.3 Summary: Control of CBF: Cerebrovascular Reactivity
Like cerebral autoregulation, the assessment of cerebrovascular reactivity provides another
method of assessing the control of CBF; this time with changes in arterial CO 2 (rather than
MAP) as the chemical stimulus. The effect of age on both hypocapnic and hypercapnic
reactivity remains controversial. Cerebrovascular reactivity is increased during exercise in
young individuals; however, whether the same is true in older individuals is unknown.
Furthermore, the effect of fitness on reactivity has not been investigated. An impaired
cerebrovascular reactivity is a risk factor for, and consequence of stroke, and, physical
activity is associated with a reduced risk of stroke and an improved outcome. Whether this is
related to a fitness-induced elevation in cerebrovascular reactivity is unknown.
Therefore, the main research questions arising from this section which were assessed in this
thesis are:


What is the effect of age on hypercapnic and hypocapnic reactivity at rest?



Does age affect the hypercapnic cerebrovascular reactivity during exercise?



Can cerebrovascular reactivity be improved following an exercise training
intervention in young and older individuals?
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1.5

Control of Blood Pressure

Blood pressure is controlled by a variety of mechanisms, both short term (i.e., the autonomic
nervous system) and long term (i.e., renal effects). The control of BP is important to maintain
blood flow, to transport oxygen, nutrients, waste products, and heat around the body. Blood
pressure is determined by the amount of blood ejected from the heart (i.e.,
resistance to its flow (i.e., total peripheral resistance, TPR). Furthermore,

), and the

is a product of

the amount of blood ejected during each heart beat (stroke volume, SV) and HR. The aim of
this section is to discuss the mechanisms responsible for the control of BP that are relevant
to this thesis, namely postural change.
On assumption of the upright posture ~0.5-1.0 L of blood is transferred from the central
circulation, primarily into the veins of lower limbs, but also in the abdomen and pelvis [6]. In
response to this pooling, a series of regulatory mechanisms (Figure 1.9) are activated to
compensate for this alteration in circulatory homeostasis [6]. The carotid baroreflex is the
most important short-term regulator of MAP (Figure 1.10). The baroreceptors are stretchsensitive nerve endings which detect changes in stretch within a vessel [194]. Baroreceptors
are separated into ‘high-pressure’, arterial baroreceptors located in the carotid sinus and
aortic arch, and ‘low-pressure’ cardiopulmonary baroreceptors. In response to changes in
systemic pressure, afferent neural impulses are transmitted to the cardiovascular centre of
the medulla and elicit efferent neural alterations in parasympathetic and sympathetic
activity in response to changes in MAP [194]. A reduction in MAP of ~25 mm Hg (as observed
with postural change) [195-197] reduces the firing rate of the arterial baroreceptors. Vagal
withdrawal occurs rapidly (within ~3 s) and causes an immediate elevation in HR [198];
whereas the sympathetic effects of systemic vasoconstriction, and an increase in HR and
cardiac contractility take effect after ~7 s [198, 199]. These compensatory responses act to
restore MAP, which is normally complete within 30 s of postural change [68]. Central blood
volume remains ~30% lower than supine [200], and the new superior location of the brain
with respect to the heart whilst in the upright posture creates a significant challenge for the
cardiovascular system. Furthermore, baroreflex function can be separated into cardiovagal
baroreflex sensitivity, which involves baroreflex-mediated alterations in HR; and,
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sympathetic (or vascular) baroreflex sensitivity, which refers to baroreflex-mediated
alterations in sympathetic outflow.

Figure 1.9: Sequence of cardiovascular and autonomic responses to the assumption of the
upright posture. BV, blood volume; CVP, central venous pressure; SV, stroke volume; MAP,
mean arterial blood pressure; HR, heart rate. Figure modified from Mohrman & Heller, 2006
[201].
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Figure 1.10: Schematic illustration of the afferent and efferent neural responses to a
systemic hypotensive or hypertensive challenge. A fall in arterial blood pressure (ABP)
causes the carotid and aortic baroreceptors to detect a hypotensive stimulus leading to
decreases in afferent baroreceptor nerve firing. This reduction in neural input to the
brainstem causes a decrease in parasympathetic nerve activity to the heart and an increase
in sympathetic outflow to the heart and vasculature. The converse occurs with increases in
ABP, exposing the arterial baroreceptors to a hypertensive challenge. HR indicates heart
rate; SV, stroke volume; TVC, total vascular conductance. Figure reproduced from Fadel,
2008 [202] with permission.
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After ~30 s the initial circulatory responses to postural change have stabilised and
cardiovascular hemodynamics have reached a new ‘steady state’. Blood still remains
‘pooled’ in the peripheral circulation but merely represents an increased transit time
throughout the system [6]. Following ~5 min in the upright posture, intrathoracic blood
volume is reduced ~30% (compared with supine), MAP is usually elevated ~10%, and HR and
TPR remain 20-40% higher. Stroke volume and

remain reduced by approximately 30-40%

and 20% respectively in the absence of an active skeletal muscle pump [6, 104, 200].
Furthermore, an increase in capillary transmural pressure results in net filtration of plasma
into the interstitial space. Equilibration of this fluid shift occurs within ~10 min after postural
change and can result in a loss of 15-20% (~700 mL) of plasma volume [203].
The physiological responses to gravitational postural change are typically assessed by two
methods: active stand and passive HUT (discussed in more detail in 2.2.5.1). The initial
circulatory responses to active stand are reportedly more pronounced than with HUT (Figure
1.11) [196]. With standing, the associated muscle contraction compresses veins in the lower
limb, resulting in an increase in intra-abdominal pressure and venous return, which in turn
increases right atrial pressure, cardiac filling, and consequently ; a response not observed
with HUT [6]. However, with standing, the associated reduction in TPR is greater than that
which can be counteracted by the increase in

and therefore a transient drop in MAP is

observed [68]. However, not all authors have found this maintained or slightly increased
MAP response to HUT [196, 204, 205]. Others have observed a hypotensive response [197,
206-208], albeit less pronounced than with active stand. The duration of the previous supine
period, degree of HUT, and time taken to establish HUT may explain these discrepancies.
The maintenance of MAP requires a coordinated response from the cardiovascular and
autonomic nervous systems. In most cases, MAP is well maintained; however, acute
situations such as following exercise, or chronic alterations with ageing or fitness, may affect
the control of MAP in response to a change in posture.
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Figure 1.11: Hemodynamic responses to active stand (left) and passive head-up-tilt (HUT;
right) in eight subjects. Data are expressed as absolute or percent change from supine. Note
the abrupt transient fall in blood pressure (MBP) and total peripheral resistance (SVR), and
rise in heart rate (HR) and cardiac output (CO) on standing, which contrasts the gradual
changes observed with HUT. SV; stroke volume. Figure reproduced from Wieling et al., 2007
[68] with permission.
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1.5.1 Effect of Age on the Control of Blood Pressure
With normal ageing there are many structural and functional alterations to the
cardiovascular system (see [14] for review), which may or may not compromise the control
of BP. In an aged heart, resting systolic function (specifically ejection fraction and SV) are
preserved and HR remains similar, resulting in an unchanged

[14]. However, diastolic

function is altered; for example, a reduced early diastolic filling is compensated for by an
increased end-diastolic filling both whilst supine [209], and in response to postural change
[210]. The cardiac responsiveness to either exercise- or pharmacologically-induced βadrenergic stimulation is also reduced in older individuals, with a blunted HR and
contractility response [211, 212]. In these situations, SV is maintained, however, the reduced
HR response results in a 20-30% reduction in

in older individuals in response to postural

change [211]. In the vasculature, increasing age is associated with an enlarged lumen and
thickened intima and media layers of the large arteries [213]. In addition, an overproduction
of collagen (often in response to inflammation), and reduction in elastin result in increased
arterial stiffness [214]. This increased arterial stiffness may also be due to an altered
regulation of vascular tone, with a reduced NO-dependent vasodilatory response [86]. A
reduced elasticity results in an impaired distensibility/compliance and enhanced pulse wave
velocity [14]. These alterations in cardiovascular structure and function ultimately result in
an increased TPR and elevated systolic and pulse pressures [14].
Ageing-induced physiological alterations also affect autonomic function. At rest, older
individuals exhibit a higher basal sympathetic activity, and lower parasympathetic activity
[215]. Cardiovagal baroreflex sensitivity is inversely and linearly correlated with increasing
age [216, 217]. Therefore, for a given acute alteration in BP, older individuals exhibit a
blunted HR response. Furthermore, the HR response to more steady alterations in BP [218],
and to orthostasis [219, 220] is also blunted with age, indicating that the cardiac sympathetic
component of the baroreflex control of HR is also impaired [13]. The mechanisms
responsible for this reduction in cardiovagal baroreflex sensitivity are not well understood
and may involve the afferent, central integration, or efferent segments of the baroreflex arc
[13]. Arterial stiffening, and the associated reduction in compliance may contribute to the
impaired cardiovagal baroreflex sensitivity, due to a reduction in the stretch response
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associated with a given change in BP [217]. In addition, efferent vagal activity may be
compromised in older individuals due to reduced receptor density [221], and responsiveness
to a given stimulus [222]. The effect of age on sympathetic baroreflex sensitivity, that is, the
change in sympathetic outflow to the vasculature in response to alterations in BP, seems
unaffected by age [13]. Earlier studies indicated that sympathetic baroreflex sensitivity in
response to LBNP was reduced in older individuals [223, 224], however, ageing-induced
reductions in leg venous compliance may reduce the magnitude of central hypovolemia at
each given LBNP stage resulting in a reduced vasoconstrictive response [13]. Most studies
since have found sympathetic baroreflex sensitivity to be preserved with increasing age
[225-227], which provides a potential physiological mechanism (i.e., maintained MAP) why
many studies have reported a maintained orthostatic tolerance in healthy older individuals
[27, 28, 31].
In response to a change in posture, younger individuals tend to rely on cardiac responses
(i.e., increased HR and contractility) to maintain BP; however, potentially due to an impaired
cardiovagal baroreflex sensitivity, older individuals tend to rely on an increased vascular
resistance [228]. Furthermore, ageing-induced increases in arterial stiffness and reductions
in venous compliance might actually aid in the maintenance of BP in older individuals in the
upright position by reducing blood pooling [228]. Older individuals also tend to exhibit
greater initial orthostatic hypotension (the magnitude of the initial drop of BP upon postural
change) [160], and greater orthostatic hypotension (sustained reduction of ≥20 mm Hg
(systolic) and/or ≥10 mm Hg (diastolic) following 3 min in the upright position) [67]. These
findings indicate that the control of BP whilst upright may be altered in older individuals. In
addition, the incidence of falls and syncope are reportedly increased in older individuals [7]
(see 1.6.1). However, it is important to note that many of these ageing effects on BP control
and orthostatic tolerance may be compromised by other co-morbidities or medications that
often accompany ageing, and incidence studies often include data from very frail individuals
aged 80+ years. Indeed, studies on healthy older individuals aged 60-80 years have yielded
little effect of age on BP responses to orthostatic challenge [27, 28, 229].
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1.5.2 Effect of Physical Activity on the Control of Blood Pressure
1.5.2.1

Acute Exercise (Effect of a single exercise bout)

A single exercise bout results in many physiological alterations which may alter
cardiovascular control. During moderate exercise, sympathetic activity is elevated and
parasympathetic activity reduced, resulting in an elevated HR and

with a

maintained/slightly elevated SV. Systolic BP is increased and diastolic BP maintained/slightly
elevated, resulting in a small increase in MAP. Furthermore,

is redistributed away from the

splanchnic circulation, towards the active muscles, and to the skin for heat dissipation [104].
Post-exercise hypotension (PEH) is a sustained reduction in MAP (of ~5-10 mm Hg) following
an acute bout of exercise [230]. Although the exact mechanisms responsible for PEH have
not been fully elucidated the ultimate result is a sustained reduction in systemic vascular
resistance. Likely factors responsible for this PEH can be defined as ‘neural’ or ‘vascular’
components (Figure 1.12) [230]. During exercise, the baroreflex is ‘reset’ to a higher
operating point with resulting elevations in sympathetic activity [202, 231]. Furthermore,
resetting of the baroreflex to a lower set-point has been observed following brief maximal
[232], moderate [233], and prolonged exercise [234], and results in a reduced sympathetic
outflow (of ~30%) when compared to pre-exercise levels [233]. Related to this, Halliwill et al.
[233] observed a reduced sympathetic baroreflex sensitivity and reduced transduction of
sympathetic activity into vascular tone following 1 h of cycling. Alterations in cardiovagal
baroreflex sensitivity have also been observed following prolonged exercise, further
compromising the control of HR and therefore BP [17, 21]. A reduced β-adrenergic receptor
sensitisation, as observed following prolonged exercise [235, 236], might in-part explain
some of this observed reduction in baroreflex sensitivity. Recent research has also indicated
that a further neural mechanism involving substance P (a neuromodulator released from
muscle afferent fibres during exercise) and its interaction with the GABAergic system in the
nucleus tractus solitarus within the brainstem, results in a reduction in sympathetic outflow
following exercise, potentially contributing to PEH [237].
It is likely that PEH is due to a combination of neural and vascular alterations that ultimately
result in a reduction in vascular resistance and consequently MAP. Nitric oxide has been
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proposed as a major contributing factor in the local vasodilatation of vascular smooth
muscle following exercise. An increased blood flow through a vessel and therefore shear
stress, along with circulating catecholamines stimulates the release of NO from the
endothelium resulting in vasodilatation [238]. Conversely, Halliwill et al. [239] found that
PEH was apparent following 1 h of cycling despite NO synthase inhibition, indicating that
other vasodilators may be more important. Other research has indicated that histamine
receptor-mediated vasodilatation is a contributor to PEH [240, 241]; however,
prostaglandins are not [242]. It is likely that the aetiology of PEH is multi-factorial, resulting
from contributions from both neural and local vascular factors.

Figure 1.12: Schematic overview of neural and local control of vascular tone related to postexercise hypotension. During post-exercise hypotension, diminished vasoconstrictor
responses and vasodilatation may be produced by a host of potential vasodilator substances
acting via presynaptic (A) or postsynaptic (B) modulation of the α-adrenergic pathway, or by
direct effects on smooth muscle relaxation (C). Figure reproduced from Halliwill, 2001 [230]
with permission.
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Post-exercise hypotension of ~5-10 mm Hg has been reported in both hypertensive and
normotensive individuals, and some data indicate that the magnitude of PEH is positively
related to pre-exercise BP [243]. The time course of PEH remains poorly understood;
whether or not PEH can persist for up to 12-24 h remains to be seen [244]. The effect of
exercise intensity on the magnitude of PEH has yielded contradicting results; some authors
have found little effect of exercise intensity [245], whereas others have observed greater
reductions with higher intensities [243, 246, 247]. Furthermore, it seems that exercise
duration has little effect on the magnitude of PEH, with similar reductions observed
following 30 min [248] and ~4 h of exercise [21]. Likewise PEH seems to be unaffected by
training status and gender [249], however, the effect of healthy (non-hypertensive), ageing
on PEH is unknown.
The neural and vascular mechanisms responsible for PEH discussed above, if extrapolated to
the upright position, may result in a compromised control of MAP following a bout of
exercise. A reduced sympathetic outflow due to baroreflex resetting [233], impaired
baroreflex sensitivity [17, 21, 233], a reduced transmission of sympathetic activity into
vascular tone [233], β-adrenergic receptor desensitisation [235, 236], and redistribution of
for heat dissipation [250], all may compromise the control of MAP following assumption of
the upright posture following exercise. Furthermore, reductions in plasma volume as a result
of sweating and hydrostatic fluid shifts may further compromise the control of MAP, as seen
by the positive effect of hydration on orthostatic tolerance [251, 252]
Scott et al. [253] assessed the cardiovascular responses to LBNP following 60 min of cycling
and found that despite reductions in MAP and TPR following exercise, there was no effect on
tolerance to LBNP. Yet, exercise of longer durations, including marathon [21, 23] and ultramarathon [254] running events, and ironman triathlons [17] have displayed alterations in
cardiovascular and autonomic control leading to orthostatic intolerance in some athletes. All
displayed PEH of ~5-10 mm Hg, and further reductions in MAP upon assumption of the
upright posture. Furthermore two of these studies assessed baroreflex function and found a
reduced sensitivity to acute changes in MAP following exercise [17, 21]. It is clear that
exercise affects cardiovascular and autonomic function following prolonged exercise;
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however, the amount of exercise required to induce alterations in orthostatic tolerance
following an acute bout of exercise is not well understood.
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1.5.2.2

Chronic Exercise (Effect of fitness)

Chronic exercise training results in some alterations in cardiovascular and autonomic
structure and function which may affect the control of MAP. Blood volume is increased with
training [255], potentially enabling an improved maintenance of

and MAP with postural

change. Convertino [255] reviewed numerous cross-sectional and longitudinal studies
assessing the effect of exercise training on blood volume and found average increases of 2025% and ~7% respectively. Despite these large differences across study design, the ultimate
observation is that blood volume is increased with training. El-Sayed et al. [256] found a
significant positive relationship between blood and plasma volumes and tolerance to
orthostatic stress, indicating that those with larger initial blood volumes are more able to
tolerate venous pooling and capillary filtration. Furthermore, these authors also found they
were able to increase orthostatic tolerance and reduce pre-syncopal symptoms by saltloading induced plasma volume expansion [257].
The expansion of blood volume with training may improve orthostatic tolerance in trained
individuals; however, other cardiovascular and autonomic adaptations may actually
compromise the control of BP in this group. Compliance refers to the ability of the blood
vessel to distend and increase its volume with increasing transmural pressure, and is
elevated with training [31, 258, 259]. An elevated venous compliance may compromise
orthostatic tolerance by increasing venous pooling; however, one study that has reported an
increased compliance with fitness found no consequential effect on orthostatic tolerance
[31].
Baroreflex control of BP may also be affected by fitness. Cardiovagal baroreflex sensitivity, as
assessed by rapid neck suction/pressure, has been shown to be reduced [34], and
unchanged [260, 261], with fitness. Likewise, an attenuated HR response to acute
hypotension has been observed following training [262] and in fitter individuals [263].
Furthermore, non-specific arterial baroreflex sensitivity, as assessed by pharmacologicalinduced alterations in MAP has been shown to be reduced [261, 264, 265] with fitness. One
group also observed an attenuated forearm vasoconstrictive response to LBNP following
training, potentially indicating a fitness-induced reduction in sympathetic baroreflex
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sensitivity [260]. In all, it seems that the baroreflex control of MAP may be attenuated with
training.
These combined (training) effects of an increased blood volume, increased vascular
compliance and reduced baroreflex sensitivity have yielded contradictory effects on
orthostatic tolerance. Despite some differences in the cardiovascular regulation of MAP with
orthostatic challenge, overall, studies have found an improved [26, 29, 266], unchanged [2628, 30, 31, 267], and compromised [32] orthostatic tolerance in fitter individuals. Although
fitness might affect the mechanisms by which an individual responds to postural change, it
appears that fitness probably has little effect on the overall outcome. Furthermore, the
combined effects of age and fitness on orthostatic tolerance have been studied by one group
[27, 28, 31]. Despite an increased venous compliance in the young, and in the fit [31], and
greater reductions in SV in the young fit during LBNP [28], they found no effect of age or
fitness on orthostatic tolerance per se. However, worth noting is that all three of these
studies used LBNP as the orthostatic stressor. Whether the additional gravitational effects
induced by stand and HUT elicit a similar unchanged orthostatic tolerance across age and
fitness (as observed with LBNP) is unknown.
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1.5.3 Summary: Control of Blood Pressure
The maintenance of CBF is highly dependent upon the control of MAP. Both ageing and
chronic exercise are associated with many structural and functional cardiovascular
alterations which equally may compromise, or improve, the control of MAP. Furthermore,
an acute bout of exercise (especially prolonged exercise) induces physiological alterations
which may compromise the control of MAP and therefore orthostatic tolerance.
Therefore, the main research questions arising from this section which were assessed in this
thesis are:


How do age and fitness affect cardiovascular control in response to an orthostatic
challenge at rest and following moderate exercise?



How does age affect cardiovascular control in response to an orthostatic challenge
following prolonged exercise?



Is the magnitude of PEH and IOH related to syncope following prolonged exercise?
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1.6

Orthostatic Tolerance and Syncope

Assumption of an upright posture requires a coordinated effort from the cardiorespiratory,
cerebrovascular, and autonomic systems to ensure the maintenance of MAP and
consequently cerebral perfusion. In most situations, these physiological systems respond
adequately, allowing us to assume and maintain the upright posture unperturbed. However,
in some individuals this response can be compromised acutely (due to prolonged exercise)
or chronically (due to ageing), or both. Cerebral autoregulation and the control of MAP in
response to orthostasis were described earlier (sections 1.3 and 1.5); therefore, the aim of
this section is to focus on the integrative physiological responses to orthostatic tolerance
and intolerance (syncope).
Syncope is classified depending upon its origin, and is primarily cardiac or autonomic [268].
Cardiac arrhythmias and mechanical or structural defects can impair the ejection of blood
from the heart, leading to cerebral hypoperfusion. Autonomic or neurally-mediated syncope
encompasses vasovagal syncope, carotid sinus syndrome, and situational syncope [269].
Vasovagal syncope is the most common [269], and is the focus of this section. Carotid sinus
syndrome mostly affects the elderly and is thought to result from manoeuvres that stimulate
the carotid sinus such as head turning. Situational syncope occurs during a specific activity
such as coughing, sneezing, swallowing, or micturition [269]. Regardless of the origin, all
types of syncope result from an inability to maintain adequate cerebral perfusion and are
preceded by symptoms of dizziness, light-headedness, nausea, and sometimes visual and
hearing disturbances.
Despite reports of syncope dating back 100-150 years [270, 271], the mechanisms
responsible for vasovagal syncope (termed syncope for the purpose of this thesis) are not
well understood. It is thought that venous pooling which occurs as a result of assuming the
upright posture initiates the Bezold-Jarish reflex (Figure 1.13) [272]. The excessive venous
pooling causes a reduction in ventricular volume and contractility, activating sensory
receptors in the ventricular wall which respond to wall tension. This results in an increase in
afferent neural traffic. Consequent reductions in sympathetic activity and increases in vagal
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activity result in vasodilatation and bradycardia, rather than the vasoconstriction and
tachycardia which are required to maintain MAP and therefore cerebral perfusion [273].

Figure 1.13: Mechanisms of vasovagal syncope; the Bezold-Jarish reflex. Activation of the
sympathetic nervous system via a stimulus (left) causes vigorous contraction of a poorly
filled ventricle, causing mechanoreceptor stimulation in the ventricular wall and
consequently parasympathetic over-activation and consequently bradycardia and
hypotension. Figure reproduced from Kinsella and Tuckey, 2001 [274] with permission.
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Syncope ultimately results because of an inability to maintain adequate cerebral perfusion
(Figure 1.14). With normal upright posture, MCAv is maintained ~15% lower when compared
with supine [275], due to reductions in cerebral perfusion pressure, and postural-induced
hypocapnia [276]. Prior to syncope, CBF undergoes a gradual decline and a compensatory
increase in oxygen extraction occurs; however, there comes a point whereby extraction is
maximised and further reductions in CBF cannot be compensated for. The brain can cope
with MCAv reductions of ~50% [275], beyond which syncope occurs. This cardiovascular
collapse acts to restore CBF by forcing the individual to adopt a horizontal position,
eliminating the effect of gravity and (usually) resuming CBF and therefore consciousness.
The initial drop in MAP upon postural change has recently been termed ‘initial orthostatic
hypotension’ (IOH; [68]). During IOH there is a temporary mismatch between the amount of
blood entering (i.e., ) and leaving (i.e., TPR) the arterial vasculature [68]. It is characterised
by symptoms of dizziness, light-headedness, or visual disturbances (e.g., black spots) upon
standing; these occur almost immediately upon standing and disappear within ~20-30 s [68].
Assessment of these initial responses of MAP and CBF to postural change provides a
physiologically relevant indication of cerebral autoregulation. An intact cerebral
autoregulation indicates that CBF will be maintained despite a reduction in MAP. Normally
IOH is transient and compensatory responses act to rebound MAP; however, in some
individuals IOH may develop into syncope [68]. Related to this, Thomas et al. [277] assessed
the relationship between the magnitude of the initial change in MAP or MCAv in response to
HUT and time to syncope and found that the two were not related. The lack of relationship
indicates that IOH and syncope represent different circulatory phenomena and challenge
this previous suggestion.
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Figure 1.14: Traces of blood pressure (BP), heart rate (HR) and middle cerebral artery blood
flow velocity (MCAv) in one participant in response to standing and head-up tilt. Figures on
the left display data from the 30 s prior to stand (supine) and the initial 30 s after standing,
clearly displaying the phenomenon of initial orthostatic hypotension. The figures on the right
display 30 s of supine data and then data in the final 30 s of head-up tilt prior to syncope.
Figure modified from Thomas et al. [277] with permission.
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1.6.1 Effect of Age on Orthostatic Tolerance and Syncope
In a normal population, the incidence of syncope is increased with age [7, 9]. However, there
is also a peak in late teenage and early adulthood years, indicating a more bimodal
distribution [10, 11]. As discussed previously in sections 1.1.1 and 1.5.1, there are ageinginduced alterations in CBF, and in the control of MAP in response to a change in posture
which may contribute to the increased incidence of syncope, especially in individuals >60
years of age. However, it is important to note that ageing is also associated with comorbidities which may compromise orthostatic tolerance (e.g., cardiac arrhythmias).
Likewise, some medications may also affect physiological responses to postural change (e.g.,
beta blockers, diuretics and vasodilators). It is also difficult to differentiate between falls and
syncope when assessing incidence statistics; especially in frail older individuals when their
recall of events is relied upon [278]. Therefore, it is important to also consider laboratorybased studies in non-medicated otherwise healthy individuals when determining the effect
of age on orthostatic tolerance.
Because the mechanisms responsible for syncope are still not well understood, it is unknown
whether these may differ in older individuals with an already altered cardiovascular and
cerebrovascular homeostasis. A small number of groups have assessed the effect of healthy
older age on orthostatic tolerance and found it to be unchanged [27, 28, 31], and even
improved [229] in the laboratory, challenging these hospital-based observations [7, 9, 278].
Therefore, in healthy older individuals, there seems to be little evidence of a reduced
orthostatic tolerance. Likewise, all of these lab-based studies [27, 28, 31] used LBNP as the
stressor; whether the same is observed with HUT or stand is unknown.
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1.6.2 Effect of Physical Activity on Orthostatic Tolerance and Syncope
1.6.2.1

Acute Exercise (Effect of a single exercise bout)

Syncope has frequently been reported following prolonged exercise [17-23]. However, it is
important to differentiate between syncope which occurs during exercise and syncope
following exercise [279]. Collapse during exercise may be cardiac-mediated, or due to an
acute cerebrovascular event, or to other factors such as hypoglycaemia, hyponatremia or
hyperthermia [18]. However, collapse following exercise is normally benign, a result of an
inability to maintain adequate MAP and cerebral perfusion [279]. One notable difference
between the two situations is the role of the skeletal muscle pump. During exercise,
repeated muscle contractions aid venous return and the maintenance of central venous
pressure; however, whilst upright and stationary following exercise the muscle pump is
barely active, unable to facilitate venous return. In addition, it is important to differentiate
between findings from field-based observational/descriptive studies and lab-based
interventional studies. Post-exercise collapse has been reported to affect up to ~4% of race
starters in a 90-km ultramarathon. The incidence of syncope is reduced following shorter
durations and in cooler climates [18]. However, with orthostatic intervention (e.g., stand
test), syncope can be induced in up to ~70% of athletes [17]. Whether syncope is observed in
the field or induced in a lab setting, the ultimate outcome is the same; an inability to
maintain adequate cerebral perfusion.
The exercise-induced alterations in the control of MAP are covered previously in 1.5.2.1;
however to summarise, syncope following prolonged exercise may be contributed to by PEH,
baroreflex resetting resulting in a reduced sympathetic outflow, impaired baroreflex
sensitivity, reduced transmission of sympathetic activity into vascular tone, β-adrenergic
receptor desensitisation, reduced plasma volume, and a redistribution of

. Furthermore,

sustained supine post-exercise hyperventilation, and greater postural reductions in P ETCO2
reduce CBF [20], and may compromise orthostatic tolerance further. It seems likely that a
combination of the aforementioned factors are responsible for the development of syncope
following prolonged exercise.
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The duration of exercise required to begin compromising orthostatic tolerance is not well
understood, and it is possible that the causation may differ with exercise duration. One
group reported collapse in 0.3% of athletes following a 12 km fun-run [280]. Yet, only one
known intervention study has assessed the effect of exercise of <4 h duration on orthostatic
tolerance. Scott et al. [253] found no reduction in tolerance to moderate LBNP following 60
min of cycling. Furthermore, the effect of exercise mode on orthostatic tolerance has not
been studied. Observations of syncope have been made following running events, ironman
triathlons and simulated adventure racing (mountain biking and running/trekking); however,
there are no known reports following cycling exercise alone. Whether the physiological
demands associated with running result in a greater compromise in orthostatic tolerance is
unknown.
Furthermore, the effect of age on orthostatic tolerance following exercise is unknown. Older
individuals exhibit a reduced basal CBF [36], reduced cardiovagal baroreflex sensitivity [13,
216], and a reported ageing-induced increase in the incidence of syncope [7]; however,
whether these factors translate into an increased risk of syncope in older athletes following
prolonged exercise is unknown.
It is commonly assumed that the extent of PEH and the magnitude of the postural change in
MAP following exercise are determinants of post-exercise collapse (i.e., those with greater
perturbations in MAP will be more at risk of syncope) [19, 20, 230, 254]. As mentioned
previously in 1.6, Thomas et al. [277] found no relationship between the magnitude of the
initial change in MAP or MCAv in response to HUT and time to syncope, indicating that IOH
and syncope represent different circulatory phenomena. Whether a similar lack of a
relationship is apparent following exercise is unknown.
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1.6.2.2

Chronic Exercise (Effect of fitness)

The effect of fitness on the control of MAP in response to postural change, and the traininginduced physiological alterations which might affect the control of MAP, have been
discussed previously in 1.5.2.2. The effect of fitness on orthostatic tolerance and syncope
remains controversial. A lowered resting orthostatic tolerance has been observed in young
highly trained athletes [32-35], as outlined by the statement “trained men can run but they
cannot stand” [281]. However, others have found orthostatic tolerance to be unchanged [27,
28, 30, 31], and even improved [26, 29] in young highly-trained individuals. Similar work
comparing young and older trained and untrained individuals found no differences in
orthostatic tolerance between groups [27, 31]. Furthermore, there are reports of syncope
and sometimes sudden death in young highly fit individuals; however, underlying cardiac
conditions such as hypertrophic cardiomyopathy are often the cause in this group [282].
Although the control of MAP may be altered with training, the effect of training on the
control of CBF is less well understood. With contradictory reports on the role of fitness in
orthostatic tolerance further research is required.
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1.6.3 Summary: Orthostatic Tolerance and Syncope
Syncope results from an inability to maintain MAP and consequently CBF. The incidence of
syncope is high in older individuals, and following prolonged exercise; however, the effect of
age on orthostatic tolerance following prolonged exercise is unknown. Furthermore, the
effect of fitness on orthostatic tolerance remains controversial.
Therefore, the main research questions arising from this section which were assessed in this
thesis are:


What are the effects of age and fitness on the cardiorespiratory and cerebrovascular
responses to HUT at rest?



Does moderate (duration) exercise affect the cardiorespiratory and cerebrovascular
responses to HUT in young and older trained and untrained individuals?



Are older athletes at an increased risk of syncope following prolonged exercise?



Are the mechanisms responsible for syncope following exercise different with age?
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1.7

Thesis Outline

In this chapter the many integrative aspects involved in the control of CBF and the effects of
ageing, and both acute and chronic exercise on these parameters have been covered. The
overall aim of this thesis was to examine the effects of age, fitness, and exercise on the
control of CBF. Two major studies were conducted to investigate this: 1) Effects of age and
fitness on the combined cardiovascular, cerebrovascular, and respiratory responses to
orthostatic stress at rest, and following moderate, and prolonged exercise; and 2) effects of
age and exercise-training on CBF and cerebrovascular reactivity at rest and during exercise.
Furthermore, several more focussed questions were assessed during the course of this thesis
(as identified following each section of this introduction and amalgamated here):


Is the CBF response to exercise altered with age?



Can resting CBF be elevated following an exercise-training intervention? And if so,
does age affect the response?



Do age and fitness affect dynamic cerebral autoregulation in response to HUT at rest,
and following moderate exercise?



Is cerebral autoregulation compromised following prolonged exercise? And if so, is it
differentially affected by age?



What is the effect of age on hypercapnic and hypocapnic cerebrovascular reactivity
at rest?



Does age affect hypercapnic cerebrovascular reactivity during sub-maximal exercise?



Can cerebrovascular reactivity be improved following an exercise-training
intervention in young and older individuals?



How do age and fitness affect the combined cardiovascular, cerebrovascular and
respiratory responses to HUT at rest?



Does moderate exercise affect the combined cardiovascular, cerebrovascular and
respiratory responses to HUT in young and older trained and untrained individuals?



Are older athletes at an increased risk of syncope following prolonged exercise?



Are the mechanisms responsible for syncope following exercise different with age?



Are the magnitudes of PEH and IOH related to syncope following prolonged exercise?
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To address the aforementioned research questions the data chapters which constitute this
thesis are as follows:


Chapter Three: Effect of age and fitness on the combined cardiovascular,
cerebrovascular and respiratory responses to HUT at rest (Study One).



Chapter Four: Effect of age and fitness on the combined cardiovascular,
cerebrovascular and respiratory responses to HUT following moderate (30 min)
exercise (Study One).



Chapter Five: Effect of age on the combined cardiovascular, cerebrovascular and
respiratory responses to HUT following prolonged (4 h) exercise (Study One).



Chapter Six: Relationship between hypotension (PEH and IOH) and syncope following
prolonged exercise (Study One).



Chapter Seven: Effect of a 12-week aerobic-based exercise-training intervention on
CBF and cerebrovascular reactivity at rest and during exercise in young and older
individuals (Study Two).
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Chapter Two

General Methods

2.1

Experimental Protocol

2.1.1 Study One
2.1.1.1

Participants

Forty two participants (nine young trained (YT); eleven young untrained (YU); twelve older
trained (OT); ten older untrained (OU); Table 2.1)) volunteered for this study which was
approved by New Zealand’s Lower South Region Ethics Committee, and complied with the
Declaration of Helsinki. Participants were informed of the experimental procedures and
potential risks involved in the study before their written consent was obtained (see
Appendix I). Participants were not taking any cardiovascular medications, all were nonsmokers, and none had any history of cardiovascular, cerebrovascular or respiratory disease,
or a prior diagnosis of orthostatic hypotension. None reported frequent recurrent episodes
of syncope and/or related symptoms in their daily lives. The trained participants were all
runners, triathletes, or multisport athletes, training 8 ± 4 h.wk-1; untrained participants were
mildly active, participating in no formal exercise sessions but active for at least 90 min.wk-1
in low-intensity exercise.

Table 2.1: Characteristics of the young and older trained and untrained participants involved
in Study One.

Males: Females
Age (years)
Height (cm)
Body Mass (kg)
BMI (kg.m-2)
O2 max (mL.kg-1.min-1)

Young
Trained
7:2
27 ± 4
179 ± 10
72.0 ± 9.0
22.3 ± 1.6
59.0 ± 9.6

Young
Untrained
8:3
26 ± 4
177 ± 8
73.9 ± 12.6
23.4 ± 3.1
45.8 ± 7.2 †

Older
Trained
10:2
65 ± 5 *
173 ± 8
71.6 ± 7.6
23.9 ± 2.4
45.5 ± 7.7 *

Older
Untrained
8:2
65 ± 5 *
173 ± 8
80.5 ± 5.9
27.1 ± 3.0
33.6 ± 10.1 *†

Values are means ± SD based 9 young trained, 11 young untrained, 12 older trained and 10 older
untrained participants. BMI, body mass index; O2 max, maximal oxygen consumption. * different
from young, †, different from trained (both P<0.05).
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2.1.1.2

Protocol

Participants were required to report to the laboratory on three occasions. Prior to inclusion
into the study all participants were screened by means of a thorough medical history (see
Appendix B), chest auscultation (Performed by Associate Professor Michael Williams) and a
clinical 12-lead ECG. If left ventricular hypertrophy, murmur, or significant arrhythmia were
detected, participants underwent a clinical transthoracic echocardiogram to exclude overt
pathology. Following successful screening, participants underwent familiarisation to the
laboratory and testing procedures before completing a maximal aerobic power ( O2 max)
test (see 2.1.1.2.1). Prior to the O2 max and the main testing protocol, participants were
asked to abstain from alcohol in the 12 h prior and caffeine in the 4 h prior to testing.
Participants were also instructed to arrive well hydrated by consuming 1 L of water the
evening prior and 0.5 L the morning of testing. On arrival at the laboratory for the main
session, participants voided their bladder prior to having height and mass recorded.
Following instrumentation, participants remained supine for at least 30 min whilst a venous
blood sample was procured (see 2.1.1.2.2), and tympanic temperature measured. Following
~30 min supine rest, participants completed HUT to 60° for 15 min or to syncope (whichever
came first; Figures 2.1 & 2.2)
Participants were instructed to indicate when they were experiencing pre-syncopal
symptoms of dizziness/light-headedness, nausea etc. and wished to be returned to the
supine position. On resumption of the supine posture, participants were asked to
retrospectively score their HUT-induced symptoms of impending syncope (Syncope
questionnaire; Appendix E). For the purpose of this thesis, the term syncope was used to
refer to the point at which participants were returned to the supine position, as syncope
would likely have been imminent had HUT continued2. The result of this symptomdependent, rather than BP-dependent cessation of HUT means that in most cases MAP fell
to severe levels. These criteria permitted a detailed determination of the hemodynamic
changes associated with syncope. Typical signs and symptoms of impending circulatory
2

In this thesis, the assumption is made that significant pre-syncopal symptoms would eventually result in
syncope. Although this is likely to be the case, the possibility of these symptoms not developing into syncope
despite a maintained orthostatic stress cannot be discounted.
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collapse were also closely monitored by the investigators. To limit the effect of the skeletal
muscle pump, participants were instructed not to make any muscle contractions at rest or
during the tilt. After baseline (pre-exercise) testing, all participants completed 30 min of
treadmill exercise (walking/running) at 70-80% of maximal HR. During this time, HR was
continuously displayed and recorded (Polar S610i monitors, Polar, Finland). The
aforementioned HUT protocol was repeated within 20 min of exercise completion (postexercise). Following this, the trained young and older participants then completed 4 h of
continuous running at 70-80% of maximal HR on a flat course. Again, the aforementioned
protocol was repeated within 20 min of exercise completion (post-exercise). Since the
changes following exercise are addressed separately (post 30 min exercise: Chapter Four;
post 4 h exercise: Chapter Five) both will be referred to as just ‘post exercise’.

Figure 2.1: Study one experimental protocol for young and older trained and untrained
participants. All participants completed 30 min of treadmill exercise (walking/running) at 7080% maximal HR. Only the trained participants completed 4 h of running.
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Figure 2.2: Photo of the experimental setup from one young trained participant from Study
One. Assessment of middle cerebral blood flow velocity, blood pressure and derivatives,
cerebral and muscle oxygenation, and expired gases whilst supine (top) and during 60° headup tilt at rest and following 30 min and 4 h of exercise at 70-80% maximal heart rate.
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2.1.1.2.1

Assessment of maximal aerobic power ( O2 max)

All participants began the treadmill test at a speed 2 km.h-1 greater that their self-selected
warm-up pace. Velocity was increased 1 km.h-1 every 2 min until a HR of 160 b.min-1 (young)
or 128 b.min-1 (older) was reached, thereafter velocity remained constant and the incline
was increased 2° every minute until volitional exhaustion. Expired O2 and CO2 fractions were
measured using an online gas analyser (Sensormedics Metabolic Cart, 2900BZB,
Sensormedics Corporaton, Homestead, FL, USA), and

O2 max was determined from the

highest 20-s value.

2.1.1.2.2

Hematological/Urinary variables

Following at least 20 min supine rest, a 5 mL venous blood sample was procured, without
stasis, for immediate analysis of haematocrit (Hct) and haemoglobin (Hb) concentration.
Blood samples were collected in EDTA vacutainers (BD Vacutainer, Becton, Dickinson and
Company, Franklin Lakes, NJ, USA), and analysed immediately in triplicate for Hb
concentration (Hemoximeter, OSM3 Radiometer, Copenhagen, Denmark). Blood for Hct
ratio was drawn into capillary tubes and centrifuged at 3000 rpm for 10 min (Hawksley
Micro-centrifuge, Lancing, Sussex, UK), and read using a modified microcapillary tube reader
(Damon/IEC Division, Needham Heights, MA, USA). Changes in plasma volume from pre
exercise were estimated using the equation from Greenleaf et al., 1979 [283], as follows:
% Δ plasma volume = 100[(Hbb/Hba) × ((1-Hcta)/(1-Hctb))]-100
Where a is after exercise, b is before exercise, Hb is in g/100 mL and Hct is a fraction. The Hct
value was multiplied by the factors 0.96 and 0.91 to correct for trapped plasma and to
convert venous Hct to whole body Hct respectively, according to Greenleaf et al. [283].
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The remaining blood samples were then centrifuged at 4 °C and 3000 rpm for 15 min (IEC
Refrigerated Centrifuge, Needham Heights, MA, USA). Plasma was removed and frozen at
-80 °C for later catecholamine analysis. Plasma catecholamines (noradrenaline and
adrenaline) were extracted using the aluminium oxide technique and analysed using highperformance liquid chromatography with electrochemical detection in accordance with the
technique described by Hjemdahl [284] (Catecholamine analysis was performed by Dr Tim
Lowe, HortResearch, Hamilton, NZ). Hydration status was also estimated in duplicate from
urine specific gravity (USG; Hand refractometer, Atago, Tokyo, Japan).
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2.1.2 Study Two
The experimental protocol for Study Two is outlined in detail in Chapter Seven; however, the
experimental techniques used, specific to Study Two (i.e., cerebrovascular reactivity)3 are
described in this chapter.

3

Flow-mediated dilatation (FMD) was also assessed in Study Two; however, data were not reliable enough to
report in this thesis. Please see Appendix F for further information regarding FMD data collection and analysis
in this thesis.
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2.2

Instrumentation and Measurements

All data from the following measured variables were continuously recorded throughout the
testing sessions. Data were collected at 200 Hz using an analog-digital converter
(Powerlab/16SP ML795; ADInstruments, Colorado Springs CO, USA) and displayed in real
time on a PC. Unless otherwise stated, the data were stored for subsequent analysis using
commercially available software (Chart version 5.0.2, ADInstruments, Colorado Springs CO,
USA).

The

following

techniques

(transcranial

Doppler

ultrasound

(TCD),

finger

photoplethysmography, near-infrared spectroscopy (NIRS), electrocardiography (ECG), and
assessment of respiratory variables) were used in both Study One and Study Two

2.2.1 Transcranial Doppler Ultrasound (TCD)
The use of TCD to assess blood flow velocities in cerebral vessels was introduced into the
clinical and research arena by Aaslid and colleagues in 1982 [285]. TCD offers several
advantages in measuring cerebral hemodynamics in humans. It is non-invasive, allows
repeated measures, has high temporal resolution, and enables continuous monitoring [286].
TCD utilises the Doppler shift principle to detect flow velocities in a range of cerebral vessels
(e.g., the middle, anterior, and posterior cerebral arteries). Most studies use the MCA
because it is readily accessible through the temporal window and the trajectory of this vessel
runs parallel to the Doppler signal. Furthermore, the MCA carries ~80% of the blood volume
to the respective hemisphere [59]. It is important to recognise that TCD measures blood flow
velocity not blood flow per se.; however, the two are considered to be closely related
provided the diameter of the vessel remains constant, as seen by the following equation
[287]:
Flow velocity = Blood flow volume / blood vessel diameter
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2.2.1.1

Principle of TCD

The TCD apparatus comprises a Doppler probe (transducer), fed via a cable to a processing
unit and display screen (Multi-Dop®T2 system, DWL Doppler, Sterling VA, USA). The
ultrasound transducer acts as a transmitter and receiver. During operation, a 2 MHz pulsedDoppler ultrasonic beam is emitted from the transducer to the target (i.e., red blood cells),
and subsequently reflected back to the transducer [285] (Figure 2.3). The difference in
frequency between the transmitted and received signal determines the velocity of the red
blood cells, and is termed the Doppler shift, which is calculated as follows [288]:
Doppler frequency shift = 2 × V × Ft × cosθ/C
where, V = velocity of the reflector (red cells); Ft = transmitted frequency (2 MHz); C = speed
of the sound in blood (1,540 m.s-1); and cosθ = correction factor based on the angle of
insonation (θ). Since, Ft and C are both constants, the frequency shift is ultimately
dependent upon blood velocity and the angle of insonation of the Doppler probe. The depth
at which the Doppler frequency shift measures is dependent upon the time interval between
the emitted and received pulses.

The angle of insonation is critical to the accuracy of this measure. It is generally
recommended that the Doppler angle is ≤30°; between 0-30°, its cosine will vary between 10.86, thus the maximum error is <15% [285]. With reference to the previous equation,
velocity equals flow provided cosine values are closer to 1 (as obtained by smaller insonation
angles). One advantage of imaging the MCA, as opposed to other cerebral vessels (anterior
or posterior cerebral arteries or basliar artery) is that flow moves directly towards the probe,
resulting in a lower angle of insonation [288].
Within a vessel, erythrocytes move at different speeds. The final Doppler signal is a
summation of signals reflected from each erythrocyte within the sample volume [288]. The
processing unit uses spectral analysis to extract this three-dimensional Doppler data into a
two-dimensional waveform [288]. This waveform (spectral envelope) was visualised on a
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coloured TFT-LC-display unit, with time presented on the x-axis and the range of velocities
on the y-axis. The colour of the spectral envelope gave further information regarding signal
intensity (i.e., blue=weak, red=strong).

Figure 2.3: Schematic diagram showing the ultrasound probe and illustrating blood velocity
measurement by pulsed-Doppler ultrasound. Note: The sample volume (as coloured grey) is
actually dependent upon the depth setting of the machine. Figure adapted from Figure 8.4 in
McDonalds Blood Flow in Arteries [289].
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2.2.1.2

Technique of TCD

The technique of insonating the MCA has been described in detail elsewhere [285, 288], and
is summarised as follows. For both studies in this thesis, the participant was instrumented in
the supine position. First, acoustic gel, which aids conduction, was applied to the ultrasound
probe and over the area to be examined (i.e., the temporal window). The exact positioning
of the ultrasound probe differed between individuals, owing to normal anatomical variation
of the MCA location, although in most it was easily located within the right temporal
window, just above the zygomatic arch (Figure 2.4). The ultrasound probe was held in place
with an adjustable plastic headband. To identify the location of the MCA, the depth was first
set to 50 mm. The probe was then moved systematically over the temporal window,
perpendicular to the assumed vessel direction. When a faint audio signal was obtained, the
angle of the probe was adjusted to increase its intensity, audibly and visually. The spectral
envelope was then optimised by making slight adjustments to the depth of insonation, the
position and angle of the probe, and the signal gain. Once the signal was located the probe
was secured to the headband. The MCA is easily identified by its distinct higher-pitch audio
signal, and higher velocity, however, to further confirm that the correct vessel was
insonated, compression of the ipsilateral carotid artery reduced the flow profile of the MCA.
For reproducibility at a later testing session, the location, angle, and machine settings were
recorded. Lastly, in a small number of individuals (n=4) the right MCA could not be
insonated. In one of these individuals the left MCA was easily insonated; however, no
analysable signals were obtained in the remaining three participants.

The flow-volume waveform obtained from the spectral envelope was displayed in real-time
on a Chart file. From the flow-volume waveform, systolic and diastolic MCA velocities were
obtained and mean MCA velocity was calculated as follows:
Mean MCAv = 1/3 Systolic MCAv + 2/3 Diastolic MCAv
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where, mean MCAv = mean middle cerebral blood flow, in cm.s-1; Systolic MCAv = systolic
middle cerebral blood flow, in cm.s-1; Diastolic MCAv = diastolic middle cerebral blood flow,
in cm.s-1.
In addition, CVR was calculated as: MAP/MCAv. MCAv pulsatility index was calculated as:
(Systolic MCAv – Diastolic MCAv)/MCAv; and then normalised as: MCAv pulsatility/MAP.

Figure 2.4: Image of the Transcranial Doppler ultrasound apparatus instrumented on one
participant (left); and, a frontal view of the ultrasound probe directed toward the middle
cerebral artery (MCA; right). The cylinder around the MCA indicates the observation region
(sampling volume) for the Doppler recording. The distance from the middle of the cylinder to
the probe corresponds to the depth setting. Figure modified from Aaslid, 1982 [285].
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2.2.1.3

Validity and Reliability of TCD

The assumption that the MCA diameter does not change over a range of arterial blood
pressures [290], arterial partial pressures of CO2 [287, 290-292], and during orthostatic stress
[291] has been examined widely. Serrador et al. [291] found no change in MCA diameter
using magnetic resonance imaging (MRI) during LBNP (up to -40 mm Hg). Moreover, studies
using MRI and craniotomy have shown that the MCA diameter is unchanged with changes in
PaCO2 in the range of 20 to 60 mm Hg [287, 290-292]. These studies support the use of TCD
as an index of CBF in this thesis. The relationship between MCAv and CBF may be influenced
by cardiovascular and/or cerebrovascular pathology [293]; therefore, care was taken to
exclude individuals known to have underlying cerebrovascular pathologies from the studies
in this thesis.
Many studies have compared CBF measured by TCD to a range of different methods,
including i.v. xenon clearance [294], the Kety-Schmidt technique [295], Fick principle [296,
297] and MRI/MRA [298]. Whilst it is acknowledged that the correlation between absolute
CBF and MCAv measured by TCD is not strong (with wide inter-individual variation), the use
of relative changes in MCAv ameliorates this problem. Thus, throughout this thesis MCAv
was reported as both absolute values and a relative change. Despite the aforementioned
limitations, the use of TCD as an index of global CBF was considered to be an appropriate
method owing to its convenience, non-invasive nature, and its ability to detect rapid (beatto-beat) alterations in MCAv [288]. As a complimentary index of cerebrovascular function,
simultaneous measurements of NIRS recordings were also made (see section 2.2.3 below).
A normal consequence of ageing is a general widening and stiffening of arteries [214]. An
ageing-induced increase in MCA diameter could underestimate absolute MCAv in an older
population. However, there appears to be little evidence of an ageing-induced change in the
diameter of the main cerebral arteries [299, 300], indicating that MCAv is no less valid in an
older population. Nevertheless, similar ageing-induced reductions in CBF have been
observed across a variety of techniques (i.e., TCD, MRI, PET) [12, 36, 69-74].
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2.2.2 Finger Photoplethysmography
Finger photoplethysmography is a non-invasive method of measuring beat-to-beat arterial
BP, based on the volume-clamp method introduced by Czech physiologist Jan Penaz in 1973
[301]. The Finapres device which utilises this method was developed by Wesseling and
colleagues (TPD Biomedical Instrumentation), and became available for scientists and
clinicians in the early 1980’s. These, and the later-developed Finometer (FMS, Finapres
Medical Systems (Formerly TPD Biomedical Instrumentation), Amsterdam, The Netherlands),
as used in this thesis, have enabled accurate continuous non-invasive measurements of
beat-to-beat changes in arterial BP in a variety of situations.

2.2.2.1

Principle of Finger Photoplethysmography

Finger photoplethysmography enables the non-invasive measurement of beat-to-beat
arterial BP. The Finometer device comprises a finger cuff, consisting of an inflatable air
bladder and a plethysmograph (infrared light emitter and detector), connected to a frontend
unit and interfaced with a display/control unit (Figure 2.5). The volume-clamp method
ensures that the diameter of the artery underneath the cuff is kept constant (clamped)
throughout the measurement period [302]. The first requirement of this method is to
determine the unloaded diameter of the artery, which is crucial for the accuracy of the
output. The unloaded diameter of the artery is the point at which the finger cuff pressure
and intra-arterial pressure are equal, and thus transmural pressure across arterial walls is
zero [302]. At this point the vessel is clamped and the cuff pressure is adjusted to maintain
this constant artery diameter (set-point) during each cardiac cycle. Changes in artery
diameter are detected by the plethysmograph. The emitted infrared light is absorbed by the
blood and a change in arterial diameter causes a pulsation detected by the receiver [302]. A
servo-controller system compares the measured value to the set-point [302]. The difference
between the two determines the change in air pressure required by the cuff to maintain the
diameter of the vessel. Therefore, changes in cuff pressure occur in parallel with changes in
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intra-arterial pressure, and cuff pressure provides an indirect measure of intra-arterial
pressure [302].
Changes in hematocrit, physiological stress and smooth muscle tone affect the unloaded
diameter of the artery [302]. Since it is unlikely that the vessel diameter remains constant
during a testing session, it must be calibrated intermittently during periods of constant cuff
pressure (Physiocal). The Physiocal algorithm takes into account the amplitude and shape of
the plethysmograph signal at two or more pressure levels, and the resulting pressurediameter relationship, thereby adjusting cuff pressure accordingly [302]. However, one
problem with Physiocal is it prevents continuous data collection. The Finometer device also
contains a height correction system to dynamically adjust finger arterial pressure to that at
the level of the heart. One sensor is placed on the finger cuff and the other at heart level,
and both are joined by a liquid filled tube. The height of the liquid column is transuded from
its pressure subtracted from finger pressure [302]. This height correction system enables the
accuracy of arterial BP measurements during postural change.

Figure 2.5: Image of the Finometer (finger photoplethysmography) display/control unit (top
left), and frontend unit with finger cuff (bottom left); and a cross-sectional view of the finger
and cuff, and blood pressure output example (right).
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2.2.2.2

Technique of Finger Photoplethysmography

Guidelines for the correct application of the Finometer finger cuff are described in detail
elsewhere [303], and are summarised below. Once the correct cuff size had been selected,
the cuff was placed around the middle phalanx of the middle finger on the left hand. If the
middle finger yielded inaccurate readings (as determined by manual readings), the index or
ring fingers were used instead. The cuff was fitted snugly against the finger – not too tight as
to occlude flow or too loose as to move around. The frontend unit was then secured around
the participant’s wrist. The height correction sensors were placed on the finger cuff and on
the chest at the estimated location of the heart. In participants with cold hands, a heated
wheat bag was used to keep the hand warm and maintain circulation throughout the
experiment. The Physiocal system was switched on to re-evaluate the artery diameter at
times when continuous data collection was not required. Participants were also asked to
refrain from speaking and from moving the instrumented hand during data collection
periods to prevent waveform artefacts in the BP signal. Throughout the testing sessions,
manual BP measures were performed on the contra-lateral arm to confirm finger
photoplethysmography values.
During data collection, the finger arterial pressure waveform was displayed on a computer
screen and recorded in a Chart file (Chart version 5.0.2, ADInstruments, Colorado Springs CO,
USA), using the Beatscope software programme (FMS, Finapres Medical Systems,
Amsterdam, The Netherlands), which enables beat-to-beat analysis of the finger arterial
pressure waveform. From this waveform, systolic and diastolic arterial pressures were
determined and MAP calculated as follows:
MAP = 1/3 Systolic BP + 2/3 Diastolic BP
where, MAP = mean arterial blood pressure, in mm Hg, Systolic BP = systolic arterial blood
pressure, in mm Hg, Diastolic BP = diastolic arterial blood pressure, in mm Hg.
Furthermore, TPR was calculated as: MAP/ .
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2.2.2.3

Validity and Reliability of Finger Photoplethysmography

Blood pressure differs along the arterial tree. Due to the pressure gradient, distal mean
pressure is likely to be less than proximal pressures [289]. However, amplification of the
pulse wave may result in higher systolic pressures in the finger compared with the brachial
artery [304]. Despite this, finger photoplethysmography has been shown to be a valid
method of non-invasively determining BP. Parati et al. [305] compared intra-arterial (radial
artery) and finger photoplethysmography BP responses to a range of laboratory tests (hand
grip, cold pressor, LBNP, leg raising, and pharmacological intervention). They found that the
average between-method difference in systolic and diastolic BP across all tests were 4.3 mm
Hg and 1.9 mm Hg respectively. Imholz et al. [306] found slightly greater differences
between intra-arterial (brachial artery) and finger photoplethysmography MAP over 24 h of
monitoring of 10 ± 6 mm Hg (finger < arterial). In addition, a study conducted by members
from my research group [277] observed comparable reductions in MAP, as measured by
Finometer and intra-arterially during the initial orthostatic response to standing, and
immediately prior to syncope with combined HUT and LBNP; indicating that finger
photoplethysmography is an effective method of measuring BP both at rest and with
postural change. Furthermore, Imholz et al. [303] reviewed 43 studies and found a
maintained correlation between non-invasive finger and invasive arterial pressures across a
wide range of ages (5 to 76 years).
Repeated BP measurements from the same finger (i.e., switching the measurement on/off)
have shown a high level of reproducibility [303]. Similarly, Imholz et al. [306] measured BP
every 30 min for 24 h, alternating between readings from index and middle fingers and
found very little difference in MAP values (1 ± 8 mm Hg) between fingers. Repeated
reapplication of the finger cuff has been shown to have both low ~15 mm Hg [307] and high
<5 mm Hg reproducibility [303]. For this reason, time was spent ensuring an accurate signal
was obtained prior to the start of the data collection period. If the signal deteriorated
throughout the protocol and could not be rectified using Physiocal, attempts to correct the
signal were made first by stopping and restarting the Finometer, and then by removing and
readjusting the finger cuff. However, if this needed to be done it was always performed by
the same experimenter.
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With due consideration of the aforementioned limitations, finger photoplethysmography is
an effective non-invasive method of obtaining beat-to-beat blood pressure. It is an easy to
use system in which little training is required for operation, and data can be collected from
most people. In addition, the Finometer enables BP data to be obtained in a non stressful, or
overly time-consuming or constraining manner, therefore, maximising obtainable data.
However, like anything that is not a direct measure, sole reliance on absolute values is
cautioned. For this reason, in this thesis, data are also presented as percent change from
baseline.
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2.2.2.4

Modelflow method for the estimation of stroke volume and cardiac
output

Stroke volume and

were estimated from the Finometer via the Modelflow method. This

method computes an aortic flow waveform from the finger arterial pressure signal. Stroke
volume is calculated from the area under the finger arterial pressure waveform, between
the onset of the rise in pressure (as the aortic valve opens), and the dicrotic notch (signalling
the closure of the aortic valve) [308]. The Modelflow method uses a non-linear threeelement model of the aortic input impedance (Figure 2.6). These three elements are: 1)
aortic characteristic impedance, which refers to the properties of the aorta which impede
pulsatile flow from the left ventricle; 2) arterial compliance, which is the opposition to the
increase in aortic blood volume during systole; and 3) total peripheral vascular resistance
[308]. Values for aortic impedance and arterial compliance are dependent upon the elastic
properties of the aorta. Langewouters et al. [309] studied the elastic properties of human
thoracic and abdominal aortas and found non-linear changes in elasticity with distending
pressure. They deduced that the change in cross-sectional area of the thoracic aorta was an
arctangent function of transmural pressure. The Modelflow method utilises this database
[309] of arctangent-pressure relationships from participants of varying age and sex to
determine impedance and compliance of the aorta. Importantly, this database includes data
on 45 participants aged 30-88 years, 54% of whom were >65 years; indicating that estimated
values for SV and

determined by the Finometer and Modelflow method remain valid in an

older population. The third component, TPR, is a measure of the ease of blood transfer from
the large elastic arteries into the peripheral vascular beds, but is not a major determinant of
systolic inflow. It is defined as the relationship between mean pressure and mean flow, and
varies with heart rate [308].
The Modelflow method has compared well against other methods of SV and

assessment.

Wesseling et al. [308] compared the Modelflow method to thermodilution, 76 times in eight
patients undergoing open heart surgery, and found the mean difference between the two
techniques was not significant (although highly variable) at 7 ± 22%. Harms et al. [310]
compared the SV determined by the Finometer Modelflow method to thermodilutionderived SV in nine participants whilst supine and during standing, head-down tilt, and HUT.
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Determined SV measures from the two methods correlated well (r=0.97), and in all subjects
except one (S5; Figure 2.7), Modelflow-determined SV tracked thermodilution-determined
SV in all body positions. Furthermore, Sugawara et al. [311] used Doppler echocardiography
versus Modelflow to measure SV in 16 healthy young subjects at rest and during incremental
exercise. Although Doppler echo measures correlated well with the Modelflow method
(r=0.87), the Modelflow method overestimated

both at rest and during exercise. In

addition, Dyson et al. [312] recently reported an overestimation of Modelflow-derived SV
when compared with Doppler echocardiography-determined SV in women during HUT.
The Modelflow method calculates SV from the arterial pressure wave. During the pressure
wave, variations in aortic diameter, compliance and impedance are corrected for and SV
determined [310]. Multiplying SV by HR gives . Since the Modelflow determination of SV by
Finometer is not the “gold standard” tool for assessment of SV and , the use of absolute
values – especially during interventions such as orthostatic stress and exercise, or with
ageing – is cautioned. For this reason, data are also displayed as relative change from
baseline.

Figure 2.6: Diagram of flow modelling from measurements of arterial pressure. Left panel:
model input (non-invasive Finometer pressure waveform during one heart beat). Middle
panel: three-element model of the aortic input impedance used to compute flow from
pressure; Z0, characteristic impedance of the proximal aorta; CW, ‘Windkessel’ compliance of
the arterial system; RP, total peripheral resistance. The Z0 and CW elements have non-linear,
pressure dependent properties indicated by the ∫-like symbol. The peripheral resistance
element, RP, varies with time, as symbolised by the arrow. P (t), arterial pressure waveform;
Q (t), blood flow as a function of time; Pw (t), Windkessel pressure. Right panel: computed
model output (aortic flow as a function of time). Figure reproduced from Harms et al. [310]
with permission.
85

Figure 2.7: Thermodilution-derived (solid line) and Finometer-derived (dashed line) stroke
volume (SV) traces in nine participants (S) during standing, head-down tilt at 20° and headup tilt at 30° and 70°. Figure reproduced from Harms et al. [310] with permission.
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2.2.3 Near-Infrared Spectroscopy (NIRS)
Near-infrared spectroscopy is a method of assessing dynamic changes in oxy-haemoglobin
(O2Hb), deoxy-haemaglobin (HHb) and total Hb within brain and muscle tissue. The
technique of using near-infrared (NIR) light to non-invasively assess oxygenation in intact
tissue was developed by Frans Jobis in 1977 [313], and its use in humans was first reported
in 1985 [314]. Since this time, several types of equipment utilising different NIRS methods
have become commercially available. In this thesis the NIRO-200 (Hamamatsu Photonics
K.K., Hamamatsu, Japan), which uses spatially resolved spectroscopy and the modified BeerLambert law, was used to assess changes in cerebral and muscle oxygenation in response to
orthostatic stress (Study One) and exercise (Study Two).

2.2.3.1

Principle of NIRS

The NIRO-200 system contains emission and detection optodes connected to a
measurement and a display unit. The emission and detection optodes are housed together
(4-5 cm apart) in an optically dense holder to minimise extraneous light. The principle of
NIRS is based on the observation that NIR light (700-1000 nm) passes through biological
tissues such as skin, bone, brain tissue, and muscle with relative ease [315] (Figure 2.8).
Within biological tissue, the main light absorbing compounds in the near-infrared range are
the chromophores Hb, myoglobin, and cytochrome c oxidase [315]. Because every substance
has a characteristic and unique absorbance spectrum; for example, O2Hb absorbs less red
light (600-750 nm) and more infrared light (850-1000 nm) than does HHb [316], differences
between the emitted and detected light can indicate differences in the oxygenation state of
the underlying tissue.
The transmission of light through tissue depends on reflectance, scattering, and absorption
[317]. The reflectance is dependent upon the angle of the light beam and the regularity of
the tissue surface; scattering is dependent upon the tissue composition, and absorption is
determined by the molecular properties of the tissue within the light path [317].
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During operation, infrared light of known intensity and wavelength is emitted from one
diode. The light travels in an elliptical path between the emission and detection probes, with
the depth the light reaches (and therefore the sample area) being ~1/3 of the distance
between the two optodes [318]. The reduced intensity of light arriving at the detection
probe signifies absorption and scattering. Provided the average pathlength of the light
through the tissue is known (which has been shown to be near constant in a range of tissues
in adult humans when distance between optodes is sufficient [319]), and assuming that
photon loss by scattering is constant, the change in a given chromophore (O 2Hb, HHb) can
be calculated by the modified Beer-Lambert law as follows:
A = ε[c]LB + G
where A is the absorption of light expressed as optical density, ε is the extinction coefficient
of the chromophore, [c] is the chromophore concentration, L is the distance between the
point of light entry and exit (optode separation), B is the pathlength resulting from scatter in
the tissue, and G is a lumped parameter related to tissue and optode geometry [315].

Although some of the newer NIRS equipment is able to measure absolute concentrations of
O2Hb and HHb, the NIRO-200 only measures the change in O2Hb, HHb and total Hb from
baseline. In this thesis, changes in O2Hb and HHb were not reported, instead, the total
oxygenation index (TOI) of the tissue was the variable used and calculated as:
TOI(%) = 100 × O2Hb/total Hb
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Figure 2.8: Schematic representation of near-infrared spectroscopy and its use in assessing
cerebral oxygenation. The technique is based on the transparency of tissue to near-infrared
light, and the changes in light absorption based on oxygenation. Near-infrared light is
emitted from an optode placed on the forehead. Light penetrates the cerebral cortex and is
detected by optodes located at different distances from the source (A or B). The greater the
distance between optodes, the greater the infrared penetration into the cerebral tissue.
Figure reproduced from Franco Folino et al. [147] with permission.

2.2.3.2

Technique of NIRS

Prior to the application of NIRS probe, both the optode and skin surfaces were cleaned with
an alcohol swab. Double-sided adhesive tape was used to help secure the probe to the skin
surface. Additional thicker adhesive tape helped to secure the probe and minimise
extraneous light. One probe was attached to the right side of the forehead (above the
headband which secured the TCD), the other positioned on the middle portion of the right
vastus lateralis muscle at the mid-thigh level and parallel with the long axis of the muscle.
Data were sampled at 6 Hz throughout the testing session.
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2.2.3.3

Validity and Reliability of NIRS

NIRS has been shown to correlate well with other methods of assessing chromophore
concentrations and cerebral hemodynamics. Punwani et al. [320] found a strong correlation
(r=0.95) between cerebral HHb determined by NIRS and MRI in neonatal piglets. Similarly,
Omhae et al. [321] and Rostrup et al. [322] assessed cerebral blood volume and oxygenation
by NIRS and PET and found that NIRS was an adequate non-invasive, and cheaper alternative
of assessing cerebral oxygenation. Furthermore, Rostrup et al. [322] compared cerebral
hemodynamics as assessed by NIRS and PET during alterations in PaCO2 and found that
changes in cerebral blood volume measured by NIRS were similar to those of PET, but of a
slightly smaller magnitude. The reproducibility of NIRS has also been assessed. MehagnoulSchipper et al. [323] measured changes in cerebral oxygenation in response to standing in
older individuals on two separate occasions. Despite some day-to-day individual variation,
there was no difference in group averaged changes in O2Hb, HHb and total Hb (reliability
coefficients: 0.41, 0.14, 0.43 respectively).
All NIRS data in this thesis are presented as percent TOI which enables intra- and interindividual comparison, but also may make NIRS data more robust by reducing intra- and
inter-individual variation [324]. Despite this it is acknowledged that the NIRS method has
limitations associated with skull thickness, adipose tissue thickness, the unknown
contribution of myoglobin to the muscle NIRS signal, the effect of changes in blood volume
on pathlength and the sample volume, and delineating the different contributions of brain
versus scalp blood flow [325].
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2.2.4 Other Measures
2.2.4.1

Electrocardiography (ECG)

During each session, HR was measured continuously using 3-lead ECG (ADInstruments,
Colorado Springs, CO, USA). The electrodes (Tyco Healthcare, Mansfield, MA, USA) were
applied to the skin following light abrasion and cleansing via alcohol swab. The ECG was
applied in the Lead II position (i.e., the negative electrode was placed on the right clavicle
close to the acromioclavicular joint, the positive electrode on the left ribcage between the
7th and 8th intercostal space, and the earth electrode placed on the left clavicle close to the
acromioclavicular joint). Signal quality was checked in the Bioamp window of the Chart
software. Beat-to-beat R-R intervals were obtained from the ECG signal, and HR was
calculated as follows:
HR = 60 / R-R interval
where HR is in b.min-1 and R-R interval is in s.
Furthermore, during initial screening, participants underwent a standard clinical 12-lead ECG
which was then assessed for abnormalities by a cardiologist (Associate Professor Michael
Williams, Dunedin Hospital).

2.2.4.2

Spirometry

Pulmonary minute ventilation ( E) was measured using a spirometer (Hans-Rudolph Bidirectional and linear pneumotachometer, Series 3830 [Flow: 0-400 L.min-1; Dead space: 51
ml], Hans-Rudolph Inc, Kansas City, MO, USA), attached to a facemask (Hans-Rudolph Oronasal 7400 series mask [Dead space: 73-97-114 ml (small-medium-large)]) fitted with a nonrebreathing valve (Hans-Rudolph 2-way Y-shape 2730 non-rebreathing valve), and secured
with standard headgear. Expired air passed out through a wire mesh screen within the
pueumotachometer. Turbulent flow was converted to laminar flow by the screen, and
according to Poiseuille’s law, the change in pressure across the screen is proportional to flow
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rate. The difference in pressure was converted to an analog signal and sent to a bioamp
(ADInstruments, Colorado Springs, CO, USA), after which the flow versus time signal was
displayed in real time on the computer. The Spirometry component of the Chart software
(Spirometry v2.0, ADInstruments) measures tidal volume (VT) and cumulative volume ( E) by
electronic integration of the flow rate.
The pueumotachometer was fitted with a temperature control unit (PNT heater control,
Hans-Rudolph), set at 38 °C to prevent condensation accumulation on the wire mesh screen.
The spirometer was calibrated prior to each experimental session using a 3-L calibration
syringe (Hans-Rudolph 2700). Calibration was deemed acceptable if the injected volume was
within 105 mL (3.5%).

2.2.4.3

Gas analysis

In this thesis, expired gas fraction were assessed as a non-invasive means to estimate arterial
gas concentrations. Changes in the partial pressure of end-tidal CO2 (PETCO2) have been
shown to adequately reflect those of PaCO2, especially in the hypocapnic range [277]. The
proportions of O2 and CO2 in expired gas were measured using a gas analyser (model S-3A/I
(O2) and model CD-3A (CO2), AEI Technologies, Pittsburgh, PA). A gas sampling line from the
analysers was connected to a port on the facemask described above. During measurements,
the expired gases were sampled at a rate of 100 mL.min-1. The output signal was displayed
against time on the computer; however, the latency of the response was 1.3 s (due to the 3
m sample line). Expired gas fractions were converted into partial pressures of O 2 (PETO2) and
CO2 (PETCO2) within the chart software using Daltons law:
Pgas = Fgas (PB – 47) mm Hg
where Pgas is the partial pressure of the gas, in mm Hg; Fgas is the fractional concentration of
the gas (i.e., %/100); PB is the barometric pressure, in mm Hg; and 47 is the partial pressure
(in mm Hg) of H2O at body temperature (i.e., 37 °C).
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In addition, the gas analysers were calibrated prior to each experimental session with known
O2 and CO2 beta grade gas concentrations (± 0.2% accuracy; BOC Gases New Zealand Ltd).
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2.2.5 Assessment of the Control of Cerebral Blood Flow
2.2.5.1

Orthostatic Tolerance

On assumption of the upright posture, the superior location of the brain with respect to the
heart requires blood to be pumped against gravity to maintain adequate CBF [6]. This effect
of gravity, combined with the pooling of blood in the lower body challenges the
cardiovascular and cerebrovascular systems, as without this blood flow, syncope ensues. In
this thesis 60° HUT was used to assess orthostatic tolerance (Chapters Three-Six).
Participants were instrumented whilst supine (as described previously in this chapter).
Head-up tilt removes the effect of postural sway and the skeletal muscle pump (which are
active with stand). A foot board at the bottom of the tilt table provided stability for the
participants during HUT, and they were instructed to relax in the HUT position and try to
avoid contraction of the muscles of the lower limbs. Without this tonic activation of the
postural muscles and the active contraction of the skeletal muscle pump, these mechanisms
of assisting venous return are substantially limited or abolished [6]. Following supine
assessment, participants were tilted to 60° for 15 min or until they began to experience presyncopal symptoms (dizziness, light-headedness, nausea, loss of vision etc.), after which they
were returned to the supine position. HUT does not evoke a fully upright posture; however,
the resultant gravitational stress is equal to the sine of the angle of HUT [6]. Thus, in this
thesis, HUT to 60° represented 87% of the full effect of gravity [6].
Other methods of assessing orthostatic tolerance are standing and LBNP. The stand test is
the most physiologically relevant test to the task of standing; however, during standing the
skeletal muscle pump is active, aiding venous return and therefore a better maintenance of
central blood volume. One difference between HUT and standing is that HUT mostly disables
the skeletal muscle pump, preventing venous return by this mechanism and allowing a
greater orthostatic stimulus [6]. HUT also enables a smoother transition from supine to
upright posture (therefore allowing more accurate assessment of the initial response to
postural change). Furthermore, HUT is the standard clinical method for confirming the
diagnosis of vasovagal syncope [326]. Both HUT and LBNP reduce central blood volume by
94

pooling blood in pelvis and lower limbs. However, LBNP is applied in the supine position,
simulating hypovolemia without the effects of gravity. HUT (and standing) causes an
increase in splanchnic blood volume; whereas, with LBNP sphlancnic volume is reduced
[327] (as the LBNP box seals at the top of the pelvis). For this reason, LBNP may more closely
resemble the physiology of acute hemorrhage than orthostatic stress [327].

2.2.5.2

Cerebrovascular Reactivity

Cerebrovascular reactivity is the term used to describe the ability of the cerebrovascular bed
to dilate or constrict in response to changes in PaCO2, and is a method of assessing
cerebrovascular function [116]. Steady-state cerebrovascular reactivity was assessed
(Chapter Seven) in the seated position at rest and during sub-maximal cycling exercise.
Following instrumentation with TCD (to measure MCAv, see 2.2.1), and a facemask (to
measure expired gas fractions, see 2.2.4.3), participants breathed room air to obtain
baseline recordings. Following this, at rest, subjects breathed 5% CO2 (in room air) for 3 min
(hypercapnia), and the change in PETCO2 from baseline was recorded. Following a recovery
period to restore PETCO2, subjects then hyperventilated for 3 min to reach an equivalent
reduction in PETCO2 (hypocapnia) to match the increase observed with prior hypercapnia.
Furthermore, hypercapnic cerebrovascular reactivity was assessed during steady-state submaximal cycling exercise at 30% and 70% of heart rate reserve (HRR). All data were recorded
in a Chart file for later analysis offline. Cerebrovascular reactivity was calculated from data
obtained in the final min of the 3-min intervention, and assessed as the change in MCAv
divided by the change in PETCO2.
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Chapter Three

Cardiorespiratory and
cerebrovascular responses to headup tilt: influence of age and training
status

3.1

Introduction

The preservation of CBF and oxygenation are critical for the maintenance of an upright
posture. Upon postural change there is an immediate drop (~25%) in MAP, as blood is
pooled in the capacitance vessels of the lower limbs, pelvis, and abdomen [200]. As a result,
central venous pressure and SV are reduced. Decreased firing from the arterial and
cardiopulmonary baroreceptors causes rapid elevation of sympathetic nervous activity to
increase HR, cardiac contractility, and systemic vascular resistance. Withdrawal of vagal
activity also contributes to an increased HR [200]. Furthermore, cerebral autoregulation is a
largely ‘intrinsic’ mechanism by which CBF is maintained relatively constant despite changes
in MAP in the physiological range of ~60-150 mm Hg. Although complex [121], this response
helps to limit over- or under-perfusion of the brain during static and dynamic alterations in
BP [122].
Orthostatic hypotension and syncope are two conditions whereby the normal physiological
compensation to the assumption of an upright posture is impaired, and CBF is compromised.
The incidences of both (orthostatic hypotension and syncope) are high in older individuals
[7, 67]. With normal ageing – because of reduced afferent or efferent responsiveness (or
arterial stiffening) – cardiovagal baroreflex sensitivity is reduced; resulting in an impaired
ability to respond to acute changes in MAP (e.g., with initial postural change, or prior to
syncope) [13]. Upon postural change, younger individuals tend to maintain

and MAP

primarily by cardiac responses (i.e., increased HR and contractility), whereas older
individuals rely more on an increased TPR to maintain

, MAP and consequently cerebral

perfusion [228, 328]. Nevertheless, it is also possible that this age-related arterial stiffening
may aid in the maintenance of TPR and MAP whilst upright [228, 329], and prevent the reflex
vasodilatation which is a typical feature of vasovagal syncope. Similarly, a lowered venous
compliance has been shown to cause smaller reductions in venous return, and improve
orthostatic tolerance in older individuals when compared to young [229].
Inadequate CBF ultimately leads to syncope. Cerebral blood flow declines 25-30% between
20 and 80 years of age [36, 69]. Since age appears to have little effect on cerebral
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autoregulation [330, 331], it seems that the reduced baroreflex sensitivity, reduced HR
response to orthostasis, and reduced absolute CBF may individually or collectively contribute
to the lowered orthostatic tolerance observed in older individuals.
Although orthostatic tolerance may also be affected by aerobic fitness, research is
contradictory. The statement “trained men can run but they cannot stand” [281] describes
the sometimes-observed lowered orthostatic tolerance in highly trained young athletes [32,
33, 35]. Ogoh et al. [34] observed an attenuated baroreflex responsiveness to HUT,
indicating that a reduction in baroreflex sensitivity may be responsible for the lowered
orthostatic tolerance observed in highly fit individuals. An increased venous compliance,
consequently increasing the capacity for blood pooling, has also been suggested to play a
role [332]. Conversely, other studies have found orthostatic tolerance to be unchanged [28,
30], or improved [26, 29] with aerobic fitness. Regular exercise causes an expansion of blood
volume of 5-10% [255] which may help maintain SV whilst in the upright posture, and
improve orthostatic tolerance. Collectively these findings indicate that the influence of
fitness on orthostatic tolerance remains unclear.
The combined effects of age and fitness on orthostatic tolerance have received limited
research attention. Hernandez et al. [30, 31] found that despite age- and fitness-related
differences in leg venous compliance, neither age nor fitness affected tolerance to maximal
LBNP. Furthermore, only one study has compared the combined effects of age and fitness on
the cerebrovascular responses to orthostatic stress. Similarly, these authors found that
neither age nor fitness affected responses of CBF or CVR to severe orthostatic (LBNP) stress;
however, additional factors which may also markedly determine CBF and affect orthostatic
tolerance (esp. PaCO2, , SV) were not monitored [27]. Knowledge of these driving factors is
important because they - like CVR - play a significant role in the maintenance of CBF and may
exhibit age- and fitness-related differences in the response to orthostatic stress. Moreover,
these three aforementioned studies [27, 28, 31] all used LBNP as the orthostatic stressor.
Both HUT and LBNP reduce central blood volume by pooling blood in the abdomen, pelvis
and lower limbs. Because LBNP is applied in the supine position to simulate central
hypovolemia the effects of gravity on the cardiovascular system are negligible, potentially
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supporting the use of HUT as a more realistic means to study responses to orthostatic stress.
In addition, HUT testing is the standard clinical method for confirming the diagnosis of
vasovagal syncope [326].
The main purpose of this chapter was to examine the inter-dependent cardiorespiratory and
cerebrovascular responses to HUT in young and older trained and untrained humans. It was
hypothesised that despite age- or fitness-related differences in the physiological responses
to HUT, there would be no net effect of either age or fitness on orthostatic tolerance (as
determined from HUT-time completed), because any age- or fitness-induced physiological
alterations which may compromise orthostatic tolerance are likely counteracted by other
alterations that may improve tolerance.
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3.2

Methods

3.2.1 Participants
Forty one participants [nine young trained (YT); eleven young untrained (YU); twelve older
trained (OT); nine older untrained (OU); Table 2.1] volunteered for this study which was
approved by New Zealand’s Lower South Region Ethics Committee, and complied with the
Declaration of Helsinki. Participants were informed of the experimental procedures and
potential risks involved in the study before their written consent was obtained. Participants
were not taking any cardiovascular medications, all were non-smokers, and none had any
history of cardiovascular, cerebrovascular or respiratory disease, or a prior diagnosis of
orthostatic hypotension. None reported frequent recurrent episodes of syncope or related
symptoms in their daily lives.

3.2.2 Protocol
As a reminder (from Chapter Two), participants were required to report to the laboratory on
three occasions. Prior to inclusion into the study all participants were screened by means of
a thorough medical history, chest auscultation, and 12-lead ECG. If left ventricular
hypertrophy, murmur, or significant arrhythmia were detected, participants underwent a
clinical transthoracic echocardiogram to exclude any overt pathology. Following successful
screening, participants underwent familiarisation to the laboratory and testing procedures
before completing a O2 max test (described in 2.1.1.2.1).
Participants were asked to abstain from alcohol in the 12 h prior and caffeine in the 4 h prior
to O2 max testing and the main testing protocol. They were also instructed to arrive well
hydrated by consuming 1 L of water during the evening prior and 0.5 L on the morning of
testing. On arrival at the laboratory for the main session, participants voided their bladder
prior to having height and mass recorded. Following instrumentation (with TCD, Finometer,
NIRS and gas analysis equipment; see Chapter Two for more information), they remained
supine for at least 30 min, during which a venous blood sample was procured for later
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analysis of plasma adrenaline and noradrenaline (see 2.1.1.2.2). Following this, participants
completed HUT to 60° for 15 min or to pre-syncope. Participants were instructed to indicate
when they were experiencing pre-syncopal symptoms of dizziness/light-headedness, nausea
etc. and wished to be returned to the supine position. Typical signs and symptoms of
impending circulatory collapse were also closely monitored. To limit the effect of the skeletal
muscle pump, participants were instructed not to make any muscle contractions at rest or
during the tilt. On return to the supine posture, participants were asked to rate any HUTinduced, pre-syncope related symptoms of dizziness, lightheadedness, nausea etc. (see
syncope questionnaire; Appendix E).
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Figure 3.1: Study one experimental protocol for young and older trained and untrained
participants. The focus of Chapter Three is highlighted by the red box; Baseline (pre-exercise)
assessment of cardiorespiratory and cerebrovascular responses to HUT in young and older
trained and untrained participants.
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3.2.3 Statistical and Data Analysis
Steady-state data were averaged for each individual over the 3-min baseline period
immediately preceding HUT, and during the final 3 min of HUT. In addition, an index of
dynamic cerebral autoregulation was determined by assessing the time to the nadir, and
time to maximal recovery of the initial (<30 s) MCAv and MAP responses to HUT (Figure 3.3).
Individual data on dynamic responses to HUT were averaged over each 30-s period during
the entire 15 min HUT. Area under the curve, as detailed by Pruessner et al. [333], was then
calculated for each individual from these 30 s averages. The area under the curve was
calculated with respect to ‘ground’ (i.e., zero). All data were analysed using SPSS statistical
software (SPSS version 17.0, SPSS Inc, Chicago, Illinois). To evaluate the effects of age and
training status on HUT time and supine physiological variables, two-factor ANOVA were used
(between subjects factors: age and training status). To evaluate the effect of age and training
status on steady state physiological changes whilst supine and during HUT, three-factor
repeated measures ANOVA was conducted for age, training status and time. Any significant
age*fitness interactions were explored using Bonferonni post-hoc tests. Statistical
significance was established at an α-level of 0.05, and data are expressed as means (± SD).
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3.3

Results

Orthostatic tolerance: Four participants (one YT, one YU and two OT) demonstrated presyncopal symptoms during HUT and did not complete the 15 min protocol. Data from these
four participants were not included in the group analysis as they were not at a hemodynamic
‘steady-state’ during the HUT (Table 3.4). Syncopal symptoms are usually associated with
greater reductions in MAP and MCAv (when compared with tolerated upright posture),
therefore by excluding the data from these four individuals the quality of the data from the
remaining participants was not compromised. Despite differences in age and aerobic fitness
(Table 2.1), groups did not differ in orthostatic tolerance to HUT [P=0.66], as determined by
tilt-time completed [Mean (all groups): 14:47 ± 0:43 (min:s); Figure 3.2].

Figure 3.2: Individual scatter-plot with group mean ± SD head-up tilt (HUT) time completed
by young trained, young untrained, older trained and older untrained participants during 60°
HUT for 15 min or to pre-syncope. Data points I, II, III and IV represent the individuals who
could not complete the entire 15 min HUT protocol.
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Age, fitness and supine hemodynamics: Mean, systolic, and diastolic MCAv were all lower in
older participants [-30%, -24%, and -35% respectively], but were unaltered with fitness
(Table 3.1). Likewise, CVR was elevated with age but did not differ with fitness. PETO2 was
higher in older and in trained participants, whereas P ETCO2 was lower in older [39 mm Hg
(older) vs. 43 mm Hg (young)] participants but unchanged with fitness. Cerebral oxygenation
was similar across participants. Supine MAP, systolic BP and TPR were all elevated [5%, 7%,
and 26% respectively] with age. These variables also showed a slight elevation with fitness
[P<0.05], but this likely reflects mild hypertension (albeit undiagnosed and non-medicated)
in some older athletes [Table 3.1, age*fitness interaction effects P=0.13 for MAP and P=0.17
for TPR]. Although noradrenaline was elevated [52%] in the older groups, resting HR was
lower in these participants, compared to the young. As expected, resting HR was lower in
trained participants [by 7 b·min-1]. Supine

was lower in older and in trained participants [-

15%, and -17% respectively], likely due to reductions in HR since SV was unaffected by age
and fitness. Muscle oxygenation was lower in older and in trained participants [both -7%].

Age, fitness and dynamic cerebral autoregulation: MCAv and MAP were both reduced on
initial assumption of HUT. The reduction in MCAv was greater in the young [-23 ± 14% vs. -16
± 13% (older); P<0.05]; however, the reduction in MAP was similar across age [-23 ± 13% (all
groups)]. Fitness had no effect on the magnitude of the reduction in either MCAv or MAP.
The time taken to reach the nadir [MCAv: 6.7 ± 2.4 s; MAP: 9.8 ± 1.7 s; Table 3.2] of the
reduction, and the recovery [MCAv: 13.7 ± 4.1 s; MAP: 20.4 ± 3.6 s] of MCAv occurred prior
to MAP. Furthermore, the time to the nadir and time to maximum recovery were
comparable across age and fitness (P>0.05).
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Table 3.1: Steady state cardiovascular, cerebrovascular and respiratory measures whilst supine and during the final 3 min of HUT in young and
older trained and untrained participants
Young Trained
Supine
HUT
Cardiovascular
-1
HR (b.min )
MAP (mm Hg)
SBP (mm Hg)
DBP (mm Hg)
SV (mL)
-1
(L.min )
-1
-1
TPR (mm Hg.L .min )
Cerebrovascular
-1
MCAv (cm.s )
-1
SMCAv (cm.s )
-1
DMCAv (cm.s )
-1 -1
CVR (mm Hg.cm .s )
MCAv Pulsatility (au)
Normalised MCAv
-1
pulsatility (au.mm Hg.L )
Respiratory
PETO2 (mm Hg)
PETCO2 (mm Hg)
Total Oxygenation Index
Cerebral (%)
Systemic (%)

Young Untrained
Supine
HUT

Older Trained
Supine
HUT

Older Untrained
Supine
HUT

Age

Analysis (Supine-HUT)
Fitness
Interaction

63 ± 6
84 ± 5
123 ± 9
65 ± 4
112 ± 15
7.0 ± 1.4
12.5 ± 2.7

80 ± 14
80 ± 8
113 ± 12
64 ± 6
86 ± 12
6.8 ± 0.9
12.1 ± 2.2

72 ± 8 †
84 ± 7 †
125 ± 10
64 ± 7 †
112 ± 18
8.1 ± 1.2 †
10.5 ± 1.6 †

98 ± 14
85 ± 13
113 ± 12
66 ± 8
77 ± 17
7.3 ± 0.9
11.9 ± 2.0 †

57 ± 6 *
92 ± 5 *
139 ± 10 *
68 ± 3
103 ± 17
5.9 ± 1.1 *
16.2 ± 2.9 *

65 ± 6 *
86 ± 6
127 ± 9
66 ± 5
83 ± 5
5.5 ± 0.5
16.3 ± 2.0

62 ± 10 *†
83 ± 9 *†
126 ± 14 *
61 ± 8 †
113 ± 26
7.0 ± 1.4 *†
12.6 ± 2.5 *†

72 ± 10 *
81 ± 14
119 ± 22
62 ± 10
89 ± 19
6.2 ± 1.3
13.7 ± 3.9 †

P=0.00
P=0.22
P=0.96
P=0.10
P=0.19
P=0.83
P=0.71

P=0.18
P=0.24
P=0.99
P=0.13
P=0.26
P=0.13
P=0.01

P=0.24
P=0.67
P=0.53
P=0.91
P=0.48
P=0.65
P=0.94

66 ± 7
110 ± 13
47 ± 8
1.31 ± 0.12
0.94 ± 0.21
0.011 ±
0.006

56 ± 9
93 ± 16
43 ± 11
1.46 ± 0.25
0.89 ± 0.24
0.011 ±
0.003

67 ± 7
108 ± 12
48 ± 7
1.23 ± 0.16
0.92 ± 0.18
0.011 ±
0.002

54 ± 10
87 ± 15
40 ± 10
1.60 ± 0.37
0.89 ± 0.21
0.011 ±
0.003

50 ± 9 *
85 ± 16 *
32 ± 6 *
1.91 ± 0.32 *
1.06 ± 0.12 *
0.011 ±
0.002 *

39 ± 7
67 ± 11 *
25 ± 5
2.35 ± 0.63
1.11 ± 0.19
0.012 ±
0.002

46 ± 11 *
79 ± 19 *
29 ± 8 *
1.92 ± 0.61 *
1.09 ± 0.15 *
0.014 ±
0.002 *

38 ± 9
70 ± 17 *
22 ± 6
2.18 ± 0.59
1.27 ± 0.19
0.017 ±
0.003

P=0.10
P=0.02
P=0.64
P=0.54
P=0.01
P=0.01

P=0.65
P=0.99
P=0.24
P=0.92
P=0.23
P=0.22

P=0.39
P=0.19
P=0.49
P=0.11
P=0.37
P=0.21

110 ± 4
42 ± 3

112 ± 4
37 ± 4

106 ± 6 †
43 ± 5

111 ± 5
37 ± 6

115 ± 3 *
38 ± 4 *

117 ± 4
33 ± 5

111 ± 5 *†
40 ± 3 *

114 ± 5
35 ± 4

P=0.14
P=0.16

P=0.21
P=0.90

P=0.44
P=0.97

67.5 ± 5.0
71.9 ± 4.1

64.7 ± 6.2
54.3 ± 6.8

67.5 ± 4.9
77.1 ± 3.7 †

63.8 ± 6.1
62.7 ± 8.4

66.9 ± 6.7
68.5 ± 3.2 *

65.2 ± 6.5
55.9 ± 7.6

66.7 ± 4.4
72.0 ± 3.7 *†

63.4 ± 4.7
59.0 ± 9.2

P=0.20
P=0.18

P=0.20
P=0.48

P=0.44
P=0.48

Values are means ± SD based on up to 9 young trained, 11 young untrained, 12 older trained and 9 older untrained participants. Supine data were averaged over 3 min immediately prior to
head-up tilt (HUT). HUT data were averaged over the final 3 min of HUT. HR, heart rate; MAP, mean arterial blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; SV,
stroke volume; , cardiac output; TPR, total peripheral resistance; MCAv, middle cerebral artery blood flow velocity; SMCAv, systolic MCAv; DMCAv, diastolic MCAv; CVR, cerebrovascular
resistance; PETO2, partial pressure end-tidal oxygen; PETCO2, partial pressure end-tidal carbon dioxide. * different from young, † different from trained (P<0.05). Significance symbols in the
‘supine’ columns were determined by 2-factor (age and fitness) ANOVA. Symbols in the ‘HUT’ column were determined by repeated measures (Supine-HUT), 2-factor (age and fitness) ANOVA
and correspond to the P-values presented in the ‘Analysis’ column.
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Table 3.2: Time course of the initial (<30 s) changes in MCAv and MAP in response to 60°
HUT in young and older trained and untrained and individuals at rest (prior to exercise).

MCAv – Nadir (s)
MCAv – Recovery (s)
MAP – Nadir (s)
MAP – Recovery (s)

Young
Trained
7.9 ± 3.3
17.0 ± 7.1
9.7 ± 1.8
20.4 ± 4.1

Young
Untrained
6.7 ± 2.3
11.9 ± 2.7
9.7 ± 1.9
18.2 ± 1.8

Older
Trained
6.4 ± 1.7
14.1 ± 2.6
9.6 ± 1.8
22.1 ± 3.5

Older
Untrained
5.6 ± 2.4
12.5 ± 3.6
10.3 ± 1.5
20.2 ± 4.3

MCAv, middle cerebral artery blood flow velocity; MAP, mean arterial pressure

Age, fitness and steady state responses to HUT: Upon HUT there were steady state (final 3
min) elevations in HR, CVR and PETO2; and reductions in systolic BP, SV, , MCAv, systolic and
diastolic MCAv, PETCO2, and cerebral and muscle TOI [all P<0.05; Table 3.1]. The elevation in
HR with HUT was attenuated in the older participants [17% vs. 31% (young); P<0.05], but
unaffected by fitness. The TPR response to HUT differed with fitness, with the untrained
participants exhibiting an 11% increase in response to HUT, in contrast to no change [-2%] in
the trained groups [P<0.05]. Although the reduction in MCAv with HUT was similar with age
[-18% (young) vs. -17% (older); P>0.05], the reduction in systolic MCAv with HUT was
lessened with age [-14% (older) vs. -18% (young); P<0.05].

Age, fitness and dynamic responses to HUT: Data averaged across the entire HUT (30 s
averages) and analysed by area under the curve displayed a lower absolute MCAv with age
whilst supine and throughout HUT [Figure 3.4; Table 3.3]. However, when these data were
expressed as percent change from supine the age effect was abolished. Absolute CVR was
elevated whilst supine and during HUT in the older participants; however, when expressed
as percent change from supine, the older participants exhibited a smaller increase in CVR in
response to HUT. The absolute HR response to HUT was reduced with age and fitness,
although when these data were expressed as percent change from supine only the age
effect remained. Throughout HUT,

was lowered with age and with fitness. When
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was

normalised (to supine), age no longer had an effect, and lesser reductions in

were

observed with increased fitness [-5% trained vs. -10% untrained; Figure 3.5]. The percent
reduction in SV from supine was more pronounced in young participants during HUT [-27%
young vs. -21% older]. Untrained participants showed the same tendency [Table 3.3]. TPR
was higher in older participants whilst supine and during HUT, however when expressed as
percent change from supine a fitness effect was apparent, with increases in TPR observed in
the untrained but not the trained. Muscle TOI was higher in untrained whilst supine and
during HUT but was unaffected by age.
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Figure 3.3 (Opposite): Typical trace from one young participant of the initial MAP and MCAv
response to HUT. Cerebral autoregulation was assessed by comparing the time to the nadir
and time to the peak recovery of both variables.
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Figure 3.4 (Opposite): Absolute (left) and relative (right) postural changes in middle cerebral
artery blood flow velocity (MCAv; A), partial pressure of end-tidal CO2 (PETCO2; B),
cerebrovascular resistance (CVR; C) and cerebral total oxygenation index (Cerebral TOI; D)
whilst supine and during the 15 min of HUT in young trained, young untrained, older trained
and older untrained participants. Each data point during HUT represents a mean of the
preceding 30 s. The stand alone data point at the end of HUT is the final 30 s value with the
mean SD from the entire HUT. Significant differences in area under the curve with age or
fitness are reported in Table 3.3.
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Figure 3.5 (Opposite): Absolute (left) and relative (right) postural changes in heart rate (HR;
A), mean arterial blood pressure (MAP; B), stroke volume (SV; C), cardiac output ( ; D), total
peripheral resistance (TPR; E) and muscle total oxygenation index (Muscle TOI; F) whilst
supine and during the 15 min of HUT. Each data point during HUT represents a mean of the
preceding 30 s. The stand alone data point at the end of HUT is the final 30 s value with the
mean SD from the entire HUT. Significant differences in area under the curve with age or
fitness are presented in Table 3.3.
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Table 3.3: Area under the curve (AUC) values for absolute and relative change in cardiovascular, cerebrovascular and respiratory responses to
HUT in young and older trained and untrained participants.
Young
Trained
AUC with HUT [absolute data; Fig 1 & 2, left column]
MCAv (au)
PETCO2 (au)
CVR (au)
Cerebral TOI (au)
HR (au)
MAP (au)
SV (au)
(au)
TPR (au)
Muscle TOI (au)

1731 ± 233
1181 ± 118
46 ± 7
2017 ± 175
2387 ± 347
2509 ± 236
2784 ± 300
210 ± 30
379 ± 68
1806 ± 197

Young
Untrained

Older
Trained

Older
Untrained

Age

Fitness

Interaction

1725 ± 320
1147 ± 179
49 ± 11
1985 ± 181
2910 ± 331 †
2563 ± 299
2511 ± 527
228 ± 31 †
371 ± 66
2060 ± 231 †

1290 ± 199 *
1047 ± 140
69 ± 16 *
2024 ± 174
1937 ± 210 *
2701 ± 251
2720 ± 254
171 ± 16 *
501 ± 64 *
1832 ± 228

1227 ± 287 *
1113 ± 121
64 ± 17 *
1982 ± 136
2184 ± 296 *†
2525 ± 385
2911 ± 576
201 ± 43 *†
410 ± 115 *
2184 ± 296 †

P=0.00
P=0.09
P=0.00
P=0.97
P=0.00
P=0.45
P=0.27
P=0.00
P=0.01
P=0.35

P=0.71
P=0.74
P=0.89
P=0.52
P=0.00
P=0.55
P=0.79
P=0.03
P=0.08
P=0.00

P=0.75
P=0.30
P=0.43
P=0.93
P=0.17
P=0.26
P=0.13
P=0.56
P=0.14
P=0.54

-386 ± 207
-117 ± 67
319 ± 434 *
-68 ± 68
398 ± 156 *
-170 ± 220
-322 ± 288 *
37 ± 320
-144 ± 350
-451 ± 215

-405 ± 246
-119 ± 119
299 ± 321 *
-128 ± 101
436 ± 265 *
-126 ± 250
-472 ± 439 *
-203 ± 354 †
150 ± 567 †
-412 ± 264

P=0.19
P=0.08
P=0.04
P=0.09
P=0.00
P=0.32
P=0.01
P=0.49
P=0.16
P=0.36

P=0.65
P=0.73
P=0.38
P=0.15
P=0.25
P=0.50
P=0.08
P=0.04
P=0.01
P=0.24

P=0.82
P=0.78
P=0.32
P=0.57
P=0.45
P=0.96
P=0.55
P=0.98
P=0.54
P=0.47

AUC with HUT [change relative to supine data; Fig 1 & 2, right column]
MCAv (Δ, au)
PETCO2 (Δ, au)
CVR (Δ, au)
Cerebral TOI (Δ, au)
HR (Δ, au)
MAP (Δ, au)
SV (Δ, au)
(Δ, au)
TPR (Δ, au)
Muscle TOI (Δ, au)

-481 ± 277
-164 ± 101
495 ± 291
-136 ± 82
693 ± 279
-104 ± 141
-569 ± 376
-44 ± 298
-31 ± 300
-587 ± 234

-540 ± 277
-184 ± 86
801 ± 682
-162 ± 89
879 ± 411
-54 ± 189
-865 ± 335
-277 ± 354 †
431 ± 351 †
-428 ± 274

Values are means ± SD based on up to 9 young trained, 11 young untrained, 12 older trained and 9 older untrained participants. Area under the curve for each variable was calculated from
individual subject responses to 60° HUT for 15 min. HR, heart rate; MAP, mean arterial blood pressure; SV, stroke volume; , cardiac output; TPR, total peripheral resistance; MCAv, middle
cerebral artery blood flow velocity; CVR, cerebrovascular resistance; PETCO2, partial pressure end-tidal carbon dioxide; TOI, total oxygenation index; au, arbitrary units. * different from young,
† different from trained (P<0.05)
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Figure 3.6: Steady-state postural change in systolic middle cerebral artery blood flow velocity
(MCAv) and stroke volume (SV) in combined young (trained and untrained) and older
(trained and untrained) participants. Steady-state data obtained from the final 3 min of 60°
head-up tilt.

Table 3.4: Characteristics of the four participants who could not complete the full 15 min
HUT protocol at baseline.
HUT-time
(min:s)

MCAv,
Δ, %

MAP,
Δ, %

PETCO2
Δ, mm Hg

-27%
-30%
-44%
-5%

-9
-8
-8
-4

(absolute, cm.s-1)

I - YT
II - YU
III - OT
IV - OT

11:42
12:56
12:51
13:04

-40% (45)
-44% (39)
-37% (43)
-16% (47)

Data displayed are calculated from the mean of the final 10 s prior to syncope, compared to supine
values. YT, young trained; YU, young untrained; OT, older trained; HUT, head-up tilt; MCAv, middle
cerebral artery blood flow velocity; MAP, mean arterial blood pressure; PETCO2, partial pressure of
end-tidal carbon dioxide. Delta values reflect the difference in MCAv, MAP, and PETCO2 between
supine and the point of HUT termination; MCAv in parentheses represents the absolute MCAv at the
point at which the participant was returned to supine (i.e., syncope).
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3.4

Discussion

The aim of this chapter was to examine the combined effects of age and fitness on the
cardiorespiratory and cerebrovascular responses to HUT. The major findings were that: 1)
neither age nor fitness affected orthostatic tolerance, as determined by HUT time
completed; 2) despite a more pronounced initial (<30 s) reduction in MCAv with HUT in the
young, dynamic cerebral autoregulation was relatively maintained across age and fitness; 3)
despite a lower baseline MCAv in the older participants, the percent change in MCAv from
supine to ‘steady state’ (i.e., during the final 3 min) HUT was similar across age groups; 4) in
response to HUT, MAP was maintained in all groups; however, the older participants
displayed an attenuated HR response, and smaller reductions in systolic MCAv and SV,
whereas the fitter participants exhibited attenuated reductions in

and better maintenance

of TPR.

Age, fitness and supine hemodynamics: As observed previously, supine MCAv was higher in
the young compared with the older participants [69]. This reduction in basal MCAv with age
is likely due to a reduction in brain volume and therefore metabolism and blood flow [12].
Furthermore, a recent report indicates that MCAv is also affected by fitness (i.e., those with
a higher aerobic fitness exhibit an elevated MCAv of 9 cm.s-1 (~12-25%) at any age in
comparison to their sedentary counterparts) [36]. Despite this, the trained participants in
this study did not display an elevated MCAv when compared to the untrained participants,
potentially due to a lack of statistical power [36].
Data show that supine MAP and TPR were elevated with fitness (Table 3.1). This elevation is
most likely due to mild hypertension in many of the older athletes who exhibited a 9-12%
higher MAP and 29-51% higher TPR than the YT, YU and OU groups. The reason for this
increased MAP and TPR in the older trained group only is unknown. It may be that the OU
group were relatively normotensive in comparison to the OT (therefore sole reliance on this
observation is cautioned). Alternately, it may also be due to physiological alterations as a
result of the repeated cardiovascular stress of chronic exercise training for 20-50 years. Both
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ageing and prolonged exercise increase the production of reactive oxygen species [334, 335].
Furthermore, there is evidence from animal studies that ageing increases the production of
reactive oxygen species in response to an acute exercise bout [336]. An increased oxidative
stress is a contributing factor in hypertension [337-339], and may explain the higher blood
pressures observed in the older trained individuals. Similarly, transient cardiac dysfunction
has frequently been observed following prolonged exercise [340]. Thus, there is speculation
that high training volumes can cause detrimental effects on the cardiovascular system [341].
Whether repeated cardiovascular stress due to high training volumes, combined with ageing,
may negatively affect vascular tone and MAP, independent of the normal vascular stiffening
associated with aging is unknown. An alternative explanation is that basal sympathetic tone
is elevated following exercise training, but is offset by local vasodilator substances [342]. It
remains possible that an elevated sympathetic tone is not counteracted in older athletes,
resulting in an elevated MAP. Furthermore, to account for these differences in supine MAP
and TPR, HUT data are also displayed as relative change. In addition,

was also lowered

with age and elevated with fitness, mostly due to alterations in HR, as SV was unchanged.
There was a slight elevation in PETO2 with age and with fitness, whereas PETCO2 was lowered
with age. This indicates a mild hyperventilation in the older participants which occurred
despite a full familiarisation to the breathing apparatus. An ageing-induced reduction in
PETCO2 has been previously reported [160]; however, ageing-induced alterations in
pulmonary structure and function cannot account for this observation. Therefore, it may be
that, despite full familiarisation to the apparatus, the older individuals were more anxious
and were exhibiting a mild hyperventilation during the experimental protocol. Nevertheless,
the lowered PETCO2 with age does not fully explain the lowered MCAv in the older
participants. Independent of age, there is a ~2-4% reduction in MCAv per mm Hg reduction
in PETCO2 [170, 171]. If MCAv in the older participants was corrected for the mild supine
hyperventilation, MCAv would still be lowered in the older participants [48 cm.s-1
(uncorrected); 51-54 cm.s-1 (corrected); vs. 67 cm.s-1 (young)].
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Age, fitness and initial (<30 s) responses to HUT: The initial (<30 s) MCAv and MAP responses
to HUT were assessed as an index of dynamic cerebral autoregulation (Figure 3.3). Despite
more pronounced reductions in MCAv in the young, the time to the nadir and the time to
maximal recovery of MCAv occurred prior to the nadir and recovery of MAP, indicating a
relatively effective dynamic cerebral autoregulation. Lucas et al. [121] have recently
challenged this traditional concept of autoregulation – that is, a maintained CBF despite
changes in MAP within 60-150 mm Hg – suggesting that instead, MCAv changes passively
with changes in MAP over this range. Specifically, the CBF-MAP plateau does not exist in
healthy humans [121]. Data from this chapter support their observation because, although
dynamic autoregulation is deemed to be intact (since the time to nadir and time to maximal
recovery of MCAv occurred prior to that of MAP), there was still a marked reduction in
MCAv. The reason for the greater initial reduction in the young (despite similar reductions in
MAP) is unknown and warrants further investigation. Regardless, the greater drop in MCAv
was asymptomatic, indicating that it was an acceptable physiological perturbation.
Interestingly, a similar age response (on the reduction in MCAv with postural change) was
reported by Narayanan et al. [161]. It may be that CBF must be more tightly maintained in
older individuals because of a reduced absolute resting flow, and the need to maintain
cerebral oxygen delivery. Furthermore, during acute transient hypotension, the concomitant
reduction in MCAv is not only dependent on cerebral autoregulation, but also the arterial
baroreflex-mediated restoration of MAP [131]. Although there were slight differences in the
MCAv response, the MAP response (both magnitude and time) was comparable across age
and fitness.

Age, fitness and steady state (final 3 min) responses to HUT: Despite a lower MCAv in the
older participants, and a lesser initial (<30 s) reduction in MCAv with HUT, the ‘steady-state’
HUT-induced reduction in MCAv did not differ with age. The 15-20% reduction in MCAv with
HUT is similar to that reported elsewhere in response to HUT [343], LBNP [27, 191, 192], and
standing [158, 159] whilst during steady-state or prior to syncope. Although the MCAv
response to HUT was not affected by age or fitness, the reduction in systolic MCAv with HUT
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was less with age; fitness had no effect. The older participants also had a lesser attenuation
in SV with HUT than the young (Figure 3.5), a finding also observed by Tustusi et al. [229]
during LBNP. These changes in systolic MCAv with HUT were related to changes in SV
[r2=0.35; P<0.05; Figure 3.6]. Although an association between MCAv and
proposed [102, 103], it may be that the pulsatility component of

has been

(i.e., SV) may be more

important than flow per se in this relationship; that is, a pulsatile flow may be more
important in maintaining CBF than a constant flow (see Chapter Five). Although an increased
pulsatility has been associated with disease of the small cerebral vessels [344], an elevated
pulsatility may actually be of benefit during orthostasis. The superior location of the brain
with respect to the heart means that a higher pressure, pulsatile flow may be more effective
at overcoming the effect of gravity and maintaining CBF [104]. MCAv pulsatility was higher in
the older participants, indicating higher resistance/lower compliance. Furthermore, MCAv
pulsatility was increased in response to HUT in the older participants, but not in the young.
An increased resistance/lowered compliance would normally be detrimental, reducing the
capacity of the vascular bed to respond to transient alterations in blood flow. However, it
seems that despite this, older individuals are still able to maintain cerebral perfusion as well
as younger individuals in response to HUT. This is a novel finding and warrants further
investigation.
As expected, the older participants exhibited a reduced absolute and relative (i.e., percent
change from supine) HR response to orthostasis. Advancing age is associated with a decline
in cardiovagal baroreflex sensitivity; reducing vagal withdrawal for a given drop in MAP [13].
Supine HR and the absolute HR response to HUT were reduced with fitness, likely due to
increases in vagal activity, and reductions in sympathetic activity in response to endurance
training [345]. Absolute

in response to HUT was reduced with age and with fitness, likely

due to the differences in HR control, since absolute SV was unchanged. However, when
expressed as change from supine, the untrained participants exhibited greater decrements
in

(-10%) during HUT than their trained counterparts [-5%]. In order to maintain MAP, the

untrained participants displayed increases [11%] in TPR in response to HUT, whereas TPR
was mostly unchanged [-2%] from supine in the trained. Endurance training expands blood
volume by ~8% [255], which may help in maintaining venous return and consequently SV
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and

during postural change. A maintained central blood volume whilst upright in the

trained group could lessen the baroreflex response, reducing sympathetic outflow and hence
the extent of peripheral vasoconstriction. Overall, the trained individuals tended to maintain
MAP by cardiac responses (increased HR and contractility), whereas the untrained also relied
on vascular responses to augment central cardiac activity. Despite these slight differences in
the mechanisms of BP control during orthostasis, the ultimate outcome is that MAP is very
similar across groups in response to HUT.
Although the separate effects of age [7, 67], and fitness [26, 29, 30, 32, 34, 35] on orthostatic
tolerance have been studied, only three studies have compared the combined effects of age
and fitness on orthostatic tolerance [27, 28, 31]. Franke et al. [27] assessed the MCAv
response to maximal LBNP in young and older (aged 60+) trained and untrained participants.
Interestingly, although an age-induced reduction in CBF has been widely reported [12, 36,
69, 70, 75], this group found no difference in supine MCAv with age [27]. Similar to our
findings, however, they observed that the CBF response to orthostatic tolerance did not
differ with age or fitness. Hernandez et al. [31] found that despite ageing-related reductions,
and training-related increases in calf venous compliance, orthostatic tolerance to LBNP did
not differ with age or fitness. Furthermore, when comparing the cardiovascular responses to
LBNP in these groups there was little difference with age or fitness [28].

Four male participants (one YT, one YU and two OT) could not complete the 15 min HUT
protocol [Figure 3.2; Table 3.4]. All participants were familiarised with the lab environment
and HUT procedure prior to data collection; however, it is difficult to know whether the
individual’s nervousness/anxiety about the testing procedure or the ensuing exercise
contributed to the orthostatic intolerance [346], or whether they would have exhibited a
similar response in a repeat HUT. Nevertheless, none of these individuals had prior
complaints of orthostatic intolerance. The individual changes in MCAv, MAP, and PETCO2 at
syncope are displayed in Table 3.4. The YT, YU and OT(III) participants exhibited reductions in
MCAv, MAP, and PETCO2 not dissimilar to that observed following prolonged exercise (when
most participants became syncopal; Chapter Five). Whether participant OT(IV) experienced
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‘real’ pre-syncope is unknown; however, their perturbations in MCAv, MAP, and PETCO2 were
less pronounced than the three other participants. No obvious identifying factor separated
the ‘fainters’ from the rest of the participants (apart from significant pre-syncopal
symptoms), providing no further clues as to the exact mechanism/s responsible for syncope.
Because of the small sample and the fact that the focus of this chapter was on the
compensatory responses to HUT, data from these four ‘fainters’ were not included in the
main analysis for this chapter. Nonetheless, these four participants [~10%] demonstrate that
orthostatic intolerance is common in normal, healthy individuals across a wide range of ages
and fitness levels.

Considerations
Velocity vs. flow: Blood flow velocity in the MCA was measured by TCD, to provide an index
of CBF, rather than CBF per se. (as described in more detail in Chapter Two (see 2.2.1)).
Despite this, MCAv is a reliable and valid index of CBF [290, 291]. The reticular activating
centre of the brainstem for maintaining consciousness is fed by the basilar artery; however,
the MCA was used for imaging. Therefore, it is assumed that relative changes in blood flow
velocity are consistent between these two major cerebral arteries.
Finger photoplethysmography: The use of non-invasive finger photoplethysmography to
provide an estimate of changes in

has been validated in healthy individuals at rest, during

steady-state 70° HUT [347], and at syncope [277]. Since these validations have only been
performed on young individuals, the use of finger photoplethysmography to generate
absolute values of , especially in older individuals is cautioned. For this reason, HUT data
are also presented as percent change from supine.
Sex: Resting orthostatic tolerance is reported to be lower in females than in males [348].
However, regardless of age, the nine females in this study did not exhibit a lowered
orthostatic tolerance when compared to the males. The interactions of sex, age, and fitness
on orthostatic tolerance warrant further investigation.
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In conclusion, orthostatic tolerance, as determined by HUT-time completed, did not differ
with age or with fitness. The dynamic cerebral autoregulatory response to HUT was similar
across age and fitness. However, in response to HUT, older individuals exhibited a lesser
increase in HR, and less reduction in systolic MCAv and SV. Furthermore, fitter individuals
exhibited less reduction in

and a more maintained TPR. Cardiovascular adaptations as a

result of ageing and/or aerobic training do affect the mechanisms by which individuals
maintain MAP and MCAv in response to postural change. Despite this, at least in healthy
individuals, the cardiorespiratory and cerebrovascular systems are well adapted to varying
homeostatic states and there is no net effect on orthostatic tolerance.
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3.5

Summary

The main findings of this chapter are as follows:


Orthostatic tolerance was unaffected by age and by fitness;



The dynamic cerebral autoregulatory response to HUT was similar across age and
fitness;



Older individuals exhibited attenuated steady state HR and SV responses to HUT;



Fitter individuals exhibited less steady state reduction in

and more maintained TPR

with HUT;


Despite ageing- and fitness-induced steady state physiological adaptations to HUT,
the cardiorespiratory and cerebrovascular systems adapt well to orthostatic
challenge in healthy individuals.

In the following chapter (Chapter Four) the additional effect of moderate (30 min) exercise
on the parameters measured in this chapter will be addressed.
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Chapter Four

Cardiorespiratory and
cerebrovascular responses to headup tilt following moderate exercise:
influence of age and training status

4.1

Introduction

Syncope has been widely reported following prolonged exercise (≥4 h) [17-22], and is
ultimately due to an inability to maintain adequate cerebral perfusion. Most cases of
syncope following exercise are benign, a result of a vasovagal reflex causing a withdrawal of
sympathetic activity, an increase in vagal tone, and consequently bradycardia and
hypotension. Many temporary physiological alterations occur as a result of an acute bout of
exercise which may contribute to the observed reduction in orthostatic tolerance following
prolonged exercise. First, systemic vascular resistance is lowered following exercise
cessation – due either to alterations in autonomic control and/or local vasodilators –
resulting in a reduced MAP (~5-20 mm Hg), and termed PEH [230]. Second, a reduced
transmission of sympathetic activity into systemic vascular resistance has been observed
following moderate [233], and prolonged exercise [21]. Third, a sustained post-exercise
hyperventilation-induced hypocapnia, which results in a lowered CBF may reduce orthostatic
tolerance [20]. Fourth, exercise-induced hypohydration may also contribute to post-exercise
orthostatic intolerance [349, 350]. Although there is some understanding of the contributing
factors involved in the development of syncope, little is known about the extent of the
exercise stimulus required to induce these alterations and therefore compromise orthostatic
tolerance.
On assumption of the upright posture, blood is displaced from the central circulation into
the capacitance vessels of the lower limbs, pelvis, and abdomen [200]. This reduced central
blood volume reduces , and consequently may compromise CBF, leading to syncope. There
is a higher incidence of falls and syncope in older individuals, especially those older than 65
years [7, 67]. With normal ageing, baroreflex sensitivity is reduced, as is the HR response to
orthostasis [228], both of which may contribute to the lower orthostatic tolerance observed
in older individuals. However, it is also possible that ageing-induced arterial stiffening
maintains vascular resistance whilst upright, thus preserving orthostatic tolerance [228].
Cerebral blood flow is reduced with normal ageing; however, it seems that this lowered flow
is well compensated for and has little effect on orthostatic tolerance [27]. Furthermore, data
from Chapter Three, and those of others [27, 28, 31] revealed no difference in orthostatic
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tolerance between young and older individuals at rest. Despite this unchanged orthostatic
tolerance, the cardiovascular mechanisms responsible for maintaining MAP and CBF during
orthostasis are altered with age. For example, younger individuals tend to maintain MAP by
cardiac adaptations, whereas older individuals tend to rely on an increased vascular
resistance [228]. The effect of moderate-duration exercise (e.g., 30 min) on the physiological
responses to postural change in young and older individuals is unknown. Such knowledge is
important for both untrained and trained people, because moderate-duration exercise is far
more commonly undertaken, and it pertains to internationally recommended exercise
guidelines for health-related fitness [24, 25].
The effect of fitness on orthostatic tolerance remains controversial, with reports that
tolerance is lowered [32, 35], unchanged [28, 30], and even improved [26, 29] with higher
aerobic fitness. A lowered orthostatic tolerance with fitness may be due to a reduced
baroreflex sensitivity, or an increased venous compliance [35]. Conversely, regular aerobic
exercise expands blood volume [255], potentially improving tolerance. In Chapter Three,
data indicated that the maintenance of MAP during HUT in trained individuals was the result
of cardiac responses, whereas in the untrained population vascular adaptations were
responsible. Whether the physiological responses to a single exercise bout induce a similar
response to orthostatic stress in young and older trained and untrained individuals is
unknown.
Therefore, the main purpose of this chapter was to examine the cardiorespiratory and
cerebrovascular responses to HUT in young and older trained and untrained humans
following moderate exercise. It was hypothesised that independent of age and fitness, acute
exercise of moderate duration would compromise the normal physiological mechanisms
required to maintain cerebral perfusion during an orthostatic challenge, due to post-exercise
physiological alterations (i.e., PEH, altered autonomic control, and hyperventilation-induced
hypocapnia) which may compromise the control of MAP and consequently CBF.
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4.2

Methods

4.2.1 Participants
Forty one participants [nine YT; eleven YU; twelve OT; nine OU; Table 2.1] volunteered for
this study which was approved by New Zealand’s Lower South Region Ethics Committee, and
complied with the Declaration of Helsinki. Participants were informed of the experimental
procedures and potential risks involved in the study before their written consent was
obtained. Participants were not taking any cardiovascular medications, all were nonsmokers, and none had any history of cardiovascular, cerebrovascular or respiratory disease,
or a prior diagnosis of orthostatic hypotension. None reported frequent recurrent episodes
of syncope or related symptoms in their daily lives.

4.2.2 Protocol
As a reminder (from Chapter Two), participants were required to report to the laboratory on
three occasions. Prior to inclusion into the study all participants were screened by means of
a thorough medical history, chest auscultation, and 12-lead ECG. If left ventricular
hypertrophy, murmur or significant arrhythmia were detected, participants underwent a
clinical transthoracic echocardiogram to exclude any overt pathology. Following successful
screening, participants underwent familiarisation to the laboratory and testing procedures
before completing a O2 max test (described in 2.1.1.2.1).
Participants were informed to abstain from alcohol in the 12 h prior and caffeine in the 4 h
prior to this O2 max testing and the main testing protocol. They were also instructed to
arrive well hydrated by consuming 1 L of water during the evening prior and 0.5 L on the
morning of testing. On arrival at the laboratory for the main session, participants voided
their bladder prior to having height and mass recorded. Following at least 20 min supine
rest, a venous blood sample was procured, without stasis, for immediate analysis of
hematocrit and hemoglobin concentration in triplicate to allow the estimation of changes in
plasma volume (described in 2.1.1.2.2). Following instrumentation (with TCD, Finometer,
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NIRS and gas analysis equipment; see Chapter Two for more information), participants
remained supine for at least 30 min, after which they completed HUT to 60° for 15 min or to
pre-syncope. Participants were instructed to indicate when they were experiencing presyncopal symptoms of dizziness/light-headedness, nausea etc. and wished to be returned to
the supine position. Typical signs and symptoms of impending circulatory collapse were also
closely monitored. To limit the effect of the skeletal muscle pump, participants were
instructed not to make any muscle contractions at rest or during the tilt. After baseline (pre
exercise) testing, participants completed 30 min of treadmill exercise (walking/running) at
70-80% of maximal HR (determined from the

O2 max; see 2.1.1.2.1). Heart rate was

monitored throughout, with speed adjusted accordingly. The aforementioned protocol was
then repeated within 20 min of exercise completion (post exercise).
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Figure 4.1: Study one experimental protocol for young and older trained and untrained
participants. The focus of Chapter Four is highlighted by the red box; Assessment of
cardiorespiratory and cerebrovascular responses to HUT in young and older trained and
untrained participants following 30 min of exercise at 70-80% maximal HR.
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4.2.3 Statistical and Data Analysis
Steady state data were averaged for each individual over the 3-min baseline period
immediately preceding HUT, and during the final 3 min of HUT. In addition, an index of
dynamic cerebral autoregulation was gauged by assessing the time to the nadir, and time to
maximal recovery of the initial (<30 s) MCAv and MAP responses to HUT (Figure 3.3). All data
were analysed using SPSS statistical software (SPSS version 17.0, SPSS Inc, Chicago, Illinois).
To evaluate the effects of age and training status on the exercise-induced change in supine
and HUT physiological variables, two-factor ANOVA were used (between subjects factors:
age and training status). To evaluate the effect of 30 min of exercise on HUT time, and on
physiological responses to HUT, three-factor repeated measures ANOVA was conducted for
age, training status and time. Any significant age*fitness interactions were explored using
Bonferonni post-hoc tests. To assess changes in MCAv relative to changes in putative
variables, we used multiple linear regression to assess the effect of ΔMCAv vs. Δpredictor
variables collectively (i.e.,

, SV, MAP, and PETCO2). Statistical significance was established at

an α-level of 0.05, and data are expressed as means (± SD).
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4.3

Results

Exercise and orthostatic tolerance: All participants completed the 30 min of treadmill
exercise at 70-80% maximal HR. Body mass was reduced after exercise [73.7 kg, vs. 74.4 kg
(pre-exercise); P<0.05]; this reduction was smaller with increased age and fitness [P<0.05].
Plasma volume was increased after exercise [1.9 ± 4.2%; P<0.05], although this response did
not differ with age or fitness. Orthostatic tolerance, as determined by HUT-time completed,
was unchanged following 30 min of exercise, irrespective of age and fitness [Mean (all
groups) 14:45 ± 1:19 min:s, vs. 14:47 ± 0:43 (pre-exercise); P>0.05]. Four participants [one
YT, one YU, and two OT; Figure 3.2] could not complete the 15 min HUT at baseline (preexercise; Figure 3.2). Following 30 min of exercise, two of these participants [YU(II) and
OT(III); see Table 3.4] completed the 15 min HUT, whereas the remaining two [YT(I) and
OT(IV); Figure 4.2] remained orthostatically intolerant.

Figure 4.2: Individual (thin lines) and group mean (thick lines) ± SD head-up tilt (HUT) times
prior to (Pre) and following (Post) 30 min of treadmill exercise at 70-80% maximal heart rate
in young and older trained and untrained participants. The single line from 15 min (Pre) to
15 min (Post) actually represents the 8-10 individuals in each group who completed the full
15 min HUT both prior to and following exercise. I and IV represent the two individuals who
remained orthostatically intolerant following exercise.
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Exercise and supine hemodynamics: Mean MCAv and diastolic MCAv were elevated following
exercise in the older participants [~5% and 10% respectively], but were reduced in the young
[~-4% and -3% respectively; both P<0.05; Table 4.1, Figure 4.3]. Supine systolic MCAv also
tended to differ with age following exercise [+1% (older) vs. -5% (young); P=0.06]. CVR was
reduced after exercise, to a greater extent with older age [P<0.05]. Cerebral oxygenation
was unchanged after exercise. Heart rate was elevated following exercise [~7 b.min-1], but
was not influenced by age or fitness [P>0.05]. Mean arterial BP, systolic and diastolic BP
were all reduced following exercise [~-7%, -8%, and -6% respectively; P<0.05]. The reduction
in diastolic BP was unaffected by age or by fitness; however, the trained groups tended to
exhibit a greater post exercise reduction in both MAP [~-9% (trained) vs. -5% (untrained);
P=0.09] and systolic BP [~-11% (trained) vs. -6% (untrained); P=0.07]. Stroke volume and TPR
were reduced following exercise [both ~-7%; P<0.05] but did not differ with age or with
fitness. The post exercise reduction in SV was not related to the change in plasma volume
[r2=0.06; P>0.05]. Supine

was unchanged following exercise [P>0.05]. The partial pressure

of end-tidal CO2 was reduced following exercise [~-1 mm Hg; P<0.05], but was not different
with age or fitness. Independent of age, muscle oxygenation was elevated in the trained
group following exercise [~5% vs. 0% (untrained); P<0.05].

Age, fitness and dynamic cerebral autoregulation: MCAv and MAP were both reduced on
initial assumption of HUT; however, the young exhibited greater reductions in both MCAv [36 ± 17% vs. -20 ± 9% (older); P<0.05], and MAP [-35 ± 16% vs. -25 ± 10% (older); P<0.05]
when compared with the older individuals. Furthermore, the initial reductions were greater
following exercise for both MCAv [-29 ± 16% vs. -19 ± 14% (pre-exercise); P<0.05], and MAP
[-30 ± 15% vs. -23 ± 13% (pre-exercise); P<0.05]. Like pre-exercise, the time taken to reach
the nadir of the reduction [MCAv: 6.0 ± 1.4 s; MAP: 9.3 ± 1.9 s; Table 4.2], and the recovery
[MCAv: 13.3 ± 2.9 s; MAP: 18.6 ± 5.0 s] were shorter for MCAv than MAP; these times were
not different to pre-exercise (P>0.05). In addition, the time to the MAP nadir and time to
maximum recovery of both MCAv and MAP were longer in the older individuals following 30
min of exercise (P<0.05).
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Table 4.1: Absolute and relative (percent) changes in steady state cardiovascular and cerebrovascular measures whilst supine and during the
final 3 min of HUT in young and older trained and untrained participants following 30 min of exercise.
Young Trained
Δ, Supine
Δ, HUT

Young Untrained
Δ, Supine
Δ, HUT

Older Trained
Δ, Supine
Δ, HUT

Older Untrained
Δ, Supine
Δ, HUT

Cardiovascular
HR (b.min-1)
(%)
MAP (mm Hg)
(%)
SBP (mm Hg)
(%)
DBP (mm Hg)
(%)
SV (ml)
(%)
(L.min-1)
(%)
TPR (mm Hg.L-1.min-1)
(%)

8±7
(13 ± 12)
-8 ± 6
(-9 ± 7)
-12 ± 10
(-10 ± 7)
-6 ± 6
(-10 ± 9)
-12 ± 16
(-10 ± 14)
0.0 ± 1.1
(2 ± 16)
-1.3 ± 2.0
(-8 ± 14)

12 ± 7
(16 ± 11)
-9 ± 9
(-10 ± 12)
-15 ± 13
(-13 ± 11)
-8 ± 11
(-12 ± 18)
-18 ± 10
(-21 ± 11)
-0.7 ± 0.7
(-10 ± 10)
-0.2 ± 1.9
(0 ± 13)

7 ± 10
(11 ± 15)
-3 ± 8
(-4 ± 9)
-7 ± 11
(-5 ± 8)
-2 ± 7
(-2 ± 11)
-11 ± 8
(-10 ± 7)
0.0 ± 1.2
(0 ± 17)
-0.2 ± 1.8
(-2 ± 16)

11 ± 9
(12 ± 10)
-12 ± 15
(-13 ± 15)
-13 ± 10
(-12 ± 10)
-6 ± 9
(-8 ± 14)
-13 ± 5
(-18 ± 10)
-0.6 ± 0.7
(-9 ± 11)
-0.6 ± 2.4
(-4 ± 17)

7±5
(13 ± 10)
-9 ± 8
(-10 ± 8)
-17 ± 11
(-12 ± 8)
-6 ± 6
(-8 ± 9)
-7 ± 12
(-6 ± 13)
0.1 ± 0.9
(4 ± 17)
-2.2 ± 3.5
(-11 ± 20)

11 ± 7
(18 ± 12)
-11 ± 10
(-12 ± 11)
-19 ± 14
(-15 ± 10)
-7 ± 8
(-10 ± 11)
-8 ± 10
(-9 ± 12) *
0.8 ± 1.8
(4 ± 13) *
-2.7 ± 3.0
(-15 ± 19)

5±5
(9 ± 7)
-5 ± 7
(-6 ± 8)
-9 ± 9
(-7 ± 7)
-4 ± 6
(-6 ± 10)
-2 ± 25
(-1 ± 20)
0.4 ± 1.5
(7 ± 21)
-1.3 ± 2.8
(-9 ± 24)

8±6
(11 ± 8)
-8 ± 9
(-9 ± 9)
-14 ± 12
(-11 ± 8)
-5 ± 8
(-7 ± 11)
-7 ± 11
(-7 ± 14) *
0.2 ± 0.8
(3 ± 13) *
-1.7 ± 3.0
(-10 ± 18)

Cerebrovascular
MCAv (cm.s-1)
(%)
SMCAv (cm.s-1)
(%)
DMCAv (cm.s-1)
(%)
CVR (mm Hg.cm-1.s-1)
(%)

-0 ± 8
(-1 ± 13)
-3 ± 13
(-3 ± 12)
0±9
(1 ± 20)
-0.08 ± 0.24
(-6 ± 18)

-8 ± 8
(-15 ± 16)
-11 ± 15
(-10 ± 14)
-5 ± 14
(-7 ± 27)
0.19 ± 0.66
(10 ± 38)

-4 ± 7
(-6 ± 10)
-9 ± 10
(-8 ± 9)
-3 ± 8
(-6 ± 14)
0.05 ± 0.21
(5 ± 17)

-6 ± 8
(-10 ± 15)
-10 ± 11
(-10 ± 12)
-7 ± 10
(-15 ± 22)
-0.07 ± 0.35
(-2 ± 21)

3±6
(7 ± 13)
2 ± 10
(2 ± 11)
4±5
(13 ± 16)
-0.31 ± 0.31
(-16 ± 15)

4±9
(13 ± 28) *
1 ± 14
(4 ± 24)
6±7
(26 ± 34) *
-0.55 ± 0.60
(-20 ± 20)

1±3
(3 ± 8)
0±5
(0 ± 7)
2±2
(6 ± 8)
-0.13 ± 0.23
(-7 ± 12)

-2 ± 5
(-4 ± 11) *
-5 ± 7
(-7 ± 9)
0±5
(2 ± 20) *
-0.07 ± 0.32
(-4 ± 12)

Respiratory
PETO2 (mm Hg)
(%)
PETCO2 (mm Hg)
(%)

0±5
(0 ± 5)
-1 ± 3
(-3 ± 8)

1±3
(1 ± 3)
-3 ± 2
(-7 ± 7)

4±5
(4 ± 5)
-2 ± 3
(-5 ± 7)

2±4
(2 ± 3)
-2 ± 3
(-6 ± 10)

-1 ± 3
(-1 ± 3)
-1 ± 2
(-3 ± 6)

1±3
(1 ± 2)
-2 ± 3
(-7 ± 10)

-3 ± 4
(-3 ± 4)
0±3
(1 ± 7)

0±5
(0 ± 4)
-0 ± 4
(-1 ± 12)

Total Oxygenation Index
Cerebral (%, absolute)
(%, relative)
Muscle (%, absolute)
(%, relative)

1.2 ± 4.9
(2 ± 7)
2.4 ± 4.8
(4 ± 7)

0.8 ± 5.3
(2 ± 8)
1.0 ± 4.5
(2 ± 9)

0.2 ± 6.9
(1 ± 11)
-0.7 ± 5.2
(-1 ± 7)

-1.2 ± 3.7
(-2 ± 6)
0.5 ± 4.9
(1 ± 9)

1.4 ± 5.2
(2 ± 8)
4.6 ± 2.2
(7 ± 3)

-0.9 ± 4.3
(-1 ± 7)
5.3 ± 3.6
(10 ± 7)

0.1 ± 6.4
(1 ± 10)
0.0 ± 4.6
(0 ± 6)

0.0 ± 6.0
(0 ± 10)
1.6 ± 3.5
(2 ± 5)
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Age
Δ, Supine

Fitness
Δ, Supine

Interaction
Δ, Supine

P=0.73

P=0.36

P=0.82

P=0.50

P=0.09

P=0.72

P=0.40

P=0.07

P=0.96

P=0.72

P=0.13

P=0.33

P=0.15

P=0.54

P=0.57

P=0.40

P=0.88

P=0.70

P=0.43

P=0.50

P=0.75

P=0.04

P=0.20

P=0.79

P=0.06

P=0.30

P=0.55

P=0.02

P=0.16

P=0.99

P=0.05

P=0.07

P=0.84

P=0.01

P=0.69

P=0.05

P=0.22

P=0.81

P=0.16

P=0.84

P=0.50

P=0.79

P=0.30

P=0.01

P=0.53

Values are means ± SD based on up to 9 young trained (YT), 11 young untrained (YU), 12 older trained (OT) and 10 older untrained (OU) participants. Supine data were
averaged over 3 min immediately prior to HUT, and HUT values averaged during the final 3 min of HUT. HR, heart rate; MAP, mean arterial blood pressure; SBP, systolic
blood pressure; DBP, diastolic blood pressure; SV, stroke volume; , cardiac output; TPR, total peripheral resistance; MCAv, middle cerebral artery blood flow velocity;
SMCAv, systolic MCAv; DMCAv, diastolic MCAv; CVR, cerebrovascular resistance; P ETO2, partial pressure end-tidal oxygen; PETCO2, partial pressure end-tidal carbon dioxide.
* different from young (P<0.05).
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Figure 4.3: Supine changes in mean middle cerebral artery blood flow velocity (MCAv; A),
systolic MCAv (B) and diastolic MCAv (C) (from pre-exercise) in young and older individuals
following 30 min of treadmill exercise (walking/running) at 70-80% maximum heart rate.
*different from young (P<0.05).
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Exercise and hemodynamic responses to HUT: The postural reduction in MCAv was
exacerbated after exercise [~-22% vs. -17% (pre exercise); P<0.05; Figure 4.4], and the young
trained group experienced a greater reduction in MCAv after exercise [~-28% vs. pre
exercise] than the other groups [Mean: -21% vs. pre exercise; 3-way interaction: P<0.05].
The postural reductions in PETCO2 and cerebral oxygenation, and elevations in CVR were all
unchanged after exercise. The hypotensive response to HUT was increased following
exercise [~-8% vs. -3% (pre exercise); P<0.05; Figure 4.5], but was not related to age or
fitness. Likewise, the postural reduction in SV was more pronounced following exercise [~28% vs. -23% (pre exercise); P<0.05], but was unaffected by age or fitness, and unrelated to
supine changes in plasma volume with exercise (r2=0.02; P>0.05). The reduction in

with

HUT tended to be greater following exercise [~-11% vs. -6% (pre exercise); P=0.07], but again
was not affected by age or by fitness. Postural changes in HR, TPR and muscle oxygenation
were not different following 30 min of exercise. Multiple linear regression revealed that the
postural reductions in MCAv were tightly related to reductions in PETCO2, but less so to
reductions in MAP, SV or , both before and after exercise (P<0.05; Figure 4.6).

Table 4.2: Time course of the initial (<30 s) changes in MCAv and MAP in response to 60°
HUT in young and older trained and untrained and individuals following 30 min of treadmill
exercise (walking/running) at 70-80% maximal heart rate.

MCAv – Nadir (s)
MCAv – Recovery (s)
MAP – Nadir (s)
MAP – Recovery (s)

Young
Trained
5.9 ± 1.4
11.7 ± 2.4
8.1 ± 1.4
14.8 ± 3.1

Young
Untrained
5.5 ± 1.4
12.9 ± 2.1
9.0 ± 1.4
16.9 ± 2.7

Older
Trained
6.1 ± 1.3
13.5 ± 3.3 *
10.2 ± 2.4 *
20.6 ± 5.3 *

Older
Untrained
7.6 ± 1.4
17.1 ± 2.3 *
10.1 ± 1.4 *
23.3 ± 4.8 *

MCAv, middle cerebral artery blood flow velocity; MAP, mean arterial pressure. * different from
young (P<0.05).
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Figure 4.4: Postural changes in middle cerebral artery blood flow velocity (MCAv; A), endtidal CO2 (PETCO2; B), cerebrovascular resistance (CVR; C) and cerebral total oxygenation
index (Cerebral TOI; D) with HUT prior to (Pre) and following (Post) 30 min of treadmill
exercise (walking/running) at 70-80% maximum heart rate in young trained, young
untrained, older trained and older untrained participants. Each line represents individual
data, with mean ± SD displayed by overlying symbols. *post-exercise postural change
different from pre-exercise (all groups; P<0.05).
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Figure 4.5: Postural changes in heart rate (HR; A), mean arterial blood pressure (MAP; B),
stroke volume (SV; C), cardiac output (Q; D), total peripheral resistance (TPR; E) and muscle
total oxygenation index (Muscle TOI; F) with HUT prior to (Pre) and following (Post) 30 min
of treadmill exercise (walking/running) at 70-80% maximum heart rate in young trained,
young untrained, older trained and older untrained participants. Each line represents
individual data, with mean ± SD displayed by overlying symbols. *post-exercise postural
change different from pre-exercise (all groups; P<0.05).
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Figure 4.6: Postural changes in middle cerebral artery blood flow velocity (MCAv) plotted
against postural changes in mean arterial blood pressure (MAP; A), end-tidal carbon dioxide
(PETCO2; B), stroke volume (SV; C) and cardiac output ( ; D) prior to (I) and following (II) 30
min of treadmill exercise at 70-80% maximal heart rate in young and older trained and
untrained participants.
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4.4

Discussion

The aim of this chapter was to examine the effect of 30 min of moderate intensity exercise
on the cardiorespiratory and cerebrovascular responses to HUT in young and older trained
and untrained individuals. The major findings were: 1) neither age nor fitness affected
orthostatic tolerance following a 30 min bout of exercise; 2) 30 min of exercise induced
supine elevations in MCAv in the older athletes, but not in the young; 3) the initial (<30 s)
reductions in MCAv and MAP were more pronounced post-exercise; however, dynamic
cerebral autoregulation remained relatively well maintained across age and fitness; 4) the
steady state (final 3 min) postural reductions in MCAv, MAP and SV were exaggerated
following 30 min of exercise but were unaffected by age or fitness.

Exercise and orthostatic tolerance: Syncope has been reported following marathon [17, 21]
and ultramarathon distance running events [19, 254], ironman triathlons [17], and following
24 h of simulated adventure racing [20], in both lab (i.e., syncope induced by orthostatic
intervention, e.g., stand, HUT, LBNP) and field based (i.e., observational exercise-associated
collapse) settings. However, orthostatic intolerance has not been reported following exercise
of moderate duration (i.e., 30-60 min), indicating that the mechanisms responsible for
syncope may be dependent upon exercise duration (and/or related intensity). Scott et al.
[253] assessed the cardiovascular responses to LBNP following ~60 min of cycling (both
interval and continuous) in young individuals and observed an unchanged post-exercise
orthostatic tolerance. Data presented in this chapter support the findings of Scott et al. [253]
of an unchanged orthostatic tolerance following 30 min of moderate intensity exercise. Since
30 min of exercise is often the duration prescribed for health-related fitness, these findings
are important for the general population and indicate that moderate exercise is unlikely to
affect orthostatic tolerance. This finding is especially relevant for older individuals with an
already higher risk of syncope and falls.
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Exercise and supine hemodynamics: Following exercise, MCAv was elevated [5%] in older
individuals, but was reduced [-4%] in the young. The reduction in mean MCAv in the young
can be explained by the associated reduction in PETCO2 [-1-2 mm Hg] [170, 171]; however,
the post exercise elevation in MCAv in the older participants is an unexpected finding and
occurred despite a maintained supine PETCO2 following exercise. Intensity-dependent
increases in CBF of ~10-15% (see Queirdo & Sheel, 2007 [100] for review) are common
during sub-maximal exercise, likely due to increases in neuronal activity and consequently
metabolism, and elevations in PaCO2 [99, 100]. However, little is known about the effect of
age on the CBF response to exercise. Heckmann et al. [108] studied MCAv during 3 min of
recumbent cycling in young and older individuals and found that the magnitude of the
increase in MCAv was similar with age. Whether this is still apparent during – and especially
following – 30 min of upright exercise requires further investigation. Nevertheless, it is
possible that this post-exercise elevation in MCAv is a result of a delayed recovery of MCAv
to pre-exercise values rather than a greater exercise-induced elevation when compared with
the young.
Post-exercise hypotension was apparent in all groups following 30 min of exercise; however,
despite comparable baseline BP [between YT, YU, OU (OT were ~10% higher)], and similar
changes in plasma volume, PEH tended to be greater (-9 mm Hg) in the trained individuals
(compared to -5 mm Hg in the untrained). A reduced sympathetic nerve activity and/or an
increase in local vasodilator substances have been postulated to be responsible for PEH;
however, the exact mechanism/s are yet to be fully elucidated [230]. Whilst the magnitude
of PEH has been shown to be elevated in those with hypertension (see review [351]), a
relationship between PEH and fitness has not been previously observed. An increased
release of local vasodilator substances such as NO may be responsible for this increased PEH
in the trained population. Regular exercise evokes a shear stress stimulus, consequently
improving NO-dependent vasodilatation [143], and potentially increasing the magnitude of
PEH in trained individuals for a given exercise intensity. It should be noted that other factors
such as training-induced increases in blood volume, capillary density and venous capacity
may also be involved. Only one known study has compared the effect of training status on
PEH. Senitko et al. [249] found no difference in the magnitude of PEH between sedentary
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and endurance trained individuals following 60 min of cycling at 60% O2 peak; however, the
different exercise mode, intensity, and duration make comparison with this study difficult.

Exercise and the initial (<30 s) hemodynamic responses to HUT: The initial (<30 s) reductions
in MCAv and MAP were more pronounced (~7 and ~10% respectively) following 30 min of
exercise in all groups. A reduced TPR as a result of exercise likely explains this greater postexercise reduction in MAP. Furthermore, as discussed in Chapter Three, the findings of Lucas
et al. [121], of a passive relationship of MCAv in response to changes in MAP support the
similar reduction in MCAv with MAP. Similar to pre-exercise, the young individuals exhibited
greater reductions in MCAv (and MAP) when compared to their older counterparts. Despite
this, like pre-exercise, the nadir and the recovery of MCAv occurred prior to the equivalent
time points in MAP, and the times were unchanged, indicating an intact dynamic
autoregulatory response, a finding consistent with another report following exercise in
young volunteers [166]. However, unlike pre-exercise, the time to the nadir and maximal
recovery of MAP was delayed in the older individuals, potentially indicating a reduced
baroreflex sensitivity in this group following 30 min of exercise.

Exercise and the steady state (final 3 min) hemodynamic responses to HUT: Interestingly,
following only 30 min of moderate intensity exercise, the ‘steady state’ (i.e., final 3 min of
HUT) postural reduction in MCAv was ~30% greater than prior to exercise. Since MCAv was
mostly maintained (when averaged across all groups; Figure 4.3) whilst supine following
exercise, this finding indicates a more pronounced inability to restore MCAv to supine
values, with postural change following exercise. The postural change in PETCO2 was not more
pronounced following exercise and therefore cannot account for this observation.
The postural reductions in MAP and SV were also exaggerated following exercise, and likely
underpin these apparent reductions in MCAv. Vasodilatation in the previously-active muscle
reduces systemic vascular resistance following exercise [230]. This vasodilatation increases
the capacity for blood pooling in the lower limbs during orthostasis, consequently reducing
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MAP, , and SV. Furthermore, a reduced transmission of sympathetic activity into vascular
tone has been observed following both moderate [233], and prolonged exercise [21],
essentially limiting the ability of the vasculature to compensate for the exercise-induced
vasodilatation and resulting in a lowered MAP.
The maintenance of CBF and consciousness whilst upright is a highly integrative process,
involving the cardiovascular, cerebrovascular, autonomic, and respiratory systems. An acute
exercise bout creates further challenges for these systems. As mentioned above,
vasodilatation of the previously active muscle mass results in PEH. Upon postural change,
the translocation of blood from the central to peripheral circulation stimulates the
baroreflex to elevate sympathetic nervous system; resulting in an increase in HR,
contractility, and TPR to increase central venous pressure. However, following exercise,
baroreflex sensitivity is reduced [233], attenuating the amount of sympathetic outflow for a
given stimulus. Furthermore, the vascular responsiveness to a given stimulation is reduced
[233], potentially due to β-adrenergic receptor desensitisation [236]. Essentially, the ability
of the vasculature to increase tone is impaired and blood pooling in the abdomen, pelvis,
and lower limbs is increased. Without the skeletal muscle pump, SV and consequently MAP
are reduced.
Although cerebral autoregulation acts to maintain a constant CBF in spite of changes in MAP,
it is not perfect [121]. Furthermore, some studies have reported that CBF also exhibits a
dependence upon

[102, 103]. Cardiac output also tended to be reduced with postural

change following exercise. As previously mentioned in Chapter Three, and displayed in
Chapter Five, the pulsatile nature of SV may be the more important component of

in the

maintenance of MCAv (Figure 5.5, Chapter Five). These data indicate that the greater postexercise postural reduction in MCAv may be due to comparable post exercise reductions in
SV and/or redistribution of

, highlighting the integrative nature of the cardiovascular,

cerebrovascular, autonomic, and respiratory systems in the maintenance of MAP and MCAv
in response to assuming an upright posture. Furthermore, these exaggerated postural
reductions in MCAv, MAP, and SV following exercise indicate that the physiological
perturbations responsible for initiating the onset of syncope following prolonged exercise
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may start occurring early. However, they have no overall effect on orthostatic tolerance
following moderate duration exercise (as seen by an unchanged HUT-time), but may
increase in magnitude with exercise volume, ultimately resulting in syncope.

In conclusion, HUT-time was not reduced following moderate exercise, indicating that 30
min of moderate intensity exercise is not enough to compromise orthostatic tolerance.
Furthermore, neither age nor fitness had an effect on orthostatic tolerance following 30 min
of exercise. Dynamic cerebral autoregulation was maintained; however, the steady state
postural reductions in MCAv, MAP, and SV with HUT were exaggerated following exercise.
Post-exercise collapse is often observed following prolonged exercise, and is a result of a loss
of cardiovascular control and therefore cerebral hypoperfusion. Data from this chapter
indicate that this impaired control of MCAv and MAP may begin early and increase with
exercise duration.
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4.5

Summary

The main findings of this chapter are as follows:


Orthostatic tolerance was unchanged following 30 min of moderate intensity
exercise;



Neither age, nor fitness affected orthostatic tolerance following exercise;



Although greater initial (<30 s) reductions in MCAv and MAP were observed, dynamic
cerebral autoregulation was maintained;



The steady state postural reductions in MCAv, MAP, and SV were exaggerated
following 30 min of exercise;



The older participants exhibited supine increases in MCAv following exercise, not
observed in the young.

In the following chapter (Chapter Five) the additional effect of prolonged exercise on the
parameters measured in this chapter (and Chapter Three) will be addressed; however in
trained young and older athletes only.
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Chapter Five

Cardiorespiratory and
cerebrovascular responses to headup tilt following prolonged exercise:
influence of age

5.1

Introduction

Syncope in athletes following prolonged exercise is widely reported [17-22], and is a
consequence of an inability to maintain adequate cerebral perfusion. Orthostatic stress
transiently reduces BP. Normally this drop in MAP is restored via the arterial baroreflex,
which increases in HR and systemic vascular resistance, thereby helping to maintain CBF. An
important protective feature of the cerebral circulation is the ability to maintain a relatively
stable CBF over a wide range of MAP (~60-150 mm Hg) by altering CVR; a process termed
cerebral autoregulation [147]. Experimental studies indicate that MCAv is also dependent on
[102, 103].
Vasovagal syncope is the most common form of neurally-mediated syncope. It is an
autonomic reflex which results in an increase in vagal activity and the withdrawal of
sympathetic tone, causing bradycardia and hypotension. Once MAP falls below the lower
limit of autoregulation, and oxygen extraction is maximized, further cerebral vasodilatation
cannot maintain sufficient flow to maintain consciousness, and syncope ensues [147].
Following prolonged exercise, the adoption of an upright posture challenges the
cardiovascular system. Post-exercise hypotension combined with venous pooling in
vasodilated vessels reduces venous return and consequently

[230]. Related to this, a

reduced transmission of sympathetic activity into systemic vascular resistance has been
observed following moderate [233], and prolonged exercise [21], limiting the ability to
maintain MAP and ultimately cerebral perfusion. A further mechanism which may
exacerbate the development of syncope following prolonged exercise is continued
hyperventilation-induced hypocapnia and related cerebral vasoconstriction [20].
The incidence of syncope increases in older age, especially in individuals older than 65 years
[7]. Baroreflex sensitivity and the HR response to orthostasis are also reduced [228],
contributing to the lowered orthostatic tolerance. Dynamic cerebral autoregulation appears
to be unaffected by ageing [155]; however, a reduced basal CBF may provide an explanation
for the increased incidence of syncope with age. No studies have documented whether
there is a differential age-related elevation in syncope incidence following prolonged
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exercise. The purpose of this chapter was to assess the cardiorespiratory and
cerebrovascular responses to orthostatic stress in young and older athletes following
prolonged (4 h) exercise. It was hypothesised that older athletes would be more
orthostatically intolerant following prolonged exercise than their younger counterparts, due
to a reduced basal CBF, reduced baroreflex sensitivity, and higher overall incidence of
syncope.
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5.2

Methods

5.2.1 Participants
Nine young (18-35 years) and twelve older (60-80 years; Table 5.1) trained runners
volunteered for this study which was approved by New Zealand’s Lower South Region Ethics
Committee, and complied with the Declaration of Helsinki. Participants were informed of the
experimental procedures and potential risks involved in the study before their written
consent was obtained. Participants were not taking any cardiovascular medications, all were
non-smokers, and none had any history of cardiovascular, cerebrovascular or respiratory
disease, or a prior diagnosis of orthostatic hypotension. None reported frequent recurrent
episodes of syncope and/or related symptoms.

Table 5.1: Characteristics of the young and older trained participants involved in Study One.
Males: Females
Age (years)
Height (cm)
Body Mass (kg)
BMI (kg.m2)
O2 max (ml.kg-1.min-1)
Training (h.wk-1)
Years competing in endurance events
Endurance events completed in lifetime (n)

Young
7:2
27 ± 4
179 ± 10
72.0 ± 9.0
22.3 ± 1.6
59.0 ± 9.6
8±3
4±2
6±3
(Range 2-10)

Older
10:2
65 ± 5 *
173 ± 8
71.6 ± 7.6
23.9 ± 2.4
45.5 ± 7.7 *
8±4
27 ± 9 *
111 ± 88 *
Range (20-250)

Values are means ± SD based 9 young and 12 older participants. BMI, body mass index; O2 max,
maximal oxygen consumption. * Different from young (P<0.05).
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5.2.2 Protocol
As a reminder (from Chapter Two), participants were required to report to the laboratory on
three separate occasions. Prior to inclusion into the study all participants were screened by
means of a thorough medical history, chest auscultation and 12-lead ECG. If left ventricular
hypertrophy, murmur or significant arrhythmia were detected, participants underwent a
clinical transthroacic echocardiogram to exclude any overt pathology. Following successful
screening, participants underwent familiarisation to the laboratory and testing procedures
before completing a O2 max test (described in 2.1.1.2.1).
Prior to the O2 max and the main testing protocol, participants were informed to abstain
from alcohol in the 12 h prior and caffeine in the 4 h prior to testing. Participants were also
instructed to arrive well hydrated by consuming 1 L of water the evening prior and 0.5 L the
morning of testing. On arrival at the laboratory for the main session, participants voided
their bladder prior to having height and weight recorded. Following instrumentation (with
TCD, Finometer, NIRS and gas analysis equipment) participants remained supine for at least
30 min whilst a venous blood sample was procured (see 2.1.1.2.2). Following at least 30 min
supine rest, participants completed HUT to 60° for 15 min or to pre-syncope. Participants
were instructed to indicate when they were experiencing pre-syncopal symptoms of
dizziness/light-headedness, nausea etc. and wanted to be returned to the supine position.
The result of this symptom-dependent, rather than BP-dependent cessation of HUT means
that in most cases BP was allowed to fall below the limits of autoregulation, which is often
not reached when utilising a more conservative BP-dependent termination point. Typical
signs and symptoms of impending circulatory collapse were also closely monitored by the
investigators. To limit the effect of the skeletal muscle pump, participants were also
instructed not to make any muscle contractions at rest or during the tilt. After baseline (preexercise; Chapter Three) testing, 30 min of exercise and subsequent testing (Chapter Four),
participants completed 4 h of running at 70-80% of maximal heart rate on a flat course. The
aforementioned protocol was then repeated within 20 min of exercise completion (postexercise).
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Figure 5.1: Study one experimental protocol for young and older trained and untrained
participants. The focus of Chapter Five is highlighted by the red box; Assessment of
cardiorespiratory and cerebrovascular responses to HUT in young and older trained runners
following 4 h of exercise at 70-80% maximal HR.
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5.2.3 Statistical and Data Analysis
Data were averaged over the 3-min baseline period immediately preceding HUT, and the
final 60 s prior to imminent syncope during HUT. In addition, an index of dynamic cerebral
autoregulation was determined by assessing the time to the nadir, and time to maximal
recovery of the initial (<30 s) MCAv and MAP responses to HUT (Figure 3.3). All data were
analysed using SPSS statistical software (SPSS version 17.0, SPSS Inc, Chicago, Illinois). To
assess the mean difference between young and older participants at baseline, Independentsamples t-tests were used. To evaluate the effect of exercise and age on physiological
changes whilst supine and during HUT, repeated measures ANOVA was conducted for age
(between-subjects factor) and time (repeated factors: pre- and post-exercise; supine and
pre-syncope). To assess changes in MCAv relative to changes in putative variables, (i)
correlations of ∆MCAv vs. ∆predictor variable from supine to syncope, and (ii) multiple linear
regression to assess the effect of ∆MCAv vs. ∆predictor variables collectively (i.e., , SV,
MAP and PETCO2) were used. Statistical significance was established at an α-level of 0.05, and
data are expressed as means (± SD).
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5.3

Results

Exercise: All athletes completed the 4 h of exercise. During this time, the young athletes
covered 41 ± 4 km, while the older athletes completed 36 ± 6 km [P<0.05]. Distance covered
was related to O2 max [r2=0.65; P<0.05]. Food and fluid were consumed ad libitum [mean
fluid consumption: 1.5 ± 0.5 L]. Body mass was reduced slightly in both groups post-exercise
[-2.2 ± 0.6 kg (young); -2.8 ± 0.7 kg (older); P<0.05 vs. pre-exercise]. Plasma volume was
reduced post-exercise in the young [-4.3 ± 2.5%; P<0.05 vs. pre-exercise], but did not change
in the older group [-2.2 ± 7.1%; P>0.05 vs. pre-exercise]. Likewise, urine specific gravity was
higher in the young group following exercise [1.012 ± 0.008 (pre); 1.021 ± 0.011 (post);
P<0.05 vs. pre-exercise] but remained similar in the older group [1.014 ± 0.009 (pre); 1.019 ±
0.006 (post); P>0.05 vs. pre-exercise]. Tympanic temperature was not altered following
exercise in either age group [P>0.05 vs. pre-exercise]. Average daily ambient temperature
across the 13 days of the study was 14.7 ± 2.1 °C [range: 11.8-19.9 °C], with 72 ± 8% relative
humidity [range: 60-83%], little rain and light winds.

Participants and occurrence of syncope: Following the 4 h of exercise, syncope developed in
17 out of the 21 participants during HUT, compared with 3 (1 young, 2 older) out of the 21
athletes prior to exercise. Data from four participants (2 young, 2 older) who did not develop
syncope following exercise were excluded from all syncope analysis [Table 5.4; Figures 5.45.6]. These athletes did not exhibit obvious differences in post-exercise physiological
alterations when compared with their orthostatically intolerant counterparts. Duration of
HUT was reduced post-exercise [5:59 min:s ± 4:53 vs. 14:39 min:s ± 0:55 (pre-exercise);
P<0.05]; this reduction did not differ with age [P>0.05; Figure 5.2] and was unrelated to O2
max [r2=0.00, P>0.05]. Syncope scores were higher during HUT post-exercise [17 ± 6 vs. 1 ± 2
(pre-exercise); P<0.05; Table 5.3], but did not differ with age.
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Figure 5.2: Survival curve of time to syncope during 15 min HUT to 60° in young and older
athletes following 4 h of running at 70-80% HRR.

Influence of age on supine hemodynamics pre-exercise: Supine MCAv, and systolic and
diastolic MCAv were lower [-24, -21% and -32% respectively] and CVR higher [46%] in the
older group prior to exercise [P<0.05; Table 5.2]. Mean arterial BP, systolic BP and TPR were
higher [10%, 13% and 30% respectively] and muscle oxygenation lower [-5%] in the older
group pre-exercise [P<0.05]. In the older athletes, PETO2 was slightly elevated and PETCO2
reduced when compared to the young athletes prior to exercise [P<0.05].

Prolonged exercise and supine hemodynamics: Following exercise, mean MCAv was elevated
[10 ± 17%; P<0.05; Table 5.2]. Supine MCAv was unchanged (vs. pre-exercise), but diastolic
MCAv was higher [19 ± 24%; P<0.05] post-exercise, irrespective of age. Likewise, CVR was
reduced post-exercise in both groups [P<0.05]. Heart rate was elevated and MAP, systolic
and diastolic BP, SV and TPR reduced following 4 h of exercise [P<0.05], although age had no
effect on these exercise-induced alterations. PETCO2 was reduced post-exercise [P<0.05] but
did not differ with age. Adrenaline and noradrenaline concentrations were elevated [P<0.05]
in both groups post-exercise, although the older athletes exhibited greater elevations in
157

both [adrenaline: 110 ± 83% (young) vs. 295 ± 301% (older); noradrenaline: 94 ± 97% (young)
vs. 210 ± 98% (older); P<0.05].

Age and dynamic cerebral autoregulation: MCAv and MAP were both reduced on initial
assumption of HUT; however, the older individuals exhibited lesser reduction in MCAv [-21 ±
10% vs. -36 ± 18% (young); P<0.05], but similar reductions in MAP [-28 ± 11% (both groups)]
when compared with the young. The initial reductions in both MCAv [-27 ± 15% vs. -29 ±
16% (post 30 min exercise); P<0.05], and MAP [-28 ± 11% vs. -30 ± 15% (post 30 min
exercise)] were similar to those observed following 30 min of exercise. Like pre-exercise, the
time taken to reach the nadir [MCAv: 5.8 ± 1.2 s; MAP: 9.3 ± 3.0 s; Table 5.3] of the
reduction, and the recovery [MCAv: 12.3 ± 2.6 s; MAP: 18.4 ± 5.5 s] of MCAv occurred prior
to MAP; these times were not different to pre-exercise (P>0.05). Furthermore, the time to
the MAP nadir was longer in the older individuals [P<0.05].
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Table 5.2: Steady state supine cardiovascular and cerebrovascular measures in young and
older athletes prior to and following 4 h of running at 70-80% HRR.
Young

Older

Pre-exercise

Post-exercise

Pre-exercise

Post-exercise

Cardiovascular
-1
HR (b.min )
MAP (mm Hg)
SBP (mm Hg)
DBP (mm Hg)
SV (mL)
-1
(L.min )
-1
-1
TPR (mmHg.L .min )

63 ± 6
84 ± 5
123 ± 9
65 ± 4
112 ± 15
7.0 ± 1.4
12.5 ± 2.7

81 ± 10 †
79 ± 7
113 ± 13
61 ± 5
95 ± 20
7.6 ± 1.2
10.5 ± 1.0

57 ± 6
92 ± 5 *
139 ± 10 *
68 ± 3
103 ± 17
5.9 ± 1.1
16.2 ± 2.9 *

75 ± 9 †
84 ± 7 †
121 ± 14 †
65 ± 4
80 ± 18 †
5.8 ± 1.3 *
14.8 ± 2.6 *

Cerebrovascular
-1
MCAv (cm.s )
-1
SMCAv (cm.s )
-1
DMCAv (cm.s )
-1 -1
CVR (mm Hg.cm .s )

66 ± 6
108 ± 13
47 ± 8
1.31 ± 0.12

76 ± 12 †
120 ± 20
53 ± 7
1.07 ± 0.22 †

50 ± 9 *
85 ± 16 *
32 ± 6 *
1.91 ± 0.32 *

52 ± 9 *
84 ± 14 *
39 ± 10 *†
1.66 ± 0.25 *†

110 ± 4
42 ± 3

107 ± 5
41 ± 5

115 ± 3 *
38 ± 4 *

114 ± 5 *
35 ± 6 †

Hematological
-1
Hb (mg.dL )
Hct (%)
-1
Adrenaline (pg.ml )
-1
Noradrenaline (pg.ml )

14.2 ± 1.1
42 ± 3
20 ± 8
158 ± 39

14.6 ± 1.0 †
43 ± 3
37 ± 13 †
283 ± 131 †

14.5 ± 0.9
43 ± 3
17 ± 9
201 ± 67

14.9 ± 1.0
43 ± 4
56 ± 30 †
571 ± 114 *†

Oxygenation Index
Cerebral (%)
Systemic (%)

67.5 ± 5.0
71.9 ± 4.1

70.6 ± 5.3 †
73.2 ± 4.0

65.3 ± 6.3
68.5 ± 3.2 *

65.6 ± 8.2
67.0 ± 4.7

Respiratory
PETO2 (mm Hg)
PETCO2 (mm Hg)

Values are means ± SD based on 9 young and 12 older participants. Supine data were averaged over
3 min immediately prior to head-up tilt. HR, heart rate; MAP, mean arterial blood pressure; SBP,
systolic blood pressure; DBP, diastolic blood pressure; SV, stroke volume; , cardiac output; TPR,
total peripheral resistance; MCAv, middle cerebral artery blood flow velocity; SMCAv, systolic MCAv;
DMCAv, diastolic MCAv; CVR, cerebrovascular resistance; PETO2, partial pressure end-tidal oxygen;
PETCO2, partial pressure end-tidal carbon dioxide; Hb, hemoblobin; Hct, hematocrit. * Different from
young (P<0.05); † Different from pre-exercise (P<0.05).
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Table 5.3: Time course of the initial changes in MCAv and MAP in response to 60° HUT in
young and older trained individuals following 4 h of running at 70-80% maximal HR.
Young
Trained
5.7 ± 0.5
11.4 ± 2.8
7.1 ± 1.2
16.1 ± 2.4

MCAv – Nadir (s)
MCAv – Recovery (s)
MAP – Nadir (s)
MAP – Recovery (s)

Older
Trained
5.9 ± 1.6
12.9 ± 2.5
10.9 ± 3.0 *
20.1 ± 6.6

MCAv, middle cerebral artery blood flow velocity; MAP, mean arterial pressure. *different from
young.

Influence of age on hemodynamic alterations immediately prior to syncope: At impending
syncope, MCAv was reduced in both the young and older athletes [Figure 5.3 & 5.4]. The
reduction in MCAv was greater in the young [-43 ± 18 cm.s-1 vs. -22 ± 11 cm.s-1 (older) at 10 s
prior to termination of HUT; P<0.05; Figure 5.4]. Of note, however, the absolute value of
MCAv immediately prior to syncope was almost identical in both groups [34 ± 10 cm.s -1
(young) vs. 32 ± 12 cm.s-1 (older) at 10 s pre-syncope; P>0.05]. The pattern and magnitude of
hypotension during HUT was similar between the young and older athletes [-42 ± 22%
(young) vs. -45 ± 13% (older) at 10 s pre-syncope; P<0.05 vs. supine; Figure 5.5]. The older
athletes had an attenuated HR response to HUT [+14 ± 9 bpm vs. +36 ± 19 bpm (young) at 60
s pre-syncope; P<0.05] when compared to the young. However, immediately prior to
syncope, the young athletes exhibited a drop in HR [-30 ± 26 bpm; P<0.05], not observed in
the older athletes. Stroke volume was reduced prior to syncope in both age groups, although
to a greater extent in the young [-57 ± 16% vs. -34 ± 13% (older) at 10 s pre-syncope; P<0.05
vs. supine]. Cardiac output was reduced throughout the pre-syncope period in the young
athletes [-47 ± 19%; P<0.05 vs. Supine; Table 5.4], but was only lowered immediately prior to
syncope in the older athletes [-34 ± 13%; P>0.05 vs. supine]. Total peripheral resistance was
maintained pre-syncope in the young [8 ± 10% at 10 s pre-syncope; P>0.05 vs. supine] but
was reduced in the older athletes [-21 ± 12 %; P<0.05 vs. supine]. Muscle oxygenation was
lowered in the pre-syncope period in both the young and older athletes, although to a
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greater extent in the young [-18 ± 10% vs. -10 ± 7% (older) at 10 s pre-syncope; P<0.05 vs.
supine]. PETCO2 was reduced pre-syncope in the young [-14 ± 7 mm Hg at 10 s pre-syncope;
P<0.05 vs. supine], but did not differ from supine values in the older athletes [P>0.05 vs.
supine]. Cerebrovascular resistance and cerebral oxygenation were mostly unchanged with
age and in the pre-syncope period.
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Figure 5.3 (opposite): Typical trace of middle cerebral artery blood flow velocity (MCAv), end
tidal CO2 (PETCO2), heart rate (HR), mean arterial blood pressure (MAP), cardiac output ( )
and stroke volume (SV),in a young (left) and older (right) participant whilst supine and in the
final 60 s prior to syncope following 4 h of running at 70-80% HRR.
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Figure 5.4 (opposite): Absolute (left) and relative (right) postural changes in middle cerebral
artery blood flow velocity (MCAv; A), end tidal CO2 (PETCO2; B), and cerebral total
oxygenation index (TOI; C) whilst supine and in the final 60 s prior to syncope in young and
older athletes following 4 h of running at 70-80% HRR. * different from young (P<0.05); †
different from supine (young; P<0.05); ‡ different from supine (older; P<0.05).
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Figure 5.5 (opposite): Absolute (left) and relative (right) postural changes in heart rate (HR;
A), mean arterial blood pressure (MAP; B), stroke volume (SV; C), cardiac output ( ; D) and
total peripheral resistance (TPR; E) whilst supine and in the final 60 s prior to syncope in
young and older athletes following 4 h of running at 70-80% HRR. * different from young
(P<0.05); † different from supine (young; P<0.05); ‡ different from supine (older; P<0.05).
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Table 5.4: Classification of syncope in the young and older trained participants following 4 h of running at 70-80% maximal HR.

1
2
3
4
5
6
7

Tilt Time
Completed
(min:s)
3:54
2:39
3:56
1:18
7:44
3:38
3:18

Mean

3:47 ± 1:58

Subject

#

Young
TPR
(%
(%
change)
change)
-63
-11
-33
+11
-73
+18
-45
+12
-18
+13
-59
+10
-38
+16

-47 ± 19

+8 ± 10

Syncope
Scale
(_/70)
25
10
29
18
20
21
17

Classification

Subject

Mixed
Venular
Venular
Venular
Venular
Venular
Venular

1
2
3
4
5
6
7
8
9
Mean

20 ± 6

Tilt Time
Completed
(min:s)
5:09
1:43
2:16
5:16
2:47
5:40
2:10
9:22
2:13
#
3:55 ± 2:25

Older
TPR
(%
(%
change)
change)
-41
0
-18
-38
-21
-25
-35
-23
-39
-28
-36
-17
-26
-4
+11
-31
-56
-24
-29 ± 19
-21 ± 12

Syncope
Scale
(_/70)
18
15
17
16
16
18
20
22
15
17 ± 2

Classification
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Arteriolar
Mixed

Values are data obtained from individual participants (cardiac output) and TPR (total peripheral resistance) averaged over the 10 s immediately prior to
syncope and are expressed as relative change from supine (post-exercise). # Tilt time completed from those who became syncopal during the tilt only, data
from the 2 participants from each group who completed the 15 min tilt post-exercise is not included. Classification of syncope as outlined in Deegan et al,
2007 [352].
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Figure 5.6: Relationship between relative changes in middle cerebral artery blood flow
velocity (MCAv) with changes in stroke volume (SV; top left), cardiac output ( ; top right),
mean arterial blood pressure (MAP; bottom left) and end tidal CO2 (PETCO2; bottom right)
from supine in the 10 s immediately prior to syncope in young and older athletes following 4
h of running at 70-80% maximal HR. Although not displayed separately, the mean slope of
ΔMCAv with ΔSV did differ with age (P<0.05). Age had no effect on other variables.
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5.4

Discussion

The aim of this chapter was to examine the influence of ageing on the mechanisms of
syncope following prolonged exercise. The four major findings of the chapter were: 1) There
were no age-related differences in orthostatic tolerance following exercise; 2) dynamic
cerebral autoregulation was maintained following prolonged exercise, irrespective of age; 3)
despite a higher basal MCAv in the younger athletes, which was further elevated following
exercise, MCAv at the point of syncope was similar between groups, equating to a 2-fold
greater reduction in MCAv in the young; and 4) despite comparable hypotension and MCAv
at the point of impending syncope, there were age-related differential circulatory
mechanisms underpinning this response.

Influence of age on supine hemodynamics: As observed in previous studies [69, 75], supine
MCAv was higher in the young compared with the older athletes. This reduction in basal CBF
with aging is likely due to a reduction in brain volume (of grey and white matter in the
frontal, temporal and parietal cortices) and therefore metabolism and blood flow [12, 353,
354]. Mean arterial BP, Systolic BP, TPR, and CVR were all elevated in the older group whilst
supine, most likely due to the ageing-induced increases in sympathetic activity and
reductions in vagal activity [14].

Influence of prolonged exercise on supine hemodynamics: The effects of 4 h of exercise on
cardiovascular and cerebrovascular hemodynamics were apparent irrespective of age.
Despite a lowered PETCO2, MCAv was elevated by 15% in the young and tended to be
increased less (4%) in the older athletes whilst supine following exercise. This increase in
MCAv occurred independent of increases in , indicating that elevations in neuronal activity
or cerebral metabolism are more likely responsible [355]. However, these findings are in
opposition with those from Chapter Four, where a greater elevation in MCAv was observed
in the older participants (and a reduction in the young). Because the order of the study was
randomised with young and old participants, and the individualised and identical Doppler
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settings were used for each subject before and following exercise, it would seem unlikely
that this finding is explained by technical error; therefore, the differing stress of the longer
exercise duration may be responsible. A recent study found increases in systolic MCAv
immediately following 6-8 min of dynamic heavy exercise (75-80% maximum HR) in young
individuals [166]; however, this elevation did not persist beyond 1-3 min post exercise. It
may be that any elevations in MCAv following exercise in a younger population are exercise
duration-dependent. In the older athletes, there was no evidence of any significant change
in MCAv or cerebral oxygenation following prolonged exercise, although PETCO2 was lowered
at this time point. It is well known that there is a ~2-4% reduction in CBF per mmHg
reduction in PETCO2 [169-171, 356]; these alterations show little change with healthy aging
[171]. Therefore, if MCAv was corrected for the post-exercise hypocapnia evident in the
older group [52 cm.s-1 (uncorrected) to 55-57 cm.s-1 (corrected)], the post-exercise elevation
in MCAv in the older group would still only be half that observed in the young. The
mechanism underlying these age dependant changes in neurovascular coupling following
exercise warrant further research.
Following exercise, in both the young and older groups, elevations in HR, adrenaline, and
noradrenaline concentrations were apparent, indicating increases in sympathetic and likely
reductions in vagal activity. Post-exercise hypotension was evident following exercise, with
significant reductions in both systolic and diastolic BP, and TPR. The magnitude of
hypotension (~10 mm Hg) was unrelated to age or pre-exercise BP, although is similar to that
reported previously [230], supporting the notion that exercise duration has little effect on
the magnitude of PEH [248]. This finding indicates that if PEH is unrelated to exercise
duration, other physiological alterations incurred during prolonged exercise, which persist
into recovery, must be more important in the development of syncope.

Influence of age on dynamic cerebral autoregulation: The initial (<30 s) reductions in MCAv
and MAP were similar to that observed following 30 min of exercise (Chapter Four),
indicating no additive effect of exercise duration on the extent of the reduction in MCAv and
MAP upon initial postural change. Furthermore, similar to pre-exercise, the young
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individuals exhibited greater reductions in MCAv when compared to their older
counterparts; however, the reduction in MAP was similar across age. Despite this, as with
pre-exercise, the nadir and the recovery of MCAv occurred prior to the equivalent time
points in MAP, and the times were unchanged, indicating an intact dynamic autoregulatory
response. Furthermore, similar to data obtained following 30 min of exercise, the time to the
nadir of MAP was delayed in the older individuals, potentially indicating a reduced
baroreflex sensitivity in this group following exercise. Overall, despite these greater initial
postural reductions in MCAv and MAP following prolonged exercise, the autoregulatory and
baroreflex responses are relatively intact and MCAv and MAP are somewhat restored until
the progression of syncope some minutes later. A similar study by our research group
assessed the initial MCAv and MAP responses to standing following a mountain marathon
[21]. In that study we found that participants exhibited a significant reduction in MCAv in the
early (<90 s) response to stand when compared to pre-marathon; however, this was not
accompanied by a significant reduction in MAP, indicating a clear reduction in dynamic
cerebral autoregulation; however, further comparison between the two findings is difficult
because the time to the nadir and the recovery of both MCAv and MAP, and changes in
PETCO2 were not assessed in that study. The effect of prolonged exercise on the initial MCAv
and MAP responses to postural change warrants further investigation.

Influence of age on hemodynamic alterations immediately prior to syncope: In the young, at
the point of syncope, CBF was 54% lower than supine. Van Lieshout et al. [1] have
speculated that reductions in MCAv of at least 50% are required to induce syncope.
However, in the older group, the reduction in MCAv at syncope (vs. supine) was only 41%; a
level below this so called ‘critical limit’ of 50%. It should be noted that this critical limit has
not been clearly shown, especially in an older population who already have a reduced CBF.
Although supine MCAv was 32% higher in the young athletes (vs. the older) following
exercise, at the point of syncope, MCAv was similar between the young and older athletes.
This finding indicates that an absolute CBF (irrespective of age), rather than a relative
reduction in CBF may be more important in the maintenance of cerebral perfusion and
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consciousness. The reticular activating system in the brainstem is the area responsible for
maintaining consciousness. Because this structure undergoes little atrophy with increasing
age [357], it therefore seems plausible that the ‘older’ brain would require a similar absolute
blood flow to maintain consciousness as its younger counterpart.
An attenuated HR response to orthostasis, as apparent in the older group following exercise
(Figure 5.5) is a well established consequence of ageing, due collectively to a reduction in
baroreflex sensitivity, an inability to withdraw vagal outflow, and a desensitisation to
elevations in sympathetic activity [228]. Prior to syncope in the young group only, there was
a significant and precipitous drop in HR. This is an autonomic reflex whereby the final effect
is a reduction in sympathetic drive and an increase in vagal activity, resulting in bradycardia
and hypotension [58], typical of vasovagal syncope. Younger individuals tend to exhibit a
bradycardic response immediately prior to syncope whereas in older individuals there is a
greater hypotensive response [358]. Furthermore, although there is no established link
between exercise-induced cardiac dysfunction and syncope, it seems possible to suggest
that the two could be related. In fact, one study found that desensitisation of β-adrenergic
receptors following 4 h of rowing contributed to an attenuated left ventricular systolic
function [236], which ultimately could compromise CBF. The potential relationship (or lack
thereof) between exercise-induced cardiac dysfunction and syncope requires further
investigation.
Although the extent of hypotension prior to syncope during HUT was similar in the young
and older athletes, the determinants of MAP did differ with age. In the young at presyncope, SV was reduced by approximately 50% compared with supine. Total peripheral
resistance was maintained at supine levels, indicating that an inability to maintain venous
return was the major cause of syncope in this group. Conversely, in the older group, TPR and
SV (although to a lesser extent than in the young) were both reduced from supine values,
indicating that impairments in both vasoconstriction and venoconstriction were responsible
for syncope in the older athletes. At rest, sympathetic activity is under control from the
arterial and cardiopulmonary baroreflex; however, baroreflex sensitivity is reduced in older
age [13]. Although resting sympathetic activity increases with age, vasoconstrictor responses
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to the same level of sympathetic stimulation are reduced 10-15% in older individuals [359,
360]. The inability of the older athletes to maintain TPR pre-syncope supports this theory of
a reduced vasoconstrictive responsiveness to sympathetic stimulation with age (at least in
the vasculature of the lower limb) [359]. Traditionally, it has been thought that syncope is
chiefly caused by hypotension owing to a fall in systemic vascular resistance [361]. Recently,
this concept has evolved to the possibility that the hypotension may equally, if not more, be
caused by a precipitous fall in
concept, as

[362]. Our findings in the younger athletes support this

was compromised but TPR was maintained at syncope.

A reduced muscle oxygenation is an early indicator of central hypovolemia during LBNP,
indicating a limited SV,
relationship

between

, and supply of blood to skeletal muscle [363]. An inverse
muscle

oxygenation

and

TPR

indicates

that

peripheral

vasoconstriction, in response to central hypovolemia is the major cause of the reduced
muscle blood flow [363]. Data from this study support the above findings, as evidenced by
the greater reductions in muscle oxygenation and SV in the younger group. The maintained
TPR indicates a greater vasoconstriction in this group, in an attempt to increase central
blood volume, although pooling in venous capacitance vessels ultimately prevented this. The
older athletes exhibited lesser reductions and muscle oxygenation, potentially due to an
inability to constrict arterioles supplying skeletal muscle, as indicated by a reduction in TPR
pre-syncope. Post-exercise reductions in thoracic blood volume and increases in thigh blood
volume have been documented two to three hours following 6-min of rowing at maximal
intensity [364]. These data indicate that a redistribution of central blood volume to the
periphery following exhaustive exercise, may contribute to post-exercise orthostatic
intolerance. Madsen et al. [365] observed that the reduction in muscle oxygenation due to
vasoconstriction during early HUT was followed by an increase in muscle oxygenation as presyncopal symptoms appeared, due to the typical ‘vasovagal’ response. Data from this study
did not display a marked increase in muscle TOI immediately prior to syncope, indicating
that hypotension at syncope may equally be due to a reduced
nervous activity is not always withdrawn pre-syncope [366].
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[362] as sympathetic

Deegan et al. [352] have created a classification system for orthostatic hypotension,
whereby, depending on the associated changes in

and TPR, syncope is characterised into

three groups: arteriolar, venular, and mixed dysfunction. Arteriolar dysfunction refers to a
reduction in MAP caused by a drop in TPR, despite an increase or no change in . In venular
dysfunction, as observed in 6 out of 7 of the younger athletes, TPR is maintained (or
increased) despite a reduction in

and MAP. Mixed dysfunction, as observed in 8 out of 9 of

the older athletes is a combination of the above where the reduction in MAP is due to a
reduction in both

and TPR. One interpretation of these differences is that the cause of

syncope in the young is predominately caused by reductions in venous return, whereas in
the older group, syncope is caused by both a fall in venous return and vascular resistance.
However caution should be expressed with this interpretation. This classification system may
be an ‘oversimplification’, because of the complex physiology of orthostatic BP regulation.
For example, systemic vascular resistance and

interact [104, 367]; thus, a fall in systemic

vascular resistance in the splanchnic bed might result in translocation of blood to the venous
system and consequently a decrease in . Thus arteriolar dysfunction might underlie, in part,
what the previous authors [352, 368, 369] have classified as "venular dysfunction". Although
it would seem unlikely that these possibilities would explain fully our age-related
differences, classification of syncope into different groups should be treated with caution.
The classical notion is that CBF is maintained over a range of blood pressures; however, it
has more recently been established that CBF is also dependant on
relationship between

[102, 103]. The

and CBF has been shown both at rest, and during exercise, with

linear CBF increases in response to changes in

[102, 103]. Data from this study indicate

that reductions in MCAv were related to reductions in

(along with MAP and SV) at syncope

(Figure 5.5). However, when data were analysed by multiple linear regression, changes in
MCAv were accounted for by changes in SV alone, which will partly reflect lack of power for
regression. Nonetheless, in view of SV being a major determinant of

and especially its

pulsatility (which would influence cerebrovascular dampening of changes in perfusion), this
predictor may be partly responsible for the degree of cerebral hypoperfusion at the point of
syncope and warrant further research. Interestingly, despite lesser reductions in SV at
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syncope, the older athletes exhibited an increased sensitivity of changes in MCAv to changes
in SV at this point.
Hyperventilation-induced hypocapnia and consequent reductions in MCAv at syncope have
been well documented [192, 370], and were apparent in the participants at this point,
independent of age (Figure 5.5). Some studies have reported that the responsiveness of
cerebral vessels to alterations in PCO2 is reduced with age [46, 171], which theoretically
could reduce the onset of syncope as the fall in MCAv per unit change in PaCO2 is reduced.
However, these data indicate similar percent reductions in MCAv per mm Hg change in
PETCO2 of 4% [young] and 5% [older], indicating this ageing-induced reduction in
cerebrovascular reactivity in response to changes in PaCO2 may either be altered following
prolonged exercise, or absent in a highly active older population.

Considerations:
Hydration: Hypohydration, by a reduction in blood volume, can reduce orthostatic tolerance
[350]. Body mass was reduced in both the young and older participants following 4 h or
running. However, loss of glycogen and intracellular water bound to glycogen is likely to
contribute significantly to this body mass loss. Data from this study displayed no relationship
between the change in plasma volume and tilt time completed, indicating that post-exercise
hypohydration had no effect on time to syncope.
Sex: Resting orthostatic tolerance is reportedly reduced in females [348]. However,
regardless of age, the females (2 young and 2 older) in this study did not exhibit a lowered
post-exercise orthostatic tolerance when compared to their male counterparts. One study
found that neither sex nor menstrual cycle phase affected post-exercise hemodynamics
following 60 min of exercise [371], indicating any sex differences in orthostatic tolerance
may be eliminated post-exercise. The effect of sex on orthostatic tolerance following
prolonged exercise warrants further investigation.
Point of Syncope: One strength of this study is that the point at which participants were
returned to supine prior to syncope was determined by the subject, not by a pre-determined
BP value. Participants were instructed to indicate when pre-syncopal symptoms became a
176

discomfort and they wished to be returned to supine. Participants were allowed to reach
syncope if symptoms did not cause them to terminate HUT earlier. The result of this
symptom-dependent, rather than BP-dependent cessation of HUT means that in most cases
BP was allowed to fall below the limits of autoregulation, which is often not reached when
utilising a more conservative BP-dependent termination point.

Limitations:
The key limitation of the study lies in the reliance on pre-syncopal symptoms as a surrogate
measure of syncope. Whilst it is acknowledged that not all pre-syncopal symptoms will
develop into syncope, an additional, but unavoidable, downfall of this assessment method is
the between subject variability in tolerance to pre-syncopal symptoms. This variation may
have resulted in some participants being returned to supine sooner than others, prior to
when actual syncope would likely have occurred.
A second limitation of the study is the time delay between the cessation of exercise and the
time of the HUT intervention. Following exercise, body mass assessment, and urine sample
collection, participants spent ~20 min supine, during which they were instrumented with
equipment, echocardiography (although not used in this thesis) was performed, and a
venous blood sample was obtained. Whether or not this ‘delay’ in assessing orthostatic
tolerance would have affected the outcome is unknown. Observational studies that report
exercise-associated collapse often separate individuals into those who collapsed during the
race (generally as a result of more serious conditions; e.g., hyperthermia, hyponatremia,
hypoglycaemia, cardiac issues), and those who collapse after the race (generally vasovagal
syncope) [19]. However, it is not apparent what the timeframe of post-exercise collapse is
(i.e., whether most athletes collapse immediately on cessation of exercise or within 15, 30,
60 min or beyond, is unknown). It seems that the autonomic effects of prolonged exercise
are still apparent 24 h after exercise completion, but have returned to normal within 48 h
[21, 372, 373]. Furthermore, although the time-course of PEH has not been well studied, one
group found that it is most pronounced ~15-30 min following a 45 min bout of exercise
[248]. It seems more likely that the cardiovascular and autonomic recovery from prolonged
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exercise is measured in hours rather than minutes, and any delays of <30 min in assessing
orthostatic tolerance following exercise are irrelevant. However, the time course of recovery
from orthostatic intolerance following prolonged exercise (e.g., 2-6 hourly assessments) is an
area worth investigating. Despite this, everyone in the present study was assessed at the
same time (within ~10 min of each other); therefore, assessments were consistent.
Another limitation of the study is the cumulative exercise volume. Participants completed
the entire Study One protocol in one day. Therefore, the trained individuals actually
completed 30 min of exercise, followed by testing, prior to completing the 4 h of running.
Therefore in total these individuals actually completed 4.5 h of exercise. However, because
both the young and older athletes both completed the same protocol, this is unlikely to
confound any observed between groups differences.

In conclusion, orthostatic tolerance was not reduced to greater extent in older athletes
following exercise. Despite a lower basal MCAv in the older athletes, MCAv at the point of
syncope was similar to that in younger athletes; indicating that there may be an ageindependent critical threshold for syncope. Although the tilt-induced hypotension during
pre-syncope was also similar between age groups, the circulatory mechanisms responsible
for syncope differed with age. In the young, SV was reduced and TPR maintained presyncope, indicating that venous pooling led to an inability to maintain central blood volume.
In the older athletes, a reduced SV was concomitant with a lowered TPR, indicating an
inability to maintain both arterial and venous tone. Nevertheless, data from this chapter
indicate that older athletes are not at an increased risk of syncope following prolonged
exercise.
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5.5

Summary

The main findings of this chapter are as follows:


80% of athletes became syncopal following exercise;



Age had no effect on time to syncope following prolonged exercise;



Despite similar initial postural reductions in MCAv and MAP to those observed
following 30 min of exercise, dynamic cerebral autoregulation was maintained
following prolonged exercise;



The cardiovascular mechanisms responsible for syncope did differ with age; in the
young, SV was reduced and TPR maintained, indicating that venous pooling led to an
inability to maintain central blood volume, whereas in the older athletes, a reduced
SV was concomitant with a lowered TPR, indicating an inability to maintain both
arterial and venous tone.

In the following chapter (Chapter Six) the relationship between supine reductions in MAP
following exercise (i.e., PEH), the initial reduction in MAP upon HUT (i.e., IOH), and their
relationship with syncope following prolonged exercise will be assessed.
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Chapter Six

Hypotension and syncope following
prolonged exercise

6.1

Introduction

Syncope following endurance and ultra-endurance exercise has been widely reported [1722]. Post-exercise hypotension is a sustained reduction in MAP during supine rest following
an acute bout of exercise [374]. Although an increase in vasodilator substances, a reduced
sympathetic nerve activity, and other centrally mediated factors have been postulated to be
responsible for PEH, the exact mechanisms are yet to be fully elucidated [230, 237].
Nevertheless, the ultimate consequence is inadequate systemic vascular tone and related
hypotension.
Upon postural change, many circulatory adjustments are made in order to achieve a new
‘steady state’; to manage the effects of gravity and ensure CBF is maintained. Upon
assumption of the upright posture there is an immediate drop (~25%) in MAP as blood is
pooled in the capacitance vessels of the lower limbs, pelvis and abdomen [200]. As a result,
central venous pressure and SV are reduced. Consequently, the arterial and
cardiopulmonary baroreceptors must respond rapidly by elevating sympathetic nervous
activity to increase HR, cardiac contractility and systemic vascular resistance. Withdrawal of
vagal activity also contributes to an increased HR [200]. Following prolonged exercise,
baroreflex sensitivity is reduced [17, 21, 23], and β-adrenergic receptors exhibit
desensitisation to sympathetic activity [235, 236]; potentially evoking greater initial
reductions in MAP upon postural change. This initial reduction in MAP is transient, termed –
by some, IOH, and is stabilised within 30 s of postural change [200]. Furthermore, the
(in)ability of MAP to recover to supine levels in the 30-60 s following postural change,
termed residual IOH for the purpose of this thesis, has also been assessed in this chapter.
Although it is generally assumed that PEH and IOH are important factors in the development
of syncope following prolonged exercise [19, 20, 230, 254], no studies have examined this
relationship. The relationship between exercise- and orthostatic-induced changes in BP and
post-exercise collapse is highly relevant in practical sports medicine and has important
implications for athlete care following endurance exercise events. Therefore, the purpose of
this chapter was to examine the relationship between PEH, IOH, residual IOH and time to
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syncope following prolonged exercise. It was hypothesised that the magnitude of PEH, IOH,
and residual IOH would be related to the time to syncope following prolonged exercise,
because greater reductions in MAP (either whilst supine or in response to postural change)
are likely associated with a reduced cardiovascular control which may facilitate the
development of syncope.
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6.2

Methods

6.2.1 Participants
Twenty trained runners (17 Male, 3 Female; 47 ± 19 years; BMI: 23.2 ± 2.2 kg.m2; O2 max:
51.3 ± 10.8 ml.kg-1.min-1) volunteered for this study which was approved by New Zealand’s
Lower South Region Ethics Committee. Participants were informed of the experimental
procedures and potential risks involved in the study before their written consent was
obtained. Participants were not taking any cardiovascular medications, all were nonsmokers, and none had any history of cardiovascular, cerebrovascular or respiratory disease.
None of the participants had been previously clinically diagnosed with orthostatic
hypotension, and none reported frequent recurrent episodes of syncope and/or related
symptoms in their daily lives.

Table 6.1: Individual data displaying age, sex, maximal aerobic power ( O2 max) and preexercise (supine) blood pressure (BP) in 19 participants.
Subject
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
Mean

Age
(years)
31
23
26
31
22
30
32
25
26
60
70
62
64
68
61
61
63
65
76
47 ± 20

O2 max
-1
-1
(mL.kg .min )
56.1
60.1
69.5
50.6
60.0
65.9
51.6
43.9
73.6
51.8
43.5
39.0
47.7
46.3
58.6
46.0
53.5
50.7
40.9
53.1 ± 9.6

Sex
M
M
M
M
M
M
F
F
M
M
M
M
M
M
M
M
M
M
M
-

MAP; mean arterial pressure.
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Pre-exercise BP,
Systolic/Diastolic (MAP)
119/64 (83)
123/62 (83)
116/68 (84)
114/62 (80)
112/56 (75)
122/71 (88)
138/65 (90)
132/66 (88)
129/69 (89)
127/70 (89)
151/71 (98)
137/71 (93)
134/67 (89)
149/71 (97)
154/69 (97)
142/70 (94)
132/63 (86)
129/63 (85)
138/68 (92)
132/67 (88)

6.2.2 Protocol
As a reminder (from Chapter Two), participants were required to report to the laboratory on
three occasions. Prior to inclusion into the study all participants were screened by means of
a 12-lead ECG, transthoracic ausculitation and thorough medical history. If left ventricular
hypertrophy, murmur or significant arrhythmia were detected, participants underwent a
clinical transthroacic echocardiogram to exclude any overt pathology. Following successful
screening, participants underwent familiarisation to the laboratory and testing procedures
before completing a

O2 max test (see 2.1.1.2.1). Prior to the

O2 max and the main

protocol, participants were informed to abstain from alcohol in the 12 h prior and caffeine in
the 4 h prior to testing. Participants were also instructed to arrive well hydrated by
consuming 1 L of water the evening prior and 0.5 L the morning of testing. On arrival at the
laboratory for the main session participants voided their bladder prior to having height and
weight recorded before instrumentation. Following at least 20 min supine rest, BP was
recorded continuously prior to HUT to 60° for 15 min or to pre-syncope. To limit the effect of
the skeletal muscle pump, participants were instructed not to make any muscle contractions
at rest or during the tilt. Testing was terminated on participants’ request due to subjective
symptoms of pre-syncope (feelings of dizziness/light-headedness, nausea etc.). After this
baseline (pre-exercise) testing session, participants then completed 4 h of running at 70-80%
of heart rate reserve on a flat course. In all participants, the aforementioned protocol was
then repeated within 20 min of exercise completion (post-exercise).
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6.2.3 Statistical and Data Analysis
Data for determination of early postural hypotension were obtained from mean MAP values
in the 30-60 s following commencement of HUT (Figure 6.1); this timeframe follows the
initial circulatory adjustments to postural change but precedes hemodyamic collapse
associated with syncope [375]. Orthostatic tolerance was assessed as the time to presyncope. All data were analysed using SPSS statistical software (SPSS version 17.0, SPSS Inc,
Chicago, Illinois). Paired student t-tests were used to compare hemodynamic changes due to
exercise or HUT. Linear regression was used to determine the relationship between the
magnitude of PEH or early postural hypotension and tilt-time completed. Statistical
significance was established at an α-level of P<0.05, and data are expressed as means (± SD).
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Figure 6.1: Diagram of the mean arterial blood pressure (MAP) response to head-up tilt
(HUT) pre- (solid line) and post-exercise (dashed line). Area 1 represents post-exercise
hypotension (PEH; the reduction in supine MAP following a bout of exercise). Area 2
represents initial orthostatic hypotension (IOH; the initial drop in MAP on moving from
supine to 60° HUT). Area 3 represents the residual IOH (i.e. the extent to which MAP is
restored to supine levels in the 30-60 s period after HUT onset). Values displayed for PEH,
IOH, time to IOH, and residual IOH are depicted from actual group mean pre- and postexercise data.
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6.3

Results

Exercise: Average maximal daily ambient temperature across the 13 days of the study was
18.8 ± 3.5 °C [range: 13.5 – 28.4 °C], with 72 ± 8% relative humidity [range: 60-83%], little
rain and light winds. All 19 athletes completed the 4 h of exercise, covering 38 ± 5 km during
this time. Food and fluid were consumed ad libitum [mean fluid consumption: 1.5 ± 0.5 L].
Body mass [-2.5 ± 0.7 kg; P<0.05 vs. pre-exercise] and plasma volume were reduced postexercise [-3.1 ± 5.6%; P<0.05 vs. pre-exercise]. Changes in body mass [r2=0.00] and plasma
volume [r2=0.11] with exercise were not related to maximal daily temperature [both P>0.05].
Although mean post-exercise urine specific gravity was elevated [1.012 to 1.019; P<0.01] it
still remained within the euhydrated range [376].

Occurrence of syncope: Following the 4 h of exercise, syncope developed in 15 of 19
participants (compared with 3/19 pre-exercise) during HUT; the remaining four completed
15 min of HUT. Tilt time completed was lowered post-exercise and varied widely between
participants [Pre-exercise: 14:39 ± 0:55 min:s; Post-exercise: 6:10 ± 4:56, Range: 1:18 –
15:00; P<0.05 vs. pre-exercise]. Tilt time completed was not correlated with age [r 2=0.00] or
O2 max [r2=0.00], nor to maximal daily temperature [r2=0.00], change in body mass
[r2=0.00] or change in plasma volume [r2=0.05; all P>0.05].

Post-exercise hypotension (PEH): MAP was reduced whilst supine following exercise [81 ± 8
mm Hg vs. 88 ± 6 mm Hg (pre-exercise); P<0.05], representing a PEH of -7 ± 7 mm Hg [-8 ±
8%]. Likewise, systolic and diastolic BP were also reduced whilst supine following exercise [11 ± 9%, P<0.05 vs. pre-exercise; and -5 ± 9% P<0.05 respectively]. Conversely, HR was
elevated after exercise [78 ± 9 b.min-1 vs. 60 ± 8 b.min-1 (pre-exercise); P<0.05]. PEH occurred
independent of changes in plasma volume and body mass [both r 2=0.00; P>0.05]. The
magnitude of PEH was not related to pre-exercise MAP [r2=0.09; P>0.05]. Following exercise,
the extent of PEH was unrelated to the time to syncope [r2=0.03; P>0.05; Figure 6.2]. Even
188

when the 4 ‘non-fainters’ were excluded from analysis, the non-relationship between PEH
and tilt time completed was still apparent.

Figure 6.2: No relationship between the magnitude of post-exercise hypotension (percent
change in supine mean arterial pressure from pre-exercise) and tilt time completed in 19
participants following 4 h of running at 70-80% maximal HR. r2=0.09; P>0.05. Numbers 1-19
refer to individual subject numbers allocated in Table 6.1.
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Initial orthostatic hypotension (IOH): The magnitude of nadir of the MAP response to HUT
was not altered following exercise [-28 ± 12% vs. -21 ± 14% (pre-exercise); P>0.05]. Likewise
the time to nadir was unchanged [-11 ± 3 s vs. -10 ± 2 s (pre-exercise); P>0.05]. The extent of
post-exercise IOH was unrelated to time to syncope [r2=0.13; P>0.05; Figure 6.3]. During
recovery from IOH (residual IOH; 30-60 s following onset of HUT) before exercise, MAP was
similar to supine values [-1 ± 11%; P>0.05]; however, following exercise MAP was lowered in
the same 30-60 s period [-9 ± 9%; P<0.01 vs. pre-exercise]. Following exercise, the residual
IOH was unrelated to the time to syncope [r 2=0.00; P>0.05; Figure 6.4]. Similar to PEH above,
even when the 4 ‘non-fainters’ were removed from the regression analysis there was still no
relationship between IOH, residual IOH, and time to syncope.

Figure 6.3: No relationship between the magnitude of initial orthostatic hypotension (drop in
mean arterial pressure immediately after HUT onset) and tilt time completed in 19
participants following 4 h of running at 70-80% maximal HR. r2=0.18; P=0.08. Numbers 1-19
refer to individual subject numbers allocated in Table 6.1.
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Figure 6.4: No relationship between the residual initial orthostatic hypotension (percent
change in mean arterial pressure in the 30-60 s period after HUT onset from supine) and tilt
time completed in 19 participants following 4 h of running at 70-80% maximal HR. r2=0.01;
P>0.05. Numbers 1-19 refer to individual subject numbers allocated in Table 6.1.
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6.4

Discussion

There are two major findings of this chapter. First, the high occurrence of syncope following
exercise as experienced in 15 of 19 athletes; and second; in contrast with previous
suggestions and our hypothesis, neither the magnitude of PEH, or early postural change in
MAP were related to the occurrence of syncope following prolonged exercise.

Post-exercise hypotension and syncope following exercise: Exercise-associated collapse in
some athletes can be mediated by a myriad of factors, including cardiac conditions (e.g.,
arrhythmias), hypoglycaemia, hyperthermia or hyponatremia [18]. However, most cases of
syncope following prolonged exercise are benign, due to short-lasting alterations in
hemodynamic and autonomic function on assumption of, or during sustained upright
posture [19, 377]. This study provides the first detailed examination of the relationship
between changes in BP and syncope following prolonged exercise. Scott et al. [253] found
that PEH (of 10 mm Hg) caused by 60 min of exercise had no effect on cardiovascular
responses to LBNP. However, since syncope is normally associated with prolonged exercise
(≥4 h), it seems unlikely that exercise of moderate duration (e.g., 60 min) is enough to create
similar perturbations in cardiovascular and autonomic function, as observed following
exercise of longer duration. However, these exercise-induced alterations in cardiovascular
and autonomic function may begin early and increase with exercise load (see Chapter Four).
Post-exercise hypotension has been observed in a hypertensive population but its
occurrence in a normotensive population is controversial [244]. These data indicate that PEH
was apparent in this normotensive cohort, and the extent of PEH showed no relation to preexercise BP. The PEH observed in athletes in this study was similar to that reported over
exercise of shorter durations [248, 253], indicating that the magnitude of PEH may be
unrelated to the duration of exercise, as reported by MacDonald et al [248]. Although
exercise of varying durations (min to hours) causes a similar PEH (~7-15 mm Hg), syncope is
only a feature of exercise of longer (~4 h +) duration. This dissociation between PEH and
syncope following prolonged exercise indicates that other factors must be involved with the
hemodynamic collapse following prolonged exercise. Although the exact mechanisms
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responsible for the observed reduction in BP following exercise are yet to be fully elucidated,
a reduction in sympathetic nerve activity as a result of baroreflex resetting, and an increase
in vasodilator substances have been proposed [230]. β-adrenergic receptor desensitisation,
as observed following prolonged exercise may also play a role in PEH [236]. Furthermore,
another central mechanism involving substance P and its interaction with the GABAergic
system in the nucleus tractus solitarus within the brainstem has recently been proposed
[237]. Collectively, these findings indicate no relationship between PEH and syncope
following prolonged exercise.

Initial orthostatic hypotension and syncope following exercise: Data from this study displayed
no relationship between IOH and time to syncope post-exercise. The magnitude of IOH and
time to nadir were similar to pre-exercise values, indicating a relatively intact post-exercise
baroreflex response. Thomas et al. [277] also found no relationship between IOH and
orthostatic intolerance when performed at rest, indicating that initial orthostatic
hypotension and syncope should be considered as two separate clinical entities as they
reflect very different circulatory processes and adjustments.
The incidence of IOH in HUT testing remains controversial. Some authors state that IOH,
caused by a mismatch between cardiac output and systemic vascular resistance [68], is only
a feature of active orthostasis (i.e., standing), whereas passive orthostasis (i.e., HUT) elicits a
maintained (or even slightly elevated) initial MAP response [196, 204, 205]. However, our
data, and those of others clearly display an initial transient hypotensive response to HUT
[197, 206-208], albeit less pronounced than with active stand. These contrasting results
indicate that the initial circulatory response to HUT is highly variable amongst individuals
[195], and may even be dependent upon the time taken to assume HUT. Nevertheless,
despite a diminished IOH response with HUT, a similar non-relationship between IOH and
time to syncope would still be expected with active stand.
Although the magnitude of IOH did not differ following exercise, the recovery from IOH did.
Prior to exercise, MAP returned to supine values in the 30-60 s after HUT commenced.
However, following exercise, MAP was lowered 9% during the same period. Holtzhausen et
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al. [19] assessed BP in the 30-60 s period after post-exercise postural change and found that
those runners suffering from exercise-associated collapse exhibited post-exercise postural
reductions in systolic BP of approximately 10 mm Hg, which was not observed 24 h following
the race. They concluded that in most athletes, the observed post-exercise collapse was
syncopal in origin, due to postural changes in BP on assumption of the upright posture (with
no associated diagnosable medical condition) [19]. Unfortunately that study did not collect
BP data during the assumption of an upright posture in non-collapsing control athletes;
therefore, it is not known if these postural changes in BP were also apparent in this group.
Data from this study indicate that large (up to 20%) postural reductions in MAP can be
observed in athletes who do not exhibit syncope during HUT post-exercise, and likewise
those with a very-low post-exercise orthostatic tolerance can demonstrate early increases in
BP upon postural change. Such findings support this discovery that alterations in MAP, either
whilst supine (i.e., PEH) or in the early phase of postural change (i.e., IOH and residual IOH),
are not important predictors of the occurrence of syncope following prolonged exercise.
These findings clearly indicate that the incidence of syncope following prolonged exercise is
not affected by PEH or IOH. Instead, other factors such as reduced baroreflex sensitivity and
impaired postural increases in systemic vascular resistance despite increased sympathetic
activity, leading to an inability to maintain central blood volume and cerebral perfusion, are
likely to be responsible [17, 20, 21].

Implications: Although it seems that the degree of hypotension per se. is not a predictor of
syncope, hypotension can exacerbate cerebral hypoperfusion and facilitate the onset of
syncope [277]. Various techniques such as lower body muscle tensing, leg crossing and
handgrip exercise may help to increase/maintain BP by increasing

[378] and systemic

vascular resistance [379, 380], thereby increasing orthostatic tolerance. Furthermore, no
obvious factor/s defined the individuals who developed syncope compared with those who
did not, making detection and diagnosis in athlete medical care following endurance exercise
events more difficult.
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Limitations: First, the age range of the athletes participating in the study was large (22-76
years). However, the magnitude of PEH, IOH, residual IOH and time to syncope were
unaffected by age, indicating that ageing-induced physiological alterations did not confound
the outcome. Nonetheless, individual data is presented for most results, allowing the reader
to consider potential confounding effects of age. Second, in this study, BP values were
obtained ~20 min following exercise completion. Although MacDonald et al. [248] found that
the greatest magnitude of PEH occurred 15-30 min following the cessation of exercise of up
to 45 min duration in young individuals, it is possible that this time course of PEH is altered
both following prolonged exercise and in older athletes. Further work is required to fully
establish the time course of PEH following variations in age and exercise; which is important
for both athletes and for cardiovascular health promotion in the general population. Third,
exercise-induced hypovolaemia and hypohydration reduce orthostatic tolerance [350].
These data showed no relationship between hypohydration (changes in plasma volume and
body mass), and tilt time completed, indicating that post-exercise hypohydration had no
effect on time to syncope. Fourth, orthostatic tolerance has been reported to be lowered in
females [348]. Although the two females in this study did not exhibit noticeably different
responses to the male athletes, the role of sex in the relationship between PEH, IOH and
syncope warrants further investigation.

In conclusion, these findings indicate that although hypotension and an inability to maintain
BP are crucial factors in the development of syncope post-exercise, the magnitude of
hypotension, either whilst supine (i.e., PEH) or in response to postural change (i.e., IOH and
residual IOH), does not predict the extent of orthostatic intolerance. Importantly, from a
sports medicine perspective, those athletes who appear to have greater hemodynamic
alterations following prolonged exercise are not necessarily at a greater risk of collapse than
those athletes who present with lesser deviations in BP.
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6.5

Summary

The main findings of this chapter are as follows:


The magnitudes of PEH and IOH are not related to the time to syncope following
prolonged exercise;



As with time to syncope, age had no effect on the magnitudes of both PEH and IOH
following prolonged exercise.

This chapter is the final data chapter based on Study One, “Effects of age and fitness on the
cardiorespiratory and cerebrovascular responses to HUT at rest, and following moderate and
prolonged exercise”. The evolution of Study Two (Chapter Seven) is described subsequently
in “Scope for Study Two”.
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Scope for Study Two
Data from Study One of this thesis were included in a publication by our research group
which demonstrated that irrespective of age, CBF is elevated in individuals with a higher
aerobic fitness [36]. Since these data were obtained from a cross-sectional population, one
of the main aims of Study Two was to determine whether an elevation in CBF could be
induced following a longitudinal exercise-training study. In the first study it was found that
orthostatic tolerance, as determined from HUT-time completed, was unaffected by age and
by fitness. Because there was no effect of age or fitness on the control of CBF during HUT in
Study One, a different, more sensitive method was sought to assess the effects of age and
fitness on the control of CBF in Study Two; cerebrovascular CO2 reactivity. Furthermore,
because an impaired cerebrovascular reactivity has been linked with systemic endothelial
dysfunction [47, 48], systemic endothelial function (i.e., FMD) was assessed to determine
whether any positive linkages were apparent.
Following Study One it was important to acknowledge the limitations of cross-sectional
studies to assess the age- and fitness-effects. For example, if all of the young participants
from Study One were assessed in 40 years time, would they yield similar results to those
obtained from the older groups? Or would many now have medical conditions, or be taking
medications that would have excluded them (as older participants) from the study? Obvious
time limitations associated with a PhD meant that a longitudinal ageing study was
unrealistic; however, by designing and implementing an exercise-training study, the
longitudinal effects of fitness could be investigated, at least to some extent.
A 12-week intervention was chosen as it was an achievable duration for sedentary
individuals (e.g., a 6-month programme may have felt more ‘daunting’ for participants).
Furthermore, Tinken et al. [381] recently observed that vascular improvements (i.e.,
increased FMD) to training occur rapidly (within 2-4 weeks). In addition, it is important to
demonstrate that important physiological training adaptations can be observed over realistic
timeframes (rather that requiring many years of training). Many people begin exercise
programmes with great intentions, but often adhere only for weeks to months. Therefore, it
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was important to determine whether cerebrovascular benefits could occur following
‘common’ exercise programme durations.
After assessing the control of CBF following acute exercise (Study One), the aim was to more
fully address the interrelations of age, fitness, and exercise on the control of CBF, by
assessing control during exercise and following chronic exercise training (Study Two). In
addition, one of the questions that arose from Study One was whether there was an ageeffect on the CBF response to exercise (see Chapter Four), making during-exercise
assessments important.
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Chapter Seven

Effect of age on CBF and CO2 reactivity
at rest and during exercise prior to
and following exercise-training

7.1

Introduction

The maintenance of adequate CBF is essential for the supply of oxygen and nutrients and the
removal of metabolic waste. The control of CBF is largely influenced by PaCO2, and to a
lesser extent by cerebral metabolism, BP,

and sympathetic nervous activity [116].

Hypercapnia causes cerebrovascular vasodilatation, whereas, hypocapnia has the opposite
effect [43]. Although NO and pH-sensitive K+ channels are likely responsible for the changes
in vascular tone in response to alterations in PCO2, the exact mechanisms are yet to be fully
elucidated [177-179]. Nevertheless, assessing the cerebrovascular response to alterations in
PaCO2 (by measuring changes in MCAv) is a well established means to estimate the
physiological ‘reserve’ of cerebral perfusion [116].
Basal CBF is reduced with increasing age [36]. However, the effect of healthy ageing on
cerebrovascular reactivity is controversial. Some authors have observed ageing-induced
reductions in hypercapnic reactivity [45, 180], whereas others have observed no change [44,
171, 181-183]. Furthermore, hypocapnic reactivity has been shown to be elevated [182],
unchanged [44], and reduced [46, 184] with increasing age. Differences in measurement
technique, stimulus magnitude (i.e., PCO2 change) and subject age make inter-study
comparison difficult. Despite the contradictory effects of age, a reduced cerebrovascular
reactivity has been associated with an increased risk of cerebrovascular diseases such as
stroke [49-51].
The general consensus is that CBF is increased 10-15% with moderate-intensity exercise
[100]. The reason for this increase is likely due to a combination of elevations in neural
activity, BP, and PaCO2 [99]. Furthermore, cerebrovascular reactivity is also increased during
exercise [187, 188]. Although the effects of exercise on CBF [99, 100] and cerebrovascular
reactivity [187, 188] have been relatively well documented, any influencing effect of age on
these parameters has not been established. Data from Chapters Three to Five indicate that,
despite a lowered basal MCAv in older individuals, the control of MCAv during postural
change is well maintained with increasing age, at rest, and following moderate and
prolonged exercise. Whether or not the same maintained control of CBF with age is
observed in response to sub-maximal exercise and alterations in PaCO2 is unknown.
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In addition to the reduction in resting CBF with age, CBF has been shown to be increased
with fitness [36]. The mechanisms responsible for this elevated CBF with fitness are yet to be
fully elucidated but may involve an increased endothelium-dependent vasodilatation as a
result of an increased NO bioavailability [52], and cerebral angiogenesis [39-42]. In support
of this, age-induced cerebral atrophy has been shown to be reduced in those with higher
aerobic fitness [37]. Furthermore, six months of aerobic exercise training in previously
sedentary older individuals has been shown to increase brain volume in older individuals
[38], so a corresponding increase in CBF would seem plausible. However, important to note
is that the finding of an elevated CBF with fitness [36] was observed in a cross-sectional
cohort; whether CBF can be increased in parallel with elevations in fitness is yet to be
determined.
No known studies have assessed the effect of fitness on cerebrovascular reactivity to CO2. It
is known that hypercapnia-induced cerebrovascular vasodilatation is, at least in part, NOdependent [170]. Since systemic NO production/bioavailability is increased with exercise
training [193], it seems possible that increases in aerobic fitness will be associated with
increases in cerebrovascular reactivity. In addition, cerebrovascular diseases such as stroke
have been associated with an impaired cerebrovascular CO2 reactivity [49-51]. Furthermore,
evidence is emerging that physical activity decreases stroke risk and improves long-term
outcome due to upregulation of endothelial NO synthase [54-56].
Therefore, the main purpose of this study was to: 1) Assess the effect of age on
cerebrovascular reactivity at rest and during exercise; and, 2) determine whether resting CBF
and cerebrovascular reactivity can be elevated in young and older individuals following a 12week aerobic-based exercise training intervention. It was hypothesised that cerebrovascular
reactivity would be maintained in healthy older age, as assessed using TCD. Furthermore,
resting CBF and reactivity would be elevated following training, likely due to cerebral
angiogenesis and an increased NO bioavailability.
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7.2

Methods

7.2.1 Participants
Twenty six participants (13 young and 13 older; Table 2.2)) volunteered for this study which
was approved by University of Otago’s Human Ethics Committee, and complied with the
Declaration of Helsinki. All were inactive, participating in less than 30 minutes of exercise
three times per week for ≥2 years. Six participants withdrew from the study at various stages
throughout the 12-week training intervention for various reasons (too busy with
work/university, loss of interest, poor health of family members). Consequently, 20
participants (10 young and 10 older) completed the study. Participants were informed of the
experimental procedures and potential risks involved in the study before their written
consent was obtained (see Appendices K, L & M). Participants were not taking any
cardiovascular medications, all were non-smokers, and none had any history of
cardiovascular, cerebrovascular or respiratory disease. Participants all had a BMI ≤30 kg.m-2,
and none had any musculoskeletal problems which prevented them from exercising. All
older females were post-menopausal.

Table 7.1: Pre-training characteristics of the young and older participants involved in Study
Two.

Males: Females
Age (years)
Height (cm)
Body Mass (kg)
-2
BMI (kg.m )
Muscle Mass (kg)
Body Fat (%)
-1
O2 max (L.min )
-1
-1
O2 max (ml.kg .min )

Young

Older

7:6
24 ± 5
175 ± 9
78.9 ± 13.1
25.7 ± 3.1
32.9 ± 6.8
26 ± 9
2.619 ± 0.661
32.5 ± 6.5

6:7
64 ± 5 *
164 ± 8 *
68.1 ± 8.8 *
25.2 ± 2.9
26.8 ± 4.4 *
29 ± 8
1.623 ± 0.284 *
23.4 ± 4.7 *

Values are means ± SD based on 13 young and 13 older participants. BMI, body mass index; O2 max,
maximal oxygen consumption. * different from young (P<0.05).
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7.2.2 Experimental Protocol
Participants were required to report to the laboratory on four occasions prior to training.
Before inclusion into the study all participants were screened by means of a thorough
medical history, physical activity history (see Appendices L & M) and 12-lead ECG. If any
significant arrhythmia were detected, participants underwent a clinical transthoracic
echocardiogram to exclude overt pathology. Following successful screening, participants
underwent a maximal aerobic power ( O2 max) test (see section 7.2.2.1). Participants then
underwent the main testing protocol on two separate occasions; the first as a
familiarisation, the second for data collection (pre-training). Prior to each session,
participants were asked to abstain from alcohol and caffeine in the 12 h prior to testing, and
avoid a large meal in the 2 h prior to testing. Participants were also asked to arrive well
hydrated by consuming 1 L of water the evening prior and 0.5 L the morning of testing. On
arrival at the laboratory for the main session, participants voided their bladder prior to body
composition assessment by bioelectrical impedance (Inbody 230, Biospace, Seoul, Korea).
Participants then assumed the supine position for procurement of a venous blood sample
(see section 7.2.2.2) and assessment of flow-mediated dilatation (FMD) (see section 2.2.6.1).
Following instrumentation (with TCD, Finometer, NIRS, ECG, spirometry, gas analysis)
participants assumed a seated position for assessment of cerebrovascular reactivity (see
section 2.2.5.2 for protocol). Following this, participants were transferred to a cycle
ergometer (Lode Excalibur, Medgraphics, St Paul, MN, USA) where they exercised at both
30% and 70% of heart rate reserve (HRR) whilst breathing room air for 3 min and 5% CO2 (in
air) for a further 3 min.
Following this pre-training data collection, participants began the 12-week aerobic based
exercise intervention (details of the training are provided below in 7.2.3). Following the 12weeks of training, participants underwent a second O2 max test and then a repeat of the
main (pre-training) testing protocol. Relative exercise intensities for the post-training
protocol were recalculated from the post-training

O2 max test. In order to control for

menstrual cycle phase in the young female participants, (pre- and post-training testing was
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completed in the early follicular phase when estrogen and progesterone concentrations are
at their lowest), some of this group completed up to 14 weeks of training.

Figure 7.1: Study two experimental protocol for young and older participants. All 26
participants underwent all the pre-training assessments. Six participants withdrew from the
study at varying points and 20 completed the entire study protocol. The main post-training
testing session (bottom) was identical to that conducted prior to training (see right hand
boxes for detail).
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Figure 7.2: Photo of the experimental setup from one older participant from Study Two.
Cerebrovascular reactivity to CO2 was assessed at rest and during sub-maximal exercise in
young and older individuals prior to and following 12-weeks of aerobic-based exercise
training.
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7.2.2.1

Assessment of maximal aerobic power ( O2 max)

Participants performed the maximal exercise test on a cycle ergometer (Velotron Elite,
RacerMate Inc., Seattle, WA, USA). Young males started the protocol at 100 W, with
increments of 50 W every 2 min until HR reached 160 b.min-1, and thereafter increases of 25
W per min until exhaustion. Young females and older males began at 75 W, increasing by 40
W every 2 min until HR reached 160 and 128 b.min -1 respectively. Following this, the
workload was increased 20 W every min until exhaustion. The older females began the
protocol at 50 W, increasing by 30 W every 2 min until HR reached 128 b.min-1. Thereafter,
increments were 15 W per min until exhaustion. Expired O2 and CO2 fractions were
measured using an online gas analyser (Quark CPET, Cosmed, Rome, Italy), and

O2 max

determined from the highest 20-s value.

7.2.2.2

Hematological variables

Prior to and following training, a 10 mL fasted venous blood sample was procured in EDTA
and Lithium Heparinised vacuatiners (BD Vacutainer, Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). All samples were centrifuged at 4°C and 3000 rpm for 15 min (IEC
Refrigerated Centrifuge, Needham Heights, MA, USA). Plasma was removed and frozen at
-80°C for later analysis. Fasted samples were analysed for lipid profile and glucose
concentration, and for endothelin-1, nitrite and NOx (nitrite + nitrate). Lipid and glucose
samples were analysed in duplicate using photometric analysis (Cobas c111, Roche
Diagnostics Ltd, Basel, Switzerland). Endothelin-1 samples were analysed using acetic acid
extraction technique and a modified commercial radioimmunoassay, performed by a
diagnostic laboratory group (Endolab (Cardioendocrine Research Group), Christchurch, NZ).
Nitrite and NOx were analysed using a tri-iodide/ozone-based chemiluminescence assay
[382], performed by Dr Jason Allen and colleagues at the Frederick R. Cobb Non-Invasive
Vascular Research Laboratory at Duke University Medical Centre, NC, USA.
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7.2.3 Exercise Training Protocol
The 12-week mostly supervised, aerobic-based exercise intervention took place in Dunedin
in spring 2008 (1st September – 23rd November). At the beginning of the intervention,
participants were issued with a recordable heart rate monitor to use during each exercise
session (Polar S610i monitors, Polar, Finland), and a physical activity diary (see Appendix O).
Participants were asked to record information about each exercise session in the diary
(mode, duration and intensity). The diary also contained information on the scheduled group
training sessions, the progression in session frequency, intensity and duration during the
intervention, individualised exercise intensities/training zones, perceived exertion scales and
goal setting. Throughout the 12-week training period, fourteen supervised exercise sessions
were scheduled each week [5 circuit gym based (treadmill, stationary bike, rowing machine,
stepper, arm crank, skipping etc.), 9 walking/jogging group based], and participants could
attend whichever session/s they wished. Participants were encouraged to attend the
supervised scheduled sessions as much as possible; however, some preferred to exercise
alone and/or at times that best suited their schedules. All participants followed the same
progression in frequency, intensity and duration of exercise sessions during the intervention
(Table 7.2). Exercise intensity (% of heart rate reserve (HRR)) was determined for each
participant from their maximal HR obtained during the initial

O2 max test, and was

calculated as follows:
Target HR = ([Max HR – Resting HR] × % intensity) + Resting HR

Table 7.2: Progression of exercise session frequency, intensity and duration during the 12week exercise intervention
Weeks
1-4
5-8
9-12

Frequency
(sessions/week)
3
3-4
4

Intensity
(% HRR)
50-65
60-75
65-80
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Duration
(min)
20-30
30-40
40-50

Figure 7.3: Photos from the 12-week exercise training intervention. The top and bottom
photos are from the circuit gym; the middle photo is from one of the routes used for the
walking/jogging group sessions.
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7.2.4 Statistical and Data Analysis
Steady-state resting data were obtained whilst seated following instrumentation, and
averaged over a 2-min period. A second 2-min baseline period (immediately prior to the
assessment of cerebrovascular reactivity) was used for all resting reactivity analysis. Steadystate resting reactivity data were obtained from the average final 60 s of the 3-min
hypercapnia or hypocapnia intervention. Reactivity was calculated as both absolute (cm.s 1

.mm Hg-1) and relative (%.mm Hg-1). Steady-state baseline data during cycling exercise were

averaged over a 60-s period >2 min after the onset of exercise (or the increase in workload).
Similar to rest, hypercapnia data were obtained in the final 60 s of the 3-min intervention. To
evaluate the effect of age on pre-exercise resting variables, one-way ANOVA were used. To
determine the effect of age on the cerebrovascular responses to exercise, and hypercapnic
reactivity during exercise, two-factor repeated measures ANOVA were conducted for age
and time (exercise). Effects of age and training on resting variables were assessed by twofactor repeated measures ANOVA, Furthermore, three-factor repeated measures ANOVA
were conducted to assess the effect of training on cerebrovascular responses and
cerebrovascular reactivity during exercise (between subjects factor: age; within subjects
factors: training and exercise). Any significant interactions were isolated using Bonferonni
controlled post-hoc t-tests. All data were analysed using SPSS statistical software (SPSS
version 17.0, SPSS Inc, Chicago, Illinois). Statistical significance was established at an α-level
of 0.05, and data are expressed as means (± SD).
To correct for a lowered PETCO2 whilst at rest following training, the post-training resting
hypocapnic reactivity was multiplied by the training-induced difference in PETCO2 to
determine the effect on MCAv (Figure 7.7). This hypocapnia-associated difference (in MCAv)
was then added to the resting post-training MCAv to accurately compare the effect of
training on CBF independent of the effect of PETCO2. Whilst acknowledging that reductions in
PETCO2 are a valid feature of higher intensity exercise, MCAv was corrected to account for
the hyperventilation-induced hypocapnia evident at 70% HRR (Figure 7.10). The pre- and
post-training resting hypocapnic reactivities were applied, and corrected the 70% HRR MCAv
to the same PETCO2 exhibited by each individual at 30% HRR. Furthermore, data are primarily
displayed as absolute cerebrovascular reactivity (cm.s-1.mm Hg-1) rather than relative
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reactivity (%.mm Hg-1). Although both are used in the literature, it is believed that absolute
reactivity is more important when comparing two populations with very different ‘starting
points’. Furthermore, the use of absolute reactivity enables ease of understanding for the
reader without having to convert percentages back to absolute values.
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7.3

Results

The results in this section are divided into two sub-sections: Part I and II. Part I is an
assessment of the effect of age on CBF and cerebrovascular reactivity at rest and during submaximal exercise in young and older untrained individuals. Part II is an assessment of the
effects of the 12-week aerobic based training intervention on the same parameters assessed
in Part I. Duplication of some Part I data does occur in Part II, however, the purpose of this is
to clearly display any effects of training in the young and older individuals. Furthermore,
because only 20 of the 26 participants who began the study completed the entire 12-weeks
of training, the data from those who withdrew are excluded from the pre-training data
represented in Part II. Flow-mediated dilatation data, collected to assess endothelial
function, has not been included in this chapter due to many poor traces (~2/3; see Appendix
F for more information). In addition, due to many poor BP (Finometer) traces (~1/2) during
exercise, these data are included in Appendix G, rather than this chapter.

7.3.1 Part I (Pre-training)
Participants and Resting Variables: 13 young and 13 older individuals began the 12-week
aerobic-based training study. Although height, mass and muscle mass were higher in the
young (P<0.05; Table 7.1), both age groups had similar a BMI and body fat percentage. As
expected,

O2 max was lower in the older individuals (P<0.05). Apart from an elevated

systolic BP [~15%; P<0.05; Table 7.3] in the older participants, all other cardiovascular
variables (i.e., HR, MAP, diastolic BP, SV

and TPR) were not different with age. MCAv,

systolic MCAv and diastolic MCAv were lower [~27%, ~22% and ~32% respectively; P<0.05],
and CVR higher [~53%; P<0.05] in the older participants. All respiratory variables were not
different with age.
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Table 7.3: Steady state cardiovascular, cerebrovascular and respiratory measures at rest in young and older participants prior to the 12-week
aerobic exercise intervention.

Cardiovascular
HR (b.min-1)
MAP (mm Hg)
SBP (mm Hg)
DBP (mm Hg)
SV (mL)
(L.min-1)
TPR (mm Hg.L-1.min-1)
Cerebrovascular
MCAv (cm.s-1)
SMCAv (cm.s-1)
DMCAv (cm.s-1)
CVR (mm Hg.cm-1.s-1)
Total Oxygenation Index (%)
Respiratory
PETO2 (mm Hg)
PETCO2 (mm Hg)
-1
E (L.min )

Young

Older

73 ± 8
83 ± 7
120 ± 10
65 ± 7
99 ± 22
7.1 ± 1.2
12.4 ± 3.1

65 ± 15
89 ± 13
138 ± 24 *
65 ± 8
113 ± 20
7.4 ± 2.3
13.3 ± 3.3

67 ± 12
111 ± 22
44 ± 8
1.30 ± 0.27
65.9 ± 4.0

49 ± 11 *
87 ± 18 *
30 ± 7 *
1.99 ± 0.53 *
66.0 ± 5.6

111 ± 5
39 ± 3
8.2 ± 2.4

111 ± 5
37 ± 3
6.9 ± 2.2

Values are means ± SD based on up to 13 young and 13 older participants. Data were averaged over 3 min whilst in the seated position. HR, heart rate; MAP,
mean arterial blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; SV, stroke volume; , cardiac output; TPR, total peripheral
resistance; MCAv, middle cerebral artery blood flow velocity; SMCAv, systolic MCAv; DMCAv, diastolic MCAv; CVR, cerebrovascular resistance; PETO2, partial
pressure of end-tidal oxygen; PETCO2, partial pressure of end-tidal carbon dioxide; E, minute ventilation. * different from young (P<0.05).
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Cerebrovascular reactivity at rest: Resting cerebrovascular reactivity (i.e., the change in
MCAv (cm.s-1) per mm Hg change in PETCO2) to both hypocapnia [1.43 (young) vs. 1.79 cm.s1

.mm Hg-1 (older)] and hypercapnia [1.46 (young) vs. 1.20 cm.s-1.mm Hg-1 (older)] was

unchanged with age (both P>0.05; Figure 7.4). However, when results were expressed in
relative terms (i.e., percent change in MCAv per mm Hg change in PETCO2), cerebrovascular
reactivity to hypocapnia was elevated in the older participants [3.86 (older) vs. 2.30 %.mm
Hg-1 (young); P<0.05]. Relative hypercapnic reactivity was unchanged with age [2.45 (older)
vs. 2.44 %.mm Hg-1 (young); P>0.05]. In addition, ventilatory sensitivity to hypercapnia
tended to be higher in the young participants at rest (P=0.07); however, the variability in this
group was ~2 times that of the older individuals.

Cerebrovascular responses to sub-maximal exercise: MCAv was elevated above resting values
during sub-maximal cycling exercise at 30 and 70% of HRR in both young and older
participants (P<0.05; Figure 7.5). The younger individuals exhibited a greater absolute
increase in MCAv during exercise [7 and 9 cm.s-1 (30% and 70% (uncorrected) HRR
respectively), vs. 2 and 2 cm.s-1 respectively (older); P<0.05]; however, when expressed as a
relative change there was no effect of age [11 and 14% (30% and 70% HRR respectively;
young) vs. 5 and 4% respectively (older); P>0.05]. Mean PETCO2 was also elevated with
exercise (~2-3 mm Hg; P<0.05), in both young and older participants. Both HR and

E

were

increased with exercise (P<0.05). Greater absolute increases in HR were observed in the
young (P<0.05); and the absolute

E

response to exercise tended to be higher in the young

(P=0.07). Cerebral TOI was unchanged during exercise (P>0.05).

Cerebrovascular reactivity during sub-maximal exercise: Hypercapnic cerebrovascular
reactivity was increased during exercise at both 30 and 70% of HRR (P<0.05), independent of
age. Both groups exhibited approximately two-fold increases in the MCAv response to
elevations in PETCO2 at 70% HRR [1.46 (rest) – 2.63 cm.s-1.mm Hg-1 (70%; young); and 1.20 –
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2.46 cm.s-1.mm Hg-1 (older)]. Ventilatory sensitivity to hypercapnia was also elevated above
resting levels during exercise (P<0.05).
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Figure 7.4: Absolute changes in middle cerebral artery blood flow velocity (MCAv; top left) and minute ventilation (V E; bottom left) during
normocapina, hypercapnia (5% CO2) and hyperventilation-induced hypocapnia (PETCO2) at rest in up to 13 young and 13 older individuals; and
corresponding calculated cerebrovascular CO2 reactivity (MCAv-CO2 reactivity; upper right), and hypercapnic ventilatory sensitivity ( E-CO2
sensitivity; lower right).
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Figure 7.5 (Opposite): Middle cerebral artery blood flow velocity (MCAv; A), end tidal CO2
(PETCO2; B), minute ventilation ( E; C), heart rate (HR; D) and cerebral total oxygenation
index (TOI; E) response (left), and absolute or relative change from rest (right) to submaximal cycling exercise at 30 and 70% of HRR in young and older individuals. * different
from young; † different from rest (both P<0.05).
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Figure 7.6: Absolute changes in middle cerebral artery blood flow velocity (MCAv; top left) and minute ventilation ( E; bottom left) during
normocapina, hypercapnia (5% CO2) and hyperventilation-induced hypocapnia (PETCO2) at rest and during cycling exercise at 30 and 70% HRR in
up to 13 young and 13 older individuals; and corresponding calculated cerebrovascular CO2 reactivity (MCAv-CO2 reactivity; upper right), and
hypercapnic ventilatory sensitivity ( E-CO2 sensitivity; lower right). † different from rest (P<0.05).
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7.3.2 Part II (Post-training)
Training: Of the 26 participants who started the training programme, 20 [77%; 10 young, 10
older] completed the entire 12-weeks of training. Although body mass and BMI were
unchanged [P>0.05; Table 7.4], body composition was altered favourably, with an increase in
muscle mass [~2%], and reduction in body fat [~5%; both P<0.05]. In addition, O2max, a
measure of cardiorespiratory fitness was increased ~6% [P<0.05]. All training-induced
anthropometric changes were comparable across age. Furthermore, training was associated
with reductions in plasma glucose and nitrite concentrations, and increases in endothelin-1
[P<0.05; Table 7.5]. Hemodynamic lipid variables were unchanged with training [P>0.05].

Table 7.4: Post-training characteristics of the young and older participants involved in Study
Two.
Young

Older

5:5

Change from
pre-training;
absolute (%)
-

5:5

Change from
pre-training;
absolute (%)
-

Age (years)

23 ± 5

-

63 ± 5

-

Height (cm)

175 ± 9

-

165 ± 8

-

79.9 ± 14.3

-0.1 ± 2.5
(-0 ± 4%)
-0.0 ± 0.9
(-0 ± 4%)
0.7 ± 0.9 ‡
(2 ± 3%)
-1.2 ± 2.4 ‡
(-4 ± 10%)
0.219 ± 0.218 ‡
(8 ± 8%)
3.0 ± 3.3 ‡
(9 ± 10%)

67.6 ± 9.6 *

-0.8 ± 2.4
(-1 ± 4%)
-0.3 ± 0.9
(-1 ± 4%)
0.1 ± 0.6 ‡
(2 ± 4%)
-1.1 ± 2.5 ‡
(-5 ± 12%)
0.070 ± 0.138 ‡
(4 ± 7%)
1.4 ± 2.0 ‡
(5 ± 7%)

Post-training
Males: Females

Body Mass (kg)
-2

BMI (kg.m )

26.0 ± 3.1

Muscle Mass (kg)

34.5 ± 8.1

Body Fat (%)

24.1 ± 7.1
-1

2.852 ± 0.691

O2 max (L.min )
-1

-1

O2 max (ml.kg .min )

35.0 ± 4.8

Post-training

24.8 ± 3.0
27.2 ± 4.6 *
27.0 ± 8.9
1.759 ± 0.257 *
25.7 ± 4.1 *

Values are means ± SD based on 10 young and 10 older participants. BMI, body mass index; O2 max,
maximal oxygen consumption. * different from young (P<0.05); ‡ different from pre-training.
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Cardiorespiratory and cerebrovascular responses to training: On initial assessment, resting
MCAv was unchanged with training (P>0.05; Table 7.6), however, measured PETCO2 was
lowered post-training (P<0.05). When this effect of resting hypocapnia on MCAv was
corrected for, MCAv was elevated following training (P=0.02; Figure 7.7). This elevation was
apparent in 17/20 participants and averaged 4 ± 6 cm.s-1 (range: -8 to + 18 cm.s-1). Resting
HR was reduced following training; however, to a greater extent in the young (P<0.05).
Furthermore, the change in MCAv was unrelated to pre-exercise O2 max, the change in O2
max, the change in resting HR, or changes in Nitrite, NOx and ET-1 [P>0.05].

Effect of training on cerebrovascular reactivity at rest: Resting hypercapnic cerebrovascular
reactivity was elevated following training in both young and older individuals (combined:
2.87 ± 0.76 vs. 2.54 ± 1.12 (pre-training); P=0.01; Figure 7.8). Ventilatory sensitivity to
hypercapnia was unchanged following training (P>0.05). Furthermore, cerebrovascular
reactivity to hypocapnia was unchanged with training (P>0.05).

Table 7.5: Post-training haematological variables of the young and older participants
involved in Study Two.
Young

-1

Total Cholesterol (mmol.L )
-1

HDL Cholesterol (mmol.L )
-1

LDL Cholesterol (mmol.L )
-1

Triglycerides (mmol.L )
-1

Glucose (mmol.L )
-1

Endothelin-1 (pmol.L )
-1

Nitrite (μmol.L )
-1

NOx (Nitrite + Nitrate) (mmol.L )

Older

Post-training

Change from
pre-training;
absolute

Post-training

Change from
pre-training;
absolute

3.8 ± 0.6

-0.4 ± 0.8

4.8 ± 0.6

-0.1 ± 0.5

1.34 ± 0.20

-0.07 ± 0.10

1.49 ± 0.54

0.07 ± 0.14 *

2.4 ± 0.5

-0.3 ± 0.8

3.3 ± 0.5

-0.1 ± 0.4

0.93 ± 0.49

-0.18 ± 0.46

1.04 ± 0.32

-0.14 ± 0.30

4.6 ± 0.3 ‡

-0.2 ± 0.4

4.9 ± 0.5 ‡

-0.2 ± 0.3

2.35 ± 0.38 ‡

0.29 ± 0.40

2.47 ± 0.35 ‡

0.23 ± 0.33

65.8 ± 13.4 ‡

-36.4 ± 23.0

67.9 ± 18.1 ‡

-19.0 ± 29.4

41 ± 12

-2 ± 20

61 ± 23

16 ± 28

Values are means ± SD based on 10 young and 10 older participants. HDL, high-density lipoprotein;
LDL, low-density lipoprotein. * different from young (P<0.05); ‡ different from pre-training.
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Table 7.6: Absolute and relative (percent) changes in resting (seated) cardiovascular, cerebrovascular and respiratory variables in young and
older participants following a 12-week exercise training intervention.
Young

Cardiovascular
HR (b.min-1)
MAP (mm Hg)
SBP (mm Hg)
DBP (mm Hg)
SV (ml)
(L.min-1)
TPR (mm Hg.L-1.min-1)
Cerebrovascular
MCAv (cm.s-1)
SMCAv (cm.s-1)
DMCAv (cm.s-1)
CVR (mm Hg.cm-1.s-1)
Total Oxygenation Index (%)
Respiratory
PETO2 (mm Hg)
PETCO2 (mm Hg)
-1
E (L.min )

Older
Δ, Pre-training
(rest; %)

Δ, Pre-training
(rest; absolute)

Δ, Pre-training
(rest; %)

Δ, Pre-training
(rest; absolute)

-7 ± 5 ‡
1 ± 12
3 ± 15
1 ± 10
0 ± 11
-0.8 ± 0.8 ‡
1.8 ± 3.0 ‡

-10 ± 8
2 ± 14
3 ± 13
2 ± 16
1 ± 11
-10 ± 10
18 ± 28

-2 ± 5 ‡*
-2 ± 11
-8 ± 22
0±7
-10 ± 16
-0.8 ± 0.7 ‡
1.6 ± 1.8 ‡

-3 ± 8
-1 ± 12
-3 ± 14
2 ± 11
-8 ± 12
-11 ± 8
10 ± 12

-1 ± 4
0±8
-1 ± 3
0.03 ± 0.19
-1.8 ± 3.5

0±5
0±6
-1 ± 7
3 ± 15
-3 ± 5

2±7
3 ± 12
1±5
-0.11 ± 0.39
2.0 ± 8.2

4 ± 14
3 ± 14
4 ± 18
-3 ± 18
3 ± 12

-3 ± 5
-2 ± 2 ‡
1.4 ± 2.1

-3 ± 5
-4 ± 5
23 ± 36

-4 ± 10
-1 ± 2 ‡
-0.5 ± 1.7

-3 ± 9
-3 ± 5
-7 ± 27

Values are means ± SD from 10 young and 10 older participants. HR, heart rate; MAP, mean arterial blood pressure; SBP, systolic blood pressure; DBP,
diastolic blood pressure; SV, stroke volume; , cardiac output; TPR, total peripheral resistance; MCAv, middle cerebral artery blood flow velocity; SMCAv,
systolic MCAv; DMCAv, diastolic MCAv; CVR, cerebrovascular resistance; PETO2, partial pressure of end-tidal oxygen; PETCO2, partial pressure of end-tidal
carbon dioxide; E, minute ventilation. * different from young; ‡ different from pre-training (P<0.05).
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Figure 7.7: Absolute (A) and corrected (for PETCO2; B) middle cerebral artery blood flow
velocity (MCAv) at rest, prior to (Pre) and following 12 weeks of aerobic-based exercise
training (Post) in up to 10 young and 10 older individuals. ‡ different from pre-training.
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Figure 7.8: Absolute changes in middle cerebral artery blood flow velocity (MCAv; top left) and minute ventilation ( E; bottom left) during
normocapina, hypercapnia (5% CO2) and hyperventilation-induced hypocapnia (PETCO2) at rest, prior to (grey) and following (black) 12 weeks of
aerobic-based exercise training in up to 10 young and 10 older individuals; and corresponding calculated cerebrovascular CO2 reactivity (MCAvCO2 reactivity; upper right), and hypercapnic ventilatory sensitivity ( E-CO2 sensitivity; lower right). ‡ different from pre-training (P<0.05).
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Effect of training on cerebrovascular responses to sub-maximal exercise: Similar to pretraining, the young individuals exhibited a greater increase in MCAv in response to exercise
[9 and 9 cm.s-1 (30% and 70% HRR respectively), vs. 5 and 4 cm.s-1 respectively (older);
age*exercise interaction: P<0.05; Figure 7.9]; however, when expressed in terms of relative
change there was no difference [13 and 13% (30% and 70% HRR respectively; young) vs. 11
and 8% respectively (older); P>0.05]. Training had no effect on the MCAv response to
exercise in either age group (P>0.05). The

E

and PETCO2 responses to exercise were different

following training (training*exercise interaction; P<0.05); with an increased

E

at 70% HRR

[+14 L.min-1 vs. pre-training; P<0.05], and reduced PETCO2 at 30% and 70% HRR [-4 mm Hg vs.
pre-training (at 70% HRR); P<0.05]. When MCAv was corrected for the exercise-induced
hypocapnia at 70% HRR, the measured MCAv was reduced when compared with the
corrected value (P<0.05); however, this did not differ with age. Like pre-training, the HR
response to exercise was lower in the older individuals (P<0.05). In addition, training
resulted in an elevated HR response at 70% HRR [+5 b.min -1 vs. pre-training; P<0.05]. The
slope of HR vs. power output during sub-maximal exercise was unchanged following training;
however, the intercept was lowered and the curve sifted to the right (Figure 7.11). The
cardiovascular responses to exercise following training are displayed in Figure A.6 (Appendix
G).

Effect of training on cerebrovascular reactivity during sub-maximal exercise: Similar to pretraining, cerebrovascular reactivity to hypercapnia was increased during sub-maximal
exercise (P<0.05), with a similar response across age. In addition to the increase in resting
hypercapnic reactivity following training (P=0.02; Figure 7.7), reactivity was elevated during
sub-maximal exercise in both age groups by 0.26 – 0.55 cm.s-1.mm Hg-1 (P=0.03; Figure 7.12).
Ventilatory sensitivity was increased with exercise following training (P<0.05); however, the
response did not differ to pre-training (P>0.05; Figure 7.13).
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Figure 7.9: Middle cerebral artery blood flow velocity (MCAv; A), partial pressure of end tidal
CO2 (PETCO2; B), minute ventilation ( E; C), heart rate (HR; D) and cerebral total oxygenation
index (TOI; E) response (I), and absolute or relative change from rest (II) to sub-maximal
cycling exercise at 30 and 70% of HRR in young and older individuals prior to and following a
12-week exercise training intervention. In (I), pre-training values are depicted in grey, and
post-training in black. Furthermore, change score differences (i.e., absolute value, or
percentage point change) in response to exercise between pre- and post-training are
displayed in the right column (III). * different from young; ‡ different from pre-training (both
P<0.05).
225

Figure 7.10: Absolute (solid line) middle cerebral blood flow velocity (MCAv) in response to
sub-maximal exercise at 30 and 70% of HRR in young and older individuals prior to (grey) and
following (black) 12 weeks of aerobic based exercise training. MCAv values obtained during
exercise at 70% HRR have also been corrected (dashed line; to PETCO2 at 30% HRR) to
account for the effect of exercise-induced hyperventilation on cerebral vasoconstriction and
blood flow. * different from young (P<0.05).

Figure 7.11: Heart rate as a function of power output at 30% and 70% HRR in young and
older individuals prior to (grey) and following (black) 12 weeks of aerobic based exercise
training. Slope and intercept data are presented in grey (pre-training) and black (posttraining). A right-ward shift of the line indicates that a higher workload was required in the
post-training testing protocol to elicit a similar HR and therefore % of HRR. ‡ different from
pre-training (P<0.05).
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Figure 7.12: Absolute changes in middle cerebral artery blood flow velocity (MCAv; top left) during normocapina, hypercapnia (5% CO 2) and
hyperventilation-induced hypocapnia (PETCO2) at rest and during cycling exercise at 30 and 70% HRR, prior to (grey) and following (black) 12
weeks of aerobic based exercise training in up to 10 young and 10 older individuals; and corresponding calculated cerebrovascular CO2
reactivity (MCAv-CO2 reactivity; upper right [young], and lower right [older]), and individual change score between pre- and post-training. †
different from rest; ‡ different from pre-training (both P<0.05).
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Figure 7.13: Absolute changes in minute ventilation ( E; top left) during normocapnia and hypercapnia (5% CO2; PETCO2) at rest and during
cycling exercise at 30 and 70% HRR, prior to (grey) and following (black) 12 weeks of aerobic based exercise training in up to 10 young and 10
older individuals; and corresponding calculated ventilatory sensitivity ( E-CO2 sensitivity; upper right [young], and lower right [older]), and
individual change score between pre- and post-training. † different from rest (P<0.05).
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7.4

Discussion

The major findings from this study were that: 1) age had no effect on cerebrovascular
reactivity at rest or during exercise (pre-training); 2) resting MCAv was elevated following a
12-week aerobic-based exercise training intervention; and 2) cerebrovascular reactivity to
hypercapnia was increased at rest and during exercise following training. Of note, these
fitness-induced elevations in MCAv and cerebrovascular reactivity occurred independent of
age. This is the first study to demonstrate a longitudinal fitness-induced increase in CBF and
an improved control of CBF.

Cerebrovascular reactivity at rest: The effect of age on cerebrovascular reactivity is
controversial. Older individuals have been found to exhibit a maintained [44, 171, 181-183],
and reduced [45, 180] hypercapnic cerebrovascular reactivity. The reason/s for this
discrepancy in findings is likely to be multi-factorial and may include differences in: CBF
measurement technique (i.e., TCD, Xe-inhalation, and positron emission tomography); the
extent of the CO2 stimulus, and whether incorporated into a room air or hyperoxic gas
mixture; the age ranges used to describe ‘older’; and posture [182]. Data from this study are
in support of a maintained cerebrovascular reactivity to hypercapnia in older age. Indeed,
Kastrup et al. [171], who used TCD to assess changes in MCAv to 5% CO2 (a similar protocol
to this study), observed no effect of age on hypercapnic reactivity in men. Interestingly, they
did observe an elevated reactivity to CO2 in pre-menopausal women, which then returned to
similar levels as men following menopause. This finding indicates a potential effect of
estrogens on cerebrovascular reactivity to CO2 [171]. In contrast, we observed no effect of
sex on cerebrovascular reactivity; however, all older females were post-menopausal and all
young females were tested in the low-estrogen (early follicular) phase of the menstrual cycle
or during the ‘sugar-pill’ week if using oral contraceptives (when estrogen was low).
The effect of age on hypocapnic cerebrovascular reactivity is also controversial, with reports
of an unchanged [44], reduced [46, 184], and even increased [182] reactivity in older age;
again this variability is likely due to the aforementioned reasons. Absolute cerebrovascular
reactivity to hypocapnia was unchanged in older individuals; however when expressed in

relative terms, hypocapnic reactivity was actually increased with age. Galvin et al. [182] also
observed an increased hypocapnic reactivity with increasing age, indicating a potential
impairment in the control of CBF during acute reductions in PaCO 2. Although not assessed,
this group suggested that the balance between vasodilator and vasoconstrictor mediators on
cerebrovascular tone may be altered with age, potentially resulting in a greater
vasoconstrictive response to hypocapnia [182]. Overall it seems that there is little effect of
age on global cerebrovascular reactivity. As observed in the previous chapters (Chapters
Three to Five), age had no detrimental effect on the control of CBF in response to postural
change. The findings from this chapter support the previous findings from this thesis, of little
compromising effect of age on the chemical and mechanical control of CBF during acute
changes in PaCO2, despite a lowered absolute flow.

Cerebrovascular responses to sub-maximal exercise: MCAv was elevated ~5-15% in response
to sub-maximal exercise in both young and older individuals. This magnitude of increase is
similar to that observed by other authors using TCD to assess blood flow velocity in the MCA
during exercise [94-98]. However, MCAv at 70% HRR was similar or slightly reduced
compared with that observed at 30% HRR. This is in accordance with previous reports that
the increase in MCAv is intensity dependent up until ~60% of

O2 max, after which it

declines to near resting levels due to hyperventilation-induced hypocapnia [94, 97]. Below
ventilatory threshold the increase in CBF with exercise is likely driven by increases in PaCO2
and cerebral metabolism, as a result of increased functional activation with motor activity
[94, 97]; however, above this, the large disproportional increase in ventilation results in a
reduction in PaCO2 and concomitant reductions in CBF despite progressive elevations in
cerebral metabolism [94, 97].
When expressed in absolute terms, the younger participants exhibited a greater increase [9
cm.s-1 vs. 2 cm.s-1 (older)] in MCAv during sub-maximal exercise than their older
counterparts. When expressed as a percent change from rest [14% (young) vs. 4% (older), at
70% HRR], the age effect was not significant; however this likely represents a lack of
statistical power. Fisher et al. [165] and Heckmann et al. [108] have both assessed the effect
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of age on the MCAv response to sub-maximal exercise, and both found no differential effect
of age. Surprisingly however, in both of these studies there was no difference in resting
MCAv with age, making comparison difficult. Fisher et al. [165] compared the MCAv
response to 30% and 50% HRR. Interestingly, although not significant, the absolute change in
MCAv during exercise at 50% is visually lowered in the older individuals (~7% increase from
rest in the young, vs. ~2% in the older individuals), similar to our observations at 70% HRR.
Despite this, it seems that younger individuals with an already higher CBF have a greater
absolute capacity to increase CBF. This notion is consistent with the idea that they can
tolerate a greater absolute reduction in MCAv prior to syncope (see Chapter Five); however,
when expressed as a function of the ‘starting point’ there is no difference with age. In
addition, the increase in MCAv with exercise has been shown to be dependent upon
103]. Despite a similar resting

[102,

, the younger individuals exhibited greater increases in

with exercise when compared with the older participants (Figure A.5, Appendix G),
potentially accounting for this greater increase in MCAv with exercise in the young. The
effect of age on the cerebrovascular response to exercise (both sub-maximal and maximal)
requires further investigation, including meta-analyses.

Cerebrovascular reactivity during sub-maximal exercise: Similar to other previous reports
[186-188], an increase in hypercapnic cerebrovascular reactivity during exercise was
observed in this study. The exact mechanisms responsible for increased reactivity are
unknown, however, an increased cerebral activation, increased core temperature [188], and
CO2-induced increases in MAP [383] have been suggested. Similar to the findings from this
chapter, Rasmussen et al. [188] observed a ~two-fold increase in hypercapnic reactivity
during exercise at 67% O2 max, much larger than the 15-20% increase observed by Ogoh et
al. at ~32% O2 max [187]; potentially indicating an effect of exercise intensity. This increase
in hypercapnic reactivity occurred independent of age, indicating a maintained control of
CBF during exercise with healthy ageing.
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Effect of training on MCAv: When corrected for supine alterations in PETCO2, resting MCAv
was elevated following 12-weeks of aerobic-based exercise training. Important to note is,
MCAv was corrected (for hypocapnia) from the post-training hypocapnic reactivity. Unlike
hypercapnic reactivity, hypocapnic reactivity was unchanged following exercise training,
therefore, the elevation in post-training MCAv is unlikely to be an artefact of a higher
correction factor. Although fitness-induced elevations in MCAv have been observed in a
cross-sectional cohort [36], this is the first study in humans to demonstrate a longitudinal
fitness effect on resting CBF. Our previously observed cross-sectional fitness effect equated
to a 17% increase in resting MCAv, or a 10 year reduction in MCAv equivalent age [36].
Longitudinally, 12 weeks of exercise training resulted in an increase in MCAv of ~7%.
Whether a longer training intervention will induce greater increases in CBF requires further
investigation. Furthermore, whether a higher resting CBF is protective against stroke is
unknown. Importantly, the observed increase in resting MCAv occurred in both young and
older individuals, indicating that the older brain is as adaptable to training as its younger
counterpart. In support of this, as assessed by MRI, human studies have reported that ageinduced cerebral atrophy is reduced in those with a higher level of aerobic fitness [37].
Moreover, it has been reported that six months of aerobic exercise training can increase
volume of both grey and white matter in the frontal and temporal cortices of the brain in
previously sedentary older individuals [38]. Whether the same can be observed in a younger
brain requires investigation.
The mechanisms responsible for this observation of an increased brain volume and higher
CBF with aerobic fitness are yet to be fully elucidated in humans. Animal based studies on
rats and monkeys have shown an increased cerebral capillary density following three weeks
to five months of exercise training [39, 40, 384, 385]. These findings indicate that
angiogenesis may be the mechanism responsible for the fitness-induced increase in CBF over
the 12 week intervention. Whether increases in brain volume, as observed following 6
months of training [38], play a role in the adaptations to shorter-term training (e.g., 12
weeks) is unknown. Importantly, similar to the findings from this chapter (of an ageindependent elevation in MCAv following training), exercise-induced cerebral angiogenesis
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has been observed in older as well as young rats [41], indicating that the healthy older brain
is as adaptable as its younger counterpart.
As seen in Figure 7.7, MCAv was only significantly elevated following training when corrected
for the corresponding significant reduction in PETCO2 following training. Since CBF is highly
dependent upon PaCO2 it was considered important to correct for this. The reason/s for this
reduction in PETCO2 following training is/are unknown. Fitness-associated reductions in
PETCO2 in a cross-sectional population were not observed in Chapter Three, or in the
literature, indicating that there is unlikely to be a fitness-effect on PETCO2. Minute ventilation
and respiratory frequency were not measurably altered following training. Methodological
issues might explain this reduction, however, this seems unlikely as the same gas analysers
were used throughout the training study and were always calibrated with a 5% (± 0.2%) CO2
gas solution. Although a ± 0.2% error in the calibration gas has a relatively large effect on
PETCO2 (4.8 – 5.2% CO2 calibration corresponds with 34.2 – 37.1 mm Hg PETCO2 respectively),
because numerous (n=6-8) gas bottles were used throughout the course of the experiment it
is unlikely that this could account for the observed difference in PETCO2 (if so, all pre-training
gas mixtures would have to have needed to be 5.2% and all post training gas mixtures 4.8%).
It therefore seems likely that this reduction in PETCO2 represented normal day-to-day
variation.

Effect of training on cerebrovascular reactivity at rest: Concomitant with an increased resting
MCAv following 12 weeks of aerobic-based exercise training, cerebrovascular reactivity to
hypercapnia was also elevated. Like the resting elevation in MCAv, this ~10-15% elevation
occurred independent of age, indicating that healthy ageing does not affect the ability of the
cerebrovascular bed to adapt to exercise training. This is the first known study to report on
the effect of fitness on cerebrovascular reactivity in humans. Swain et al. [39] used MRI in
rats to assess the cerebral responses to 10% CO2 prior to and following at least 30 days of
voluntary exercise or sedentary living. They found a 22% increase in signal intensity during
CO2 inhalation (when compared to pre-training) in the exercise group, indicating a more
pronounced CBF response to hypercapnia, and therefore increased hypercapnic reactivity in
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the trained animals, which support the findings from this study. Whether similar differences
in cerebrovascular reactivity are observed in a cross-sectional cohort requires further
investigation. An impaired cerebrovascular reactivity has been identified as a risk factor for
stroke [49-51]. In addition, an elevated cardiorespiratory fitness has been associated with a
reduced risk of stroke [54-56, 112]. This fitness-induced elevation in cerebrovascular
reactivity may provide an important physiological link in the relationship between fitness
and cerebrovascular disease.
The mechanisms responsible for this increase in hypercapnic cerebrovascular reactivity
following chronic exercise training are not well understood, but likely involve NO.
Cerebrovascular vasodilatation in response to hypercapnia is, in part, dependent upon NO
bioavailability [170]. Although not observed in this study, NO has been reported to increase
with exercise training [52, 193]. Exercise training has also been shown to increase systemic
endothelium-dependent vasodilatation (a NO-mediated response) [52, 381, 386].
Furthermore, a link between the systemic endothelial function and cerebrovascular
reactivity has been established [47, 48], indicating that any improvements in systemic
vascular function might also be reflected in the cerebral circulation (as now demonstrated in
this study). In addition, the reduced stroke risk and improved long-term outcome as a result
of physical activity have been postulated to be due to upregulation of endothelial NO
synthase [54, 55]. Additional mechanisms potentially contributing to this increase
cerebrovascular reactivity include brain-derived neurotrophic factor [387], and insulin-like
growth factor-1 [388]. Furthermore, hypocapnic cerebrovascular reactivity – a response not
NO-mediated [170] – was unchanged following training, further supporting the suggestion
that the training-induced elevation in hypercapnic reactivity is NO-mediated.

Effect of training on cerebrovascular responses to sub-maximal exercise: Despite an elevated
resting MCAv following exercise training, the MCAv response to exercise was unchanged,
with similar 10-15% increases in MCAv observed. PETCO2 was reduced at both 30 and 70%
HRR when compared with pre-training; however, this was also accompanied by a reduced
resting PETCO2. In addition, the HR and ventilatory responses to exercise were increased
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following training, irrespective of age. The changes in these variables indicate that the
corresponding 30 and 70% exercise intensities were relatively higher post-training. Maximal
HR data for the determination of these relative exercise intensities were obtained from the
pre- and post-training

O2 max tests. Maximal HR should change little with training,

however, was slightly increased (up to 10 b.min-1) in this cohort. This indicates that the
participants may not have reached their true O2 max prior to training, likely because they
were unaccustomed to exercise, especially maximal exercise. Therefore, when the ‘new’
maximal HR was applied to determine the post-training sub-maximal target HR, a greater
increase in workload (more so than that required by training alone) was required to reach
the new required HR. Nevertheless, despite the training-induced discrepancies in relative
exercise load following training, the overall observation is a relatively unchanged
cerebrovascular response to sub-maximal exercise following training; thus it seems the
control of CBF during exercise is maintained, or even elevated with both increasing age and
fitness.

Effect of training on cerebrovascular reactivity during sub-maximal exercise: Similar to pretraining, cerebrovascular reactivity was increased during sub-maximal exercise in both young
and older individuals. This observation of an increased cerebrovascular reactivity during
exercise following training indicates that any alterations in the control of CBF at rest are also
apparent during sub-maximal exercise. This finding seems likely since the mechanisms
responsible for the increased cerebrovascular reactivity at rest (i.e., potentially NO)
following training should still be apparent during exercise. Although the mechanisms
responsible for this training-induced increase in cerebrovascular reactivity during exercise
are unknown, it may reflect training/exercise induced alterations in cerebral metabolism,
which apart from PaCO2 is the most potent regulator of CBF.

Limitations: One limitation of this study is the absence of a control group. The inclusion of a
control group could have been helpful in determining the reason for the post-training
reduction in PETCO2; whether due to a training effect, or some other reason applicable to
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both groups (e.g., measurement error or seasonal effects). Nevertheless, it was felt that by
ensuring participants were fully familiarised to the testing protocol before the main data
collection period we would be able to confidently assume that any differences following 12
weeks of training would be primarily a result of the training. In addition, all measures were
deemed to be relatively insensitive to any placebo/expectation effects of having knowingly
participated in a training study. All measures were reflective of actual physiological, rather
than perceptual stress.

In conclusion, both MCAv and cerebrovascular reactivity to hypercapnia were increased
following 12 weeks of aerobic-based exercise training in both young and older individuals.
These findings are important as they 1) support the already published observation of an
elevated CBF with fitness in a cross-sectional cohort; and 2) provide insight into the
relationship between fitness and cerebrovascular disease. This is the first study to
demonstrate each of these significant findings, and provides important support for the role
of aerobic exercise in the improved control of CBF and in the prevention of cerebrovascular
disease.
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7.5

Summary

The main findings of this chapter are as follows:


Resting cerebrovascular reactivity to both hypocapnia and hypercapnia was
unchanged with older age;



The increase in MCAv during sub-maximal exercise was more pronounced in the
young;



Cerebrovascular reactivity was increased during sub-maximal exercise in both young
and older individuals;



Resting MCAv (when corrected for PETCO2) was elevated ~7% following 12-weeks of
exercise training, independent of age;



Resting hypercapnic cerebrovascular reactivity was elevated following 12-weeks of
exercise training, independent of age;



Although the MCAv response to sub-maximal exercise was unchanged following
training, both young and older individuals exhibited greater exercise-induced
increases in cerebrovascular reactivity following 12-weeks of exercise training.
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Chapter Eight

General Discussion

The main aim of this thesis was to assess the effects of age, fitness, and exercise on CBF and
its control. The capacity to maintain CBF was assessed by perturbations in two important
regulators of CBF: MAP (as assessed by HUT; Chapters Three-Six; Study One), and PaCO2 (as
assessed by cerebrovascular reactivity; Chapter Seven; Study Two). The effect of age was
assessed throughout the thesis (Chapters Three-Five, and Chapter Seven). The effect of
fitness was assessed both cross-sectionally (Chapters Three-Five), and longitudinally
(Chapter Seven). Furthermore, the maintenance of CBF was assessed at rest (Chapters Three
and Seven), during exercise (Chapter Seven), and following moderate (Chapter Four) and
prolonged exercise (Chapter Five).
In the following section (8.1) the main findings from each chapter of this thesis are
summarised, then an integrated overview of these findings is provided (section 8.2), and the
major scientific contributions are discussed. Finally, avenues for future research are
suggested (section 8.3).
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8.1

Summary of Main Findings

8.1.1 Effects of Age and Fitness on Orthostatic Tolerance at Rest
In Chapter Three the effects of age and fitness on the cardiorespiratory and cerebrovascular
responses to HUT at rest were assessed. The incidence of syncope is reported to be higher in
older age [7], however, this has not been well demonstrated in otherwise healthy and nonmedicated older (i.e., 60-80 years) individuals in lab-based settings [27, 28, 31].
Furthermore, studies reporting on the effect of fitness on orthostatic tolerance have yielded
conflicting results, with reports of an increased [26, 29], unchanged [28, 30, 31], and
reduced [32, 33, 35] orthostatic tolerance in trained athletes. Three previous studies have
assessed the combined effects of age and fitness on the physiological responses to an
orthostatic challenge [27, 28, 31], yet, none have assessed the integrated response of the
cardiovascular, cerebrovascular, and respiratory systems. Furthermore, all used LBNP as the
orthostatic stressor, therefore, it was unknown whether similar findings would be evident
with HUT – a more orthostatically-relevant stimulus. Similar to these three previous studies,
no effect of age or fitness on orthostatic tolerance (as determined by HUT-time completed)
was observed. Despite the unchanged tolerance to HUT, the cardiovascular mechanisms
responsible for the maintenance of MAP were altered. With HUT, older individuals exhibited
less increase in HR and less reduction in systolic MCAv and SV. The trained individuals
showed less reduction in

and more maintenance of TPR. Therefore, the cardiovascular

adaptations as a result of ageing and/or aerobic training do affect the cardiovascular
mechanisms responsible for the maintenance of MAP and consequently MCAv in response
to postural change. However, in healthy individuals the cardiorespiratory and
cerebrovascular systems adapt well to the physiological perturbations induced by an
orthostatic challenge and have no net effect on orthostatic tolerance.
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8.1.2 Effects of Age and Fitness on Orthostatic Tolerance following Moderate
Exercise
In Chapter Four the effects of age and fitness on the cardiorespiratory and cerebrovascular
responses to HUT following exercise of moderate duration (i.e., 30 min) were assessed.
Syncope has been widely reported following prolonged exercise (~4 h +) [17-22]; however,
there had been no known reports of a compromised orthostatic tolerance following exercise
of shorter durations. Importantly, the findings indicate that 30 min of moderate-intensity
exercise had no effect on orthostatic tolerance. Similar to Chapter Three, there was no effect
of age or fitness on tolerance following this moderate exercise. The finding of a maintained
orthostatic tolerance (at any age or fitness) is important. For example, because 30 min of
moderate intensity exercise is often the duration prescribed for health-related fitness [25],
these findings demonstrate that moderate exercise is unlikely to affect orthostatic tolerance.
These implications are especially relevant for older individuals with a reportedly higher risk
of falls and syncope (albeit not observed in Chapter Three). However, interesting from a
physiological perspective is the observation that the postural reductions in MCAv, MAP, and
SV with HUT were exaggerated following this duration of exercise. This finding indicates that
the impairments in cardiovascular control that are responsible for the development of
syncope may begin early and increase with exercise duration.

8.1.3 Effect of Age on Orthostatic Tolerance following Prolonged Exercise
In Chapter Five the effect of age on the cardiorespiratory and cerebrovascular responses to
HUT following prolonged exercise was assessed. Syncope has been widely reported following
prolonged exercise [25], however, the effect of age on this syncope incidence was unknown.
With a reported high incidence of falls and syncope in older age [7, 278], and a lowered
absolute CBF [36], it was reasoned that older athletes would be more likely to develop
orthostatic intolerance following prolonged exercise. In this study, syncope developed in
~80% of athletes; however, HUT-time completed was not different with age. Interestingly,
despite a similar orthostatic intolerance, and comparable hypotension, the cardiovascular
mechanisms responsible for the maintenance of MAP and MCAv and the consequent
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development of syncope did differ with age. In the young, significant venous pooling was
apparent as these athletes exhibited a maintained TPR but large reductions in SV. However,
in the older athletes, inadequate arterial vasoconstriction, combined with some venous
pooling was indicated, leading to an inability to maintain central blood volume. Therefore,
although the mechanisms responsible for the development of syncope do differ with age,
older athletes appear not to be at an increased risk of collapse following prolonged exercise.
Another interesting finding from this study was that there may be an age-independent
critical MCAv threshold for syncope. It has previously been reported that a reduction in CBF
of ~50% will result in syncope. This ~50% reduction was evident in the young athletes, but
not in the older athletes who already had a reduced absolute CBF, indicating that the
absolute flow rather than the relative reduction might be more important in precipitating
syncope.
In addition, a Clinical Perspective *“Heart rate during haemorrhage: time for reappraisal”
[389]], focussed on the published paper from this chapter and was published in conjunction
with it [390]. In that perspective, the authors discussed the inaccurate reporting in medical
textbooks of the HR response to haemorrhage; specifically, how the bradycardic response is
omitted. They focus on the clear bradycardic response in the 20 s prior to syncope in the
young athletes (but not the older) following exercise (Figure 5.5); a typical feature of
vasovagal syncope. Essentially, on the basis of the findings, they aimed to caution the use of
HR as diagnostic tool/treatment indicator in situations of central hypovolemia.

8.1.4 Relationship between Hypotension and Syncope following Prolonged
Exercise
In Chapter Six the relationship between PEH, IOH and the residual IOH after the initial (<30 s)
adjustment to postural change was assessed. It is commonly assumed that individuals who
exhibit a more pronounced post-exercise (supine; i.e., PEH) or postural (i.e., IOH)
hypotension will be more likely to develop orthostatic intolerance following prolonged
exercise [19, 20, 230, 254]; however, this is an assumption with no supporting evidence.
Although this specific issue does not relate to the core theme of the thesis (effects of age,
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fitness and exercise on the control of CBF), it is important in understanding the development
of syncope following prolonged exercise, especially in view of the lack of influence of age on
the risk of syncope. In this study no relationship between time to syncope and PEH, IOH, or
the residual IOH was observed. Therefore, although hypotension and an inability to maintain
BP are crucial factors in the development of syncope following exercise, the magnitude of
hypotension – either whilst supine, or in response to postural change – did not predict the
extent of orthostatic intolerance. This finding has important implications for sports medicine
professionals in the care of athletes following endurance events; specifically, those athletes
who appear to have greater hemodynamic alterations following prolonged exercise are not
necessarily at a greater risk of collapse than those athletes who present with lesser
deviations in BP. In conclusion, it seems that neither age, PEH nor IOH are important factors
in determining the risk of syncope following prolonged exercise.

8.1.5 Effect of Age on Cerebrovascular Reactivity and CBF responses to Exercise
In Chapter Seven the effect of age on MCAv and cerebrovascular reactivity to CO2 both at
rest and during sub-maximal exercise was assessed. MCAv is elevated ~10-15% with submaximal exercise [100], however, whether this is comparable in older individuals with an
already reduced resting MCAv has not been well documented. Furthermore, the effect of
age on cerebrovascular reactivity (in response to both hypercapnia and hypocapnia) remains
controversial, with reports of a maintained [44, 171, 181] and reduced [45, 46, 180, 184]
reactivity with age. A greater increase in MCAv in response to exercise was observed in the
young participants, potentially due to greater increases in neuronal activation. Furthermore,
cerebrovascular reactivity (both in the hypercapnic and hypocapnic ranges) was unchanged
with age. Similar to previous reports [187, 188], reactivity was elevated with sub-maximal
exercise. Such elevations in reactivity during exercise occurred independent of age. Thus,
despite the lesser increase in MCAv during exercise in older people, it seems that their
control of CBF is well maintained both at rest and during sub-maximal exercise.
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8.1.6 Effects of Exercise Training on Resting CBF
Chapter Seven also assessed the effect of 12-weeks of aerobic-based exercise training on
resting MCAv. In a previous publication, we observed a fitness-induced elevation in MCAv of
~17%, independent of age [36]. However, because this observation was made from a crosssectional cohort, whether an increase in MCAv could be observed following chronic exercise
training in humans was unknown. Animal studies have demonstrated an increase in CBF
following training, as a result of cerebral angiogenesis [39-42], and, Chapter Seven provided
the first study in humans to demonstrate a longitudinal training-induced elevation in MCAv
(of ~7%). Interestingly, this elevation was observed in both young and older individuals,
indicating that ageing processes do not compromise training-induced hemodynamic
adaptations. Although a direct relationship between a reduced absolute CBF and
cerebrovascular disease has not been established, it is reasonable to assume that an
elevated CBF is more protective against diseases such as ischemic stroke (a condition of
inadequate CBF).

8.1.7 Effects of Exercise Training on Cerebrovascular Reactivity
Finally, In Chapter Seven the effect of 12-weeks of aerobic-based exercise training on
cerebrovascular reactivity was assessed. The effect of fitness on cerebrovascular reactivity
appears not to have been previously studied in humans, cross-sectionally or longitudinally.
One animal study has indicated an increased cerebrovascular reactivity to hypercapnia
following exercise training in rats [39]. An impaired cerebrovascular reactivity has been
identified as a risk factor for stroke [49-51]. In addition, an elevated cardiorespiratory fitness
has been associated with a reduced risk of stroke [54-56, 112]. Data from this chapter clearly
display an elevated cerebrovascular reactivity (to hypercapnia) following exercise training
(both at rest and during sub-maximal exercise). This fitness-induced elevation in
cerebrovascular reactivity was also independent of age, and may provide an important
physiological link in the relationship between fitness and cerebrovascular disease.
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8.2

Integration of Main Findings

The overall aim of this thesis was to assess the effects of age, fitness and exercise CBF and its
control. In Study One (Chapters Three – Five), HUT was used to assess the regulation of CBF
during perturbations in MAP (with postural change). In Study Two (Chapter Seven), the
effects of age and fitness on the control of CBF were assessed by inducing changes in PaCO2
(cerebrovascular reactivity). The integrated findings (with respect to age, fitness, and
exercise) are discussed below.

8.2.1 Age
Despite reports of a high incidence of falls and syncope [7], and cerebrovascular disease
[391] in older age, data from this thesis indicate that the control of CBF is well maintained in
healthy older age. Age had no effect on orthostatic tolerance at rest (Chapter Three), or
following moderate (Chapter Four) and prolonged (Chapter Five) exercise. These findings of
a maintained orthostatic tolerance in older age are comparable with that observed
previously in lab-based settings (when assessed at rest) [27, 28, 31]. This maintained
orthostatic tolerance in healthy older age indicates that any age-induced physiological
alterations which compromise MAP control (i.e., reduced baroreflex sensitivity [13]) are
potentially counteracted by alterations which improve control (i.e., arterial stiffness [228,
329] and reduced venous compliance [229]), resulting in no net impact on circulatory
control. In addition, these three aforementioned studies [27, 28, 31] all used LBNP as the
orthostatic stressor, indicating that comparable results are observed with both HUT and
LBNP, and persist following exercise. Furthermore, age had no effect on either hypercapnic
or hypocapnic cerebrovascular reactivity at rest or during exercise (Chapter Seven).
If anything, the findings from this thesis indicate that older individuals may in fact exhibit a
more tightly maintained MCAv, especially in response to exercise. As reported in Chapters
Three - Five, the older individuals exhibited a lesser initial (<30 s) reduction in MCAv (and
MAP) in response to HUT following 30 min of exercise. Furthermore, immediately prior to
syncope, the absolute reduction in MCAv was less in the older individuals (Chapter Five). In
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addition, the increase in MCAv in response to sub-maximal exercise was less in the older
individuals (Chapter Seven). Whether these tighter upper and lower limits of MCAv are an
important physiological/morphological adaptation or merely a function of a reduced
absolute CBF is unknown. Interestingly, however, these tighter upper and lower limits in
older individuals were present only surrounding exercise (either during or following), as both
the initial MCAv response to HUT (pre-exercise; Chapter Three) and the resting hypercapnic
and hypocapnic reactivities were similar to those in the young (Chapter Seven). Overall,
healthy older age has no detrimental effect on the regulation of CBF; moreover, ageing may
even positively influence the control of CBF, especially during and after exercise.

8.2.2 Fitness
In this thesis, the overall effect of fitness was assessed cross-sectionally (Study One;
Chapters Three & Four), and longitudinally in response to a 12-week exercise-training
intervention (Study Two; Chapter Seven). The assessment of the control of CBF with
orthostatic tolerance is relatively crude as it depends on a final outcome of syncope (or not).
However, cerebrovascular reactivity enables the assessment of small changes in the MCAv
response to changes in PaCO2. Despite this, the findings of each provide important
information on the control of CBF.
The effect of fitness on orthostatic tolerance remains controversial, with reports of a
reduced [32, 33, 35], unchanged [28, 30, 31], and even improved orthostatic tolerance [26,
29]. Similar to previous studies [28, 30, 31], data from this thesis found no effect of fitness
on orthostatic tolerance (Chapters Three & Four). As with ageing, it seems possible that the
physiological alterations which may compromise the control of MAP with regular exercise
training (i.e., reduced baroreflex sensitivity and increased venous compliance [332]), may be
counteracted by alterations which improve control (i.e., increased blood volume [255]),
resulting in no net effect. Nevertheless, it seems that fitness has little effect on orthostatic
tolerance.

247

Although fitness had no effect on the maintenance of CBF in relation to orthostatic
tolerance, there was a fitness-effect on the control of CBF, as assessed by cerebrovascular
reactivity. A fitness-induced elevation in the cerebrovascular reactivity to CO2 has been
indicated in rodents [39]; however, data from this thesis are the first to demonstrate this
fitness effect in humans (Chapter Seven). This observation is important, potentially providing
a physiological link in the relationship between exercise and cerebrovascular disease [54-56,
112].
A critical factor for the maintenance of cerebral oxygen delivery is resting CBF. Although an
‘optimal’ level of CBF for physiological benefit is yet to be confirmed, it is known that a
chronic reduction in CBF may result in stroke [2], and is a likely trigger for Alzheimer’s
disease [3, 392]. The first observation of a chronic effect of fitness on resting CBF in humans
was published by Ainslie et al. [36] (Figure 8.1), and the outcome formed the basis of an
important research question in this thesis; can CBF be elevated following an exercise-training
intervention in previously sedentary individuals? In Chapter Seven (Figure 7.7), an elevation
in resting MCAv was demonstrated following 12 weeks of aerobic-based exercise-training,
supporting the previous cross-sectional finding from Ainslie et al. [36].
To further demonstrate this fitness-effect on CBF, data from Study One and Study Two have
been incorporated to generate a similar figure to that of Ainslie et al. [36]. The resting MCAv
of the trained and untrained individuals from Study One were plotted against age; in
addition, the pre-training (categorised as untrained) and post-training (categorised as
trained (corrected for PETCO2 data)) MCAv values from Study Two were also included (Figure
8.2). MCAv tended to be elevated with fitness across age (~3 cm.s-1); however, a larger
sample size is likely required to reach statistical significance [99]. Nevertheless, this thesis
has demonstrated an age-independent fitness-induced elevation in MCAv.
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Figure 8.1: Relationship between age, cerebral blood flow velocity and physical fitness. The
red line represents linear regression for the endurance trained group. The blue line
represents linear regression for the sedentary group. MCAv was consistently elevated by 9.1
± 3.3 cm.s-1 [CI = 2.7 – 1.56, P=0.006 (~17%)] in endurance trained men throughout ageing.
Figure reproduced from Ainslie et al, 2008 [36] with permission.

Figure 8.2: Relationship between age, cerebral blood flow velocity (MCAv) and fitness from
data from this thesis. The red line represents linear regression for the trained individuals.
The blue line represents linear regression for the untrained individuals. The regression
slopes were unchanged with training (Mean: -0.47; P=0.87); however, the x-intercept tended
to be higher in the trained (Trained: 81 ± 4 cm.s-1; Untrained: 78 ± 3; P=0.09), indicating an
age-independent MCAv fitness difference of ~3 cm.s-1.
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Overall, as observed by an increase in cerebrovascular reactivity following training, fitness is
associated with improvements in the regulation of CBF. In addition, exercise-training also
induced elevations in resting MCAv. Whether the lack of a fitness effect in the control of CBF
in response to HUT is due to a lack of sensitivity (in the ability of HUT to detect small
differences), or because of compensatory interactions between the cardiovascular and
cerebrovascular systems is unknown.

8.2.3 Exercise
Prolonged exercise results in an inability to maintain adequate MAP and MCAv during
orthostatic stress, resulting in syncope (Chapter Five) [20, 21]. Although there are no known
reports of syncope following exercise <4 h, data from Chapter Four indicate more
pronounced postural reductions in MAP and MCAv with HUT following only 30 min of
exercise, potentially indicating the beginnings of a compromise in the control of CBF. In
addition, although dynamic cerebral autoregulation (i.e., the reduction and restoration of
MCAv occurred before MAP during the initial (<30 s) response to HUT), was maintained
following exercise, the magnitude of the initial postural reductions in MCAv and MAP were
greater following both 30 min (Chapter Four), and 4 h (Chapter Five) of exercise. However,
there was no additive effect of exercise duration. These findings indicate that shorter
exercise durations do create greater challenges in the control of CBF; however, in the
healthy volunteers examined in this thesis, this does not translate into a reduced orthostatic
tolerance.
Of note, in Chapter Four, a post-exercise elevation in MCAv was observed in the older
individuals. From Study One alone, it could not be determined whether this was a result of a
greater elevation in MCAv during exercise, or a more sustained elevation following exercise.
Data from Chapter Seven indicates that the increase in MCAv during exercise is not greater
in older individuals (in fact, it is attenuated when compared to the young). This finding
potentially indicates that the elevated post-exercise MCAv in Chapter Four in the older
group may be due to a sustained elevation during recovery. This is an interesting finding and
warrants further investigation, especially in combination with the determination of whether
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a higher resting MCAv has cerebrovascular benefits. If the later is determined to be true,
exercise may not only elevate MCAv chronically (with training), but may elevate MCAv
acutely (following a single exercise bout), especially in older individuals.
Furthermore, as observed in Chapter Seven, cerebrovascular reactivity is increased during
exercise, irrespective of age. This elevation is supportive of an improved ability of the
vasculature to modify resistance in response to alterations in PaCO2. Whether this elevation
in reactivity persists into recovery is unknown. Although hypocapnic cerebrovascular
reactivity during exercise was not assessed in this thesis, Ogoh et al. [187] observed an
increased hypocapnic reactivity during recovery from light-intensity exercise. If hypocapnic
reactivity is elevated following exercise, this could facilitate the development of syncope
(i.e., a greater decline in CBF per unit fall in PaCO2), and requires further investigation.
Overall, despite an increased control of CBF during exercise (as determined by an increased
cerebrovascular reactivity), the ability to maintain adequate CBF may be compromised
following exercise, particularly of prolonged duration. However, since dynamic cerebral
autoregulation was unaltered, it seems that efforts to maintain MAP (and PaCO 2) whilst
upright following exercise may prevent the development of syncope [276, 393].

In conclusion, the control of CBF is well maintained in healthy older age, despite a markedly
lower CBF per se. Furthermore, despite a reduced ability to maintain adequate CBF whilst
upright following an acute bout of exercise (due to an inability to maintain MAP), the control
of CBF seems to be improved during exercise and following chronic exercise training.
Although many questions have been raised as a result of this thesis (see 8.3 below), many
valuable contributions to the area (age, fitness, exercise and the control of CBF) have also
been made.
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8.3

Future Research Directions

Based on the findings of this thesis, many relevant research questions for future
consideration have been identified, and are described below.


Exercise duration and syncope. Syncope has frequently been reported following
prolonged exercise (4 h +); however, there are no reports following exercise of
shorter durations. Although orthostatic tolerance was maintained following 30 min of
exercise, greater postural reductions in MCAv and MAP were observed. Therefore, an
obvious remaining question is how much exercise is required to induce syncope in
most individuals (e.g., 10 km, half-marathon distances), and at what intensities under
different environmental conditions?



Exercise mode and syncope. Lucas et al. [20] assessed orthostatic tolerance during a
24 h simulated adventure race (bike-trek-bike), and observed a higher incidence of
syncope following trekking than following cycling (n=2-6-4). Furthermore, except for
one report of orthostatic intolerance following prolonged swimming [22], all reports
of syncope have occurred following exercise which included a significant running
component (i.e., marathons, ultramarathons, ironman triathlons). Whether syncope
is also apparent following prolonged cycling exercise alone is unknown, and whether
the different physiological demands associated with running (vs. cycling) are
important in the development of syncope requires further investigation.



Age and MCAv recovery following acute exercise. In Chapter Four an elevated postexercise MCAv was observed in older individuals. Was this physiologically real, or due
to measurement error? Furthermore, if real, how long does this elevation persist,
and is it beneficial for cerebrovascular health?



Higher absolute CBF and cerebrovascular health. The common belief is that a higher
CBF is beneficial for cerebrovascular health, however, this has not been fully
elucidated. A chronic reduction in CBF is a risk factor for stroke [2] and Alzheimer’s
disease [3], therefore it seems possible that a chronically elevated CBF (as induced by
regular aerobic exercise) can reduce the risk of cerebrovascular disease.
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Training effects on CBF & cerebrovascular reactivity in diseased populations. In
Chapter Seven an elevated resting MCAv and hypercapnic cerebrovascular reactivity
was observed in healthy young and older individuals. Cerebrovascular disease is
associated with a chronic reduction in CBF and an impaired cerebrovascular reactivity
[49-51]. Therefore, whether similar training-induced elevations in CBF and reactivity
can be observed in already diseased populations requires investigation.



Exercise training and CBF. The observed elevation in MCAv following 12 weeks of
training in Chapter Seven was less than that observed in the cross-sectional study by
Ainslie et al. [36]. Would a longer exercise-training intervention result in greater
elevations in MCAv, or are the greatest differences only observed with habitual
exercise (i.e., >10-20 years of regular exercise)? Furthermore, what magnitude of
exercise training is required to elicit an effect?



Exercise training and cerebrovascular reactivity. The aim of Study Two was to assess
the cerebrovascular and systemic responses to exercise training. Because systemic
endothelial dysfunction has been associated with an impaired cerebrovascular
reactivity [47, 48], it was important to assess if a similar opposite relationship was
evident (i.e., are improvements in cerebrovascular reactivity associated with
improvements in systemic endothelial function). Due to poor FMD traces this
relationship could not be assessed in this thesis, but, is an avenue for further
research.



Mechanisms responsible for the training-induced increase in cerebrovascular
reactivity. Is the increased hypercapnic cerebrovascular reactivity observed following
training a NO-mediated response or due to some other mechanism?



Prolonged exercise and cerebrovascular reactivity. Hypercapnic cerebrovascular
reactivity is elevated during exercise; however, do these alterations in reactivity
persist during recovery. For example, could an increase hypocapnic cerebrovascular
reactivity following prolonged exercise exacerbate the reduction in CBF with
hyperventilation-induced hypocapnia and postural change, and facilitate the
development of syncope?
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8.4

Final Summary

This thesis has contributed to the body of knowledge on the effects of age, fitness and
exercise on the control of CBF. The major findings from this thesis are as follows:


Neither age nor fitness affects tolerance to HUT at rest or following moderate
exercise; however, the cardiovascular mechanisms by which MAP is maintained do
differ.



Although 30 min of exercise is not enough to compromise orthostatic tolerance (at
least in healthy adults in a temperate environment), greater reductions in MCAv and
MAP were observed with HUT, indicating that the exercise-induced physiological
perturbations which contribute to syncope may begin early and increase with
exercise duration.



Age has no effect on time to syncope following prolonged (4 h) exercise, however
the cardiovascular pre-cursors of syncope were different with age; venous pooling in
the young and inadequate vasoconstriction combined with venous pooling in the
older.



The magnitude of hypotension, either whilst supine or in response to postural
change, does not predict the extent of orthostatic intolerance following prolonged
exercise.



In addition to a lowered resting CBF, older individuals seem to exhibit a reduced
MCAv response to sub-maximal exercise; however, their cerebrovascular reactivity
to CO2 both at rest and during sub-maximal exercise is similar to the young.



12 weeks of aerobic-based exercise training can elevate both resting and exercising
MCAv and cerebrovascular reactivity in both young and older individuals.
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Appendix E - Study One: Syncope Questionnaire

Effects of exercise on heart and brain function
SYNCOPE QUESTIONNAIRE

Name:

Condition: Supine / Stand

Trial: Baseline / Post-acute exercise / Post-prolonged exercise
Researcher instructions: Please mark on the scale of each question to correspond to HOW
THE PARTICIPANT FEELS AT THE PRESENT MOMENT. PLEASE ANSWER EVERY ITEM. If they
do not have the specific symptom, please circle 0.
1. dizziness and lightheadedness (pre-syncope);
(0)
None

(10)
Maximum

2. visual disturbances (including blurring, color changes, white-out, gray-out, enhanced
brightness, darkening or blackening, and tunnel vision);
(0)
None

(10)
Maximum

3. hearing disturbances (including impaired hearing, crackles, and tinnitus);
(0)
None

(10)
Maximum

4. pain in the neck (occipital/paracervical and shoulder region), low back pain, or precordial
pain (region over the heart and stomach);
(0)
None

(10)
Maximum

5. weakness, fatigue, lethargy;
(0)
None

(10)
Maximum
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6. palpitations and hyperhidrosis (sweaty palms and feet).
(0)
None

(10)
Maximum

7. syncope;
(0)
NO

(10)
YES

Total:
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Appendix F – Study Two: Flow-Mediated Dilatation Data Analysis
F.1

Method

Flow-mediated dilatation (FMD) is a technique of assessing endothelial function. Endothelial
dysfunction is an important precursor to atherosclerosis, hypertension and heart failure, and
is characterised by a decreased production/reduced bioavailability of NO [53]. An increase in
shear stress, as a result of ischemia (termed reactive hyperaemia) causes dilation within the
vessel. Acute shear stress triggers Ca2+-activated K+ channels, hyperpolarising the cell and
stimulating Ca2+ entry. Ca2+ activates endothelial NO synthase, producing NO and
subsequent vasodilatation [53].
In this thesis (Chapter Seven), endothelial function was assessed by FMD in the brachial and
popliteal arteries. Artery diameter was measured with a 5-12 MHz linear array transducer
(Terason 12L5, Teratech Corporation, Burlington, MA, USA), interfaced with a high resolution
two-dimensional B-mode imaging system (Terason t3000, Teratech Corporation). Diameters
of the brachial and popliteal arteries, in the distal third of the upper arm and in the popliteal
fossa respectively, were assessed for 1 min, and the transducer location on the skin marked.
A cuff was then placed distally around the upper forearm/calf and inflated to 250 mm Hg for
5 min using a rapid cuff inflation system (E20 and AG101 (Air source), Hokanson, Bellevue,
WA, USA). The artery was then re-imaged for 30 s prior to and 3 min following cuff deflation.
Screen recording software (Camtasia Studio 6, TechSmith Corporation, Okemos, MI, USA)
captured all actions in a video file for later analysis. Analysis was performed by the candidate
(following training in the use of the software) using edge-detection software [394] (DICOM
Encoder v3.0.1, Developed by Christopher Reed, Department of Medical Engineering and
Physics, Royal Perth Hospital; and Professor Daniel Green, Research Institute for Sport and
Exercise Science, University of Western Australia, Perth, Australia).
The technique of FMD is accurate only in vessels 2.5-5 mm in diameter. Arteries smaller than
2.5 mm are difficult to image whereas arteries >5 mm tend not to dilate significantly, despite
normal endothelial function [395]. In >90% of normal individuals, the brachial artery is <5
mm [396]. In a study of 200 healthy men and women, the diameter of the popliteal artery
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was found to be 6-7 mm [397]. In healthy people, brachial artery FMD is up to ~8-12% in the
60-90 s following reperfusion [386, 398-402]; however, in those with cardiovascular disease
it is impaired or absent [403]. Sorensen et al. [402] assessed the accuracy and reliability of
FMD and suggested that in clinical trials, a mean improvement in FMD of 2% should be
required to detect a treatment benefit due to normal day-to-day variation. As used in this
thesis, the same trained sonographer was used for all measurements to ensure greater
measurement reproducibility.

F.2

Analysis

The technique of FMD has been described in detail in F.1 above. Ultrasound data were
collected before, during and following 12-weeks of aerobic based exercise training in young
and older previously sedentary individuals for later offline analysis with edge detection
software. This edge detection software is only newly available and we were unable to obtain
a copy of the software prior to beginning data collection, and hence unable to pilot this new
analysis method. Likewise, no members of our laboratory group had previous experience
with this software.
Despite a technician with ~2 years experience in this technique performing the
measurements, we were not experienced in the different collection requirements for
analysis by this method, and as a result many of the data files were not easily analysable.
The accuracy of this technique relies on excellent quality ultrasound images, and although
the Terason t3000 provides good quality images, often these were not sharp enough for
accurate analysis by this software. The following outlines the analysis process and the
identified problems with data collection and analysis which led us to our decision to exclude
this data from the thesis.
The first step of the analysis process was to assess the quality of the file, see Figure A.1.
Following this procedure, I analysed all the brachial and popliteal FMD data collected from
the young individuals throughout the training study. During this analysis of the young
participants’ files I became concerned about the quality of the files and therefore the quality
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of the data. Based upon my concerns, myself and supervisors Jim Cotter and Phil Ainslie
made the following decisions:
1. To exclude all popliteal FMD analysis from the thesis due to the poor quality of the
recordings
2. To exclude all files from the 7-8 weeks time-point during training, as Tinken et al.
[381] found that changes in FMD with training occur within the first 4 weeks of
training and return to pre-training levels within 8 weeks of training.
3. To reanalyse all previously analysed files as the lessons learned during the analysis
process up until that date would likely improve the future analysis, and also to be
blinded to the process.

Figure A.1: Flow diagram outlining the first step in the FMD analysis process.
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Following these decisions, I began to reanalyse the re-named/blinded files. My concerns
about the quality of the data did not change, despite my increased experience in analysis
and the discussions with my supervisors. We eventually decided that despite our efforts, the
data was not of a quality that we wanted and felt that the responsible action was to exclude
it from the thesis. An outline of the reasons for excluding the data is as follows:
1. Only about 10% of files were of the quality wanted (see Figure A.2 for example)
2. Due to the quality of many images the tracking of the vessel walls, especially
following cuff deflation, was not as accurate as we wanted, often preventing us from
separating vessel dilatation and noise (see Figures A.3 & A.4 for examples)
3. In some files (mostly popliteal images), the section of the vessel available for analysis
differed between baseline and following deflation, these were immediately excluded
from analysis.
4. In many files there were differences in the calculated FMD across different parts of
the vessel (e.g. 0% and 6.9%, young participant, pre-training)
5. In some files there were unlikely FMD values (both positive and negative)
6. In some files the diameter trace and flow profiles were not time-aligned (an issue
mentioned to the software developers).

It was a difficult decision to exclude this data from the thesis as hundreds of hours had gone
into the collection and analysis so far. However, the poor quality of the data prevented us
from being able to confidently draw conclusions from the findings and we felt that it was
‘better science’ to exclude it from the body of the thesis and instead address the issues in
this Appendix.
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Figure A.2: Example of a good FMD image. The top trace clearly shows the diameter of the
brachial artery 30 s prior to, and 3 min following cuff deflation (dotted green line). The peak
dilatory response is clearly shown (orange line). File from a young participant following 12
weeks of training.
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Figure A.3: Example of a poor FMD image. Following cuff deflation (dotted green line), the
noise in the signal prevents us from identifying the point of peak dilatation. There is also a
time offset in the peak blood flow and shear rate traces. File from an older participant
following 12 weeks of training.
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Figure A.4: Example of a very poor FMD image. When the vessel walls of the ultrasound
image are not clear enough to track properly, the resulting diameter trace is very messy and
un-analysable. File from a young participant prior to the beginning of 12 weeks of training.
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Appendix G – Finometer Derived Data from Chapter Seven

Figure A.5: Absolute (left) and relative (right) exercise-induced changes in mean arterial
blood pressure (MAP; A), stroke volume (SV; B), cardiac output (Q; C), total peripheral
resistance (TPR; D) and cerebrovascular resistance (CVR; E) in young and older individuals
whilst supine and during submaximal cycling exercise at 30 and 70% of heart rate reserve. *
different from young; † different from supine (young); ‡ different from supine (older; all
P<0.05).
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Figure A.6: Absolute (I) and relative (II) exercise-induced changes in mean arterial blood
pressure (MAP; A), stroke volume (SV; B), cardiac output (Q; C), total peripheral resistance
(TPR; D) and cerebrovascular resistance (CVR; E), in young and older individuals whilst supine
and during submaximal cycling exercise at 30 and 70% of heart rate reserve following a 12week exercise training intervention. In (I), pre-training values are depicted in grey.
Furthermore, percentage point differences in responses to exercise from pre-training are
displayed in the right column (III). * different from young; † different from pre-training
(young); ‡ different from pre-training (older; all P<0.05).
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Appendicies H to O are located on the accompanying CD.
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