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Abstract

Aging is associated with declining function of peripheral (i.e., brachial) and
cerebral (i.e., middle cerebral artery) arteries, which increases the risk for the
development of cardiovascular and cerebrovascular disease. Higher levels of aerobic
fitness counteract some of these age-related reductions in brachial artery function.
However, the impact of aerobic fitness on cerebral artery function is less certain. This
project aims to explore whether aerobic fitness and brachial endothelial function are
related to cerebrovascular regulation in younger and older adults. The present project
assessed the hypothesis that higher aerobic fitness would be positively associated with
brachial flow-mediated dilation (FMD) outcomes and resting middle cerebral artery
velocity (MCAWv), but the relationship between cerebrovascular reactivity (CVR), aerobic
fitness and brachial FMD is unclear, given differing reports in the literature. Aerobic
fitness (VOa2peak, via indirect calorimetry), as well as brachial FMD (via duplex
ultrasonography), MCAv (via transcranial Doppler) and CVR (MCAv response to breath
holding), were assessed in a group of healthy younger (n=15) and older (n=14) adults.
Relative and absolute VOzpeak were not related to brachial-FMD, MCAv or CVR (all,
p>0.179). Brachial-FMD was not related to MCAv or CVR (both, p>0.08). These results
indicate that aerobic fitness was not related to brachial FMD or cerebrovascular outcomes
in a group of younger and older adults. Furthermore, brachial endothelial function may

not be indicative of cerebrovascular function in younger and older adults.
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CHAPTER 1: INTRODUCTION

The Canadian population of older adults (aged >65 years) is rapidly growing and
expected to reach ~30% by 2030 (1). Chronological age is a major risk factor for
cardiovascular disease (CVD) (2), the second leading cause of death in Canada (3).
Cerebrovascular disease (CBVD, disease of brain blood vessels) is the fourth leading
cause of death among Canadians and may involve vessel lumen narrowing (stenosis), clot
formation (thrombosis), blockage (embolism) and/or vessel rupture (hemorrhage) (4—6).
One in 12 Canadians >20 years old are living with a form of CVD, with the chance of
mortality increasing by over 600% in adults over the age of 40 (3). The risk of developing
CBVD increases rapidly over the age of 55, with ~25% of Canadians currently living
with stroke being younger than 65 years old (3). Non-modifiable risk factors for both
CVD and CBVD include age, sex, and genetics, while modifiable risk factors include
obesity, alcohol, smoking, and physical inactivity (7).

An important factor in the early detection of CVD (8) and CBVD is vascular
endothelial health (9). Endothelial dysfunction can be characterized as an attenuated
ability of the peripheral vasculature to dilate in response to physical and or chemical
stimuli (10). Arterial endothelial function can be assessed by the flow-mediated dilation
(FMD) protocol, which involves measuring a vasodilatory response following a period of
reactive hyperemia, induced by a brief period (e.g., 5 minutes) of distal ischemia (11).
For every 1% increase in the relative brachial artery FMD response (% baseline
diameter), there is a ~13% relative risk reduction in experiencing an adverse
cardiovascular event (12). Furthermore, older adults have lower relative brachial FMD

responses than younger adults, indicating endothelial function declines with age (13). In



addition, an important factor in the early detection of CBVD is insufficient cerebral blood
flow (CBF) and poor cerebral vascular function, such as attenuated cerebrovascular
reactivity (CVR) responses (14, 15). Cerebral blood flow is commonly assessed
indirectly by measuring red blood cell velocity in the middle cerebral artery (MCAv)
using transcranial Doppler ultrasonography (TCD) (16). Cerebrovascular reactivity refers
to the ability of cerebral arteries to dilate and increase CBF in response to elevated
carbon dioxide (CO2) levels (17). Cerebrovascular reactivity can be assessed by
quantifying increases in MCAv induced by breath-hold-mediated elevations in arterial
(PaCO2) or end-tidal partial pressure of carbon dioxide (PerCO2) (18). This protocol will
be used in the present study to assess CVR.

Endothelial-dependent mechanisms have been implicated in partially mediating
CVR responses (19, 20), with previous work demonstrating a link between brachial
endothelial-dependent vasodilatory responses with CVR in young healthy adults (21, 22).
However, more recent work in young healthy adults has determined that brachial FMD
responses were not correlated with cerebrovascular endothelial-dependent responses (23).
Altogether, it is unclear whether a direct association exists between brachial endothelial-
dependent and CVR responses in healthy older adults who experience corresponding
reductions in both brachial and cerebral vascular outcomes. Specifically, healthy aging is
associated with reduced resting CBF and CVR responses (24—-26). Using a repeated
breath-hold protocol, Klein et al. (26) highlighted that older adults exhibited attenuated
resting MCAv and CVR responses compared to younger adults. Furthermore, aging
associated reductions in CVR have been attributed to endothelial dysfunction (21, 27).

However, age-related decreases in brachial endothelial and cerebral vascular function



may be attenuated in those who engage in more aerobic-based physical activity or
exercise.

Aerobic-based physical activity/exercise is the most effective modifiable risk
factor in preventing the development of CVD and CBVD (28-31). The gold standard
metric of aerobic fitness is maximal/peak oxygen uptake (VO2max/peak), which can be
quantified via indirect calorimetry using an incremental exercise test (32). The impact of
maintaining higher aerobic fitness levels on the preservation and/or improvement of
peripheral arterial health is well established. Specifically, a 10% increase in aerobic
fitness is associated with a 1% increase in the relative brachial FMD response (33, 34).
Continuous engagement in aerobic exercise is also associated with superior FMD
responses among younger and older adults (35). Additionally, better aerobic fitness
attenuates age-related declines in CBF, with higher resting CBF outcomes observed in
Masters athletes (36) and older adults with higher VOapeak (37, 38). Although higher
aerobic fitness is associated with better CVR in young adults (39, 40), there is conflicting
evidence regarding the relationship between aerobic fitness versus CVR in middle-aged
and older adults (41). While Barnes et al. (42) observed a positive relationship between
CVR and VOzpeak in older adults, others have reported an inverse association (36, 41).
However, DuBose et al. (43). demonstrated a nonlinear quadratic relationship between
CVR and VO:peak among a group of middle-aged and older adults across varying levels
of aerobic fitness (43). Finally, a recent systematic review and meta-analyses that
included studies in younger and older healthy adults observed a positive effect of higher
aerobic fitness on CVR (39, 40). In summary, there is no clear association between

aerobic fitness and cerebral vascular outcomes, especially amongst older adults.



Although the vascular endothelium has been implicated with CVR, which is
attenuated with ageing and may improve with higher aerobic fitness, no research has
explored whether brachial endothelial-dependent vasodilation may mediate the
relationships between aerobic fitness, and cerebral vascular health outcomes in younger
and older adults. Therefore, the primary objectives of the present study were to explore in
a cohort of younger and older adults whether: 1) aerobic fitness was related to resting
MCAv, CVR and/or brachial FMD, and 2) brachial FMD and CVR responses were co-
related. Currently, the known links between brachial endothelial-dependent and CVR
responses are based on nitric oxide- (NO) mediated vasodilatory assessments (21, 22). As
such, a secondary objective was to explore whether brachial low-flow-mediated
vasoconstrictor (L-FMC) responses, which have been linked with endothelial-derived
hyperpolarizing factors (EDHFs) (44) and improved with higher aerobic fitness in
younger (45) and older adults (46), are also associated with CVR. It was hypothesized
that higher aerobic fitness would be associated with better brachial FMD, L-FMC and
resting MCAv (CBF). Considering the discrepancy in the existing literature, it was
unclear whether aerobic fitness would be related to CVR responses. Furthermore, it was

uncertain whether brachial FMD outcomes would be associated with CVR responses.



CHAPTER 2: LITERATURE REVIEW

2.1. Risk Factors and Prevalence of Cardiovascular & Cerebrovascular Diseases

The Canadian population of older adults (aged >65 years) is rapidly growing and
is expected to reach ~30% by 2030 (1). In Nova Scotia, older adults comprise ~23% of
the population as of 2022, which is constantly rising (1). Chronological age is a major
risk factor for CVD (2), the second leading cause of death in Canada (3). Cardiovascular
disease is a group of heart and blood vessel disorders that leads to cardiac and/or vascular
damage, end-organ failure, and mortality. Additional non-modifiable risk factors for CVD
include male sex, family history, and genetics (47). Furthermore, modifiable risk factors
include smoking, physical inactivity, obesity, diabetes mellitus, hypertension, and
hyperlipidemia, which negatively influence CVD-related mortality and morbidity (48—
50). One in 12 Canadians >20 years old are living with a form of CVD, with the chance
of mortality increasing by over 600% in adults over the age of 40 (3). Approximately
19% of older adults in Nova Scotia have been diagnosed with a form of CVD (51). In
addition, aging is directly related to the development of brain vessel-related diseases.

Cerebrovascular disease (CBVD, e.g., ischemic, or hemorrhagic stroke) is the
fourth leading cause of death among Canadians and may involve vessel lumen narrowing
(stenosis), clot formation (thrombosis), blockage (embolism) and/or vessel rupture
(hemorrhage) (4—6). Cerebrovascular disease risk increases rapidly over the age of 55,
and ~75% of Canadians living with stroke are >65 years old (3). Non-modifiable risk
factors for CBVD include age (i.e., older adults), sex (i.e., female), ethnicity, and genetic
factors, while modifiable risk factors include CVD, diabetes mellitus, hyperlipidemia,

obesity, smoking, alcohol, oral contraceptive use, and physical inactivity (7).



2.2 Roles of Physical Activity & Aerobic Fitness on Disease Prevalence, & Mortality
Regular engagement in physical activity reduces the risk of chronic disease and
all-cause mortality (52). The Canadian Society for Exercise Physiology recommends that
adults engage in at least 150 minutes per week of moderate-intensity physical activity
(53). The intensity of physical activities can be measured in terms of metabolic
equivalents of task, which reflects the rate of oxygen consumption during a given activity
(54). One metabolic equivalent can be defined as a relative resting oxygen consumption
rate of ~3.5 ml/kg/min (young adults), or ~2.7 ml/kg/min (older adults) (53). Moore et al.
(55) investigated the impact of weekly leisure-time physical activity volume on the risk
of mortality from 6 pooled cohort studies (55). They demonstrated that as the volume of
physical activity increased, all-cause mortality risk decreased, while life expectancy was
higher in healthy middle-aged and older adults (>40 years old) after a 10-year follow-up

period (Figure 2.1) (55).
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Figure 2.1. The impact of leisure time physical activity volume on all-cause mortality
(Panel A) and life expectancy (Panel B) among middle-aged and older-aged adults (55).
Greater leisure time physical activity was associated with lower mortality and longer life
expectancy. The hazard ratio reflects fractional decreases in mortality compared to no
leisure-time physical activity. MET, metabolic equivalents.

Aerobic-based physical activity and exercise are the most effective lifestyle
modifications for the prevention of CVD and CBVD (28-31). Having higher aerobic
fitness is associated with a decrease in the development of CVD risk factors (i.e.,
hypertension, diabetes, hyperlipidemia) in older (56, 57) and younger adults (56, 57), as
well as a reduction in CVD-specific and all-cause mortality (58). The peak or maximum
ability of the body to utilize oxygen (i.e., VO2peak/max) can be quantified via indirect

calorimetry using an incremental exercise test and is considered the gold standard

measure of aerobic fitness (32). A higher VOzpeak is a strong, independent predictor



linked with a lower risk of all-cause and disease-specific mortality (59). Specifically, an
increase in relative VO2peak of 1 mlekg 'smin! is associated with a 9% relative risk
reduction in all-cause mortality (60). Habitual activity patterns may impact levels of
aerobic fitness, as engaging in increased light moderate-to-vigorous physical activity (3 -
>6 METS), and less sedentary time are associated with higher levels of aerobic fitness
(61, 62).

Furthermore, there is an inverse relationship between VO2peak and the risk of
stroke (63, 64). The American Stroke Association recommends engaging in regular
physical activity as a primary prevention method for the development of stroke or other
forms of CBVD (63—65). This could be related to the known positive effects that aerobic
fitness has on resting CBF (66), as increased resting CBF is a known factor for the
prevention of CBVD (14). Higher aerobic fitness is also indicative of better overall
cardiovascular health, as a lower level of aerobic fitness is a strong predictor for the
development of CVD (67, 68). Those with a lower level of aerobic fitness are known to
have higher blood pressure, hyperlipidemia, and a greater body mass index, all known
modifiable risk factors for the onset of CVD (48, 50, 69). The specific mechanisms
related to the impact of aerobic fitness on CBVD outcomes (i.e., cerebral vascular
function) and CVD (i.e., peripheral artery function) will be discussed further in-depth
later in this document, as this project aims to understand the relationship between aerobic
fitness, peripheral artery function, and cerebral artery function. The following sections
will provide an overview of cardiovascular functional anatomy to help preface
information pertaining to the assessments of brachial artery health and cardiovascular

responses related to cerebrovascular function.



2.3 Overview of the Cardiovascular System

2.3.1. Functional Anatomy of Blood Vessels

In addition to aiding with temperature regulation, the cardiovascular system is
primarily responsible for the delivery of oxygen, hormones, and nutrients, as well as the
removal of carbon dioxide and other metabolic by-products from body tissues (70). The
two primary components of the cardiovascular system are the heart and the blood vessels
(71). The systemic vascular system incorporates all blood vessels (i.e., arterioles,
capillaries, venules, veins) external to the pulmonary and coronary circulations (72).
Except for capillaries, blood vessels are comprised of three concentric layers as shown in
Figure 2.2. The outermost layer, tunica adventitia (or externa), is comprised of
connective tissue (i.e., collagen, elastin), fibroblasts, vasa vasorum (i.e., small blood
vessels that supply/drain the walls of larger vessels), and nervi vasorum (i.e., vascular
nerves) and is the point of innervation for sympathetic adrenergic nerve endings (73, 74).
The middle layer (funica media) contains vascular smooth muscle cells responsible for
changes in vessel lumen diameter and vascular tone (i.e., contractile activity of the
vascular smooth muscle of the vessel) and is separated from the innermost layer (funica
intima) by the internal elastic lamina (73). Vascular tone is the degree to which the
vascular smooth muscle cells contract relative to the maximally relaxed state . The
innermost layer (tunica intima) is comprised of a single layer of endothelial cells (i.e., the
endothelium), which are responsible for regulating the exchange of materials (i.e.,
oxygen, glucose) between the bloodstream and underlying tissues (73). Capillaries only
consist of the tunica intima. The primary functions of the endothelium are to reduce local

coagulation or clotting (i.e., thrombosis) and inflammation, as well as to maintain



vascular tone (75). The endothelium detects hemodynamic changes (i.e., blood flow) and
blood-borne chemicals (i.e., acetylcholine) to release vasoactive factors that diffuse into
the funica media and act on the vascular smooth muscle cells, causing contraction (i.e.,
vasoconstriction) or relaxation (i.e., vasodilation) (75).

While this generalized gross anatomical structure is similar between blood vessel
types, some differences exist depending on the role of the vessel. Conduit arteries (e.g.,
aorta, carotid, and brachial arteries) provide a low-resistance path of flow (76).
Resistance vessels (i.e., arterioles and small arteries), are smaller branches that connect
smaller arteries with capillaries and are important sites for the regulation of mean arterial
pressure (MAP) and tissue blood flow (72). While resistance vessels have thinner walls
compared to conduit arteries, they have relatively more vascular smooth muscle, allowing
for a greater magnitude of vasodilation or vasoconstriction (Figure 2.2C) (77).
Furthermore, veins and venules contain relatively less vascular smooth muscle and
connective tissue, which results in thinner walls (78). Thinner venous walls allow for a
wider lumen and greater capacity to store blood (Figure 2.2B) (78). Veins are referred to
as capacitance vessels that contain most of the blood volume at rest (79). The next few
sections will expand upon the functional anatomy of vascular smooth muscle and

endothelial cells.
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Figure 2.2. Cross-sectional views of the concentric layers that comprise conduit arteries
(A), veins (B), and arterioles (C). The tunica externa, is composed primarily of collagen
and elastic fibers. The tunica externa is the innervation point for sympathetic nerves,
nervi vasorum, and in arteries (A) and veins (B), small blood vessels that supply larger
vessels, vaso vasorum are found in the tunica externa. The tunica media, is composed
primarily of vascular smooth muscle cells and is responsible for adjusting lumen diameter
and vascular tone. The tunica intima is comprised of endothelial cells, which regulate the
exchange of materials (e.g., oxygen) between the blood and surrounding tissues (80).

2.3.2 — Functional Anatomy of Vascular Smooth Muscle

Vascular smooth muscle cells are fusiform with a large central nucleus surrounded
by an abundance of endoplasmic reticulum (81). Vascular smooth muscle cells contain
the protein filaments actin and myosin that interact to form cross-bridges and stimulate
contraction (81). Thin actin filaments comprise linear polymers, while thick myosin
filaments comprise both heavy and light protein chains (82). Heavy chains of myosin
consist of a globular head and a long a-helical tail (82). The a-helical tails of two heavy
chains twist around one another to form a coil, while two light chains wrap around the
necks of each globular head (82). Actin filaments are anchored within the inner surface of
the sarcolemma by dense bodies or dense bands (73). Each myosin filament is surrounded
by ~15 actin filaments (73). The actin and myosin filaments are arranged in an array, to
allow for multidirectional contraction (Figure 2.3A) (81). Vascular smooth muscle cells

are connected via gap junctions, which allow for the spread of depolarization between

11



cells (73). At rest, the vascular smooth muscle is typically in a partial state of contraction,

which determines the resting diameter of the vessel (73).
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>
Figure 2.3. Panel A: The thin (actin) and thick (myosin) filaments of vascular smooth
muscle cells are arranged in an array pattern, allowing for an elongated flat cell when
relaxed. Upon the formation of cross-bridges, the filaments shorten and the cell contracts

(81, 82). Panel B: Corresponding changes in vessel lumen diameter during vascular
smooth muscle cell relaxation and contraction. Figure created with BioRender.com.

Relaxation Contraction

Vascular smooth muscle cell contraction is stimulated by an increase in
intracellular calcium concentration. This can occur via the opening of receptor-operated
or voltage-gated (e.g., L-type) calcium channels on the sarcolemma or the sarcoplasmic
reticulum (73). Intracellular calcium binds to the modulating protein calmodulin to form
a calcium-calmodulin complex, which activates the enzyme myosin light chain kinase
(MLCK) in the presence of adenosine triphosphate (73). This enzyme phosphorylates the
myosin light chains to permit the formation of cross-bridges, leading to smooth muscle
cell contraction (i.e., vasoconstriction) (73). With decreased intracellular calcium
concentrations, the enzyme myosin light chain phosphatase removes the phosphate group
from the myosin light chains, which causes actin and myosin to detach with subsequent
relaxation (i.e., vasodilation) (73). In response to the binding of certain hormones (e.g.,
acetylcholine, epinephrine) to luminal-facing stimulatory G-protein receptors, adenylate
cyclase is activated and produces cycle adenosine monophosphate (cAMP), which

inhibits MLCK and promotes vasodilation (83) (Figure 2.4).
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2.3.3. Sympathetic Control of Vascular Smooth Muscle

The autonomic nervous system plays a key role in the involuntary regulation of
both cardiac and vascular function (84). The regulation of sympathetic outflow toward
the vasculature depends on peripheral inhibitory and excitatory input, as well as central
modulators (85). Peripheral afferent inputs (e.g., arterial baroreceptors, cardiopulmonary
baroreceptors, peripheral chemoreceptors) terminate on the nucleus of the solitary tract
(NTS) in the medulla oblongata (85). The NTS sends information to either the rostral
ventrolateral medulla (RVLM) directly or through the caudal ventrolateral medulla
(CVLM) (86). The RVLM excites sympathetic preganglionic neurons in the spinal cord,
stimulating sympathetic outflow activity (86). Additionally, central modulators (e.g.,
nitric oxide, reactive oxygen species) provide stimuli to the RVLM or the spinal cord,
contributing to the magnitude of sympathetic outflow to the vasculature (85). These

central neural control centers will be discussed further later in this chapter.
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Figure 2.4. Vascular smooth muscle contraction by myosin light chain kinase (MLCK).
Increased intracellular calcium (Ca*™) via the opening of L-type (sarcolemma) or
receptor-operated channels [sarcolemma or sarcoplasmic reticulum (SR)] binds with
calmodulin to create a calcium-calmodulin complex. This increases the activity of
MLCK, which phosphorylates the myosin light chains (MLC) to form cross-bridges and
initiate contraction. Decreased intracellular Ca™ results in less MLCK activity, as well as
greater activity of myosin light chain phosphatase, which removes phosphate groups from
the MLC, causing relaxation and vasodilation. Cyclic adenosine monophosphate (cAMP)
also inhibits MLCK to cause relaxation (73).
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Post-ganglionic sympathetic nerves innervate vascular smooth muscle cells
through the tunica adventitia (i.e., nervi vasorum), and release neurotransmitters (e.g.,
norepinephrine, neuropeptide Y and adenosine triphosphate) (87). Norepinephrine binds
with post-synaptic ai- and oz-adrenergic receptors on vascular smooth muscle cells to
cause vasoconstriction (Figure 2.5). Specifically, when norepinephrine binds to ai-
receptors, phospholipase C is stimulated through a Gg-protein coupled receptor
mechanism, leading to the formation of inositol triphosphate and diacylglycerol, resulting
in an elevated intracellular Ca?* concentration (73) (Figure 2.5). When norepinephrine
binds to o-receptors, coupled to an inhibitory G-protein, adenylate cyclase activity is
reduced, which lessens cAMP concentration and the corresponding inhibitory effect on
MLCK to promote vasoconstriction (88) (Figure 2.5). When co-released with
norepinephrine, adenosine triphosphate binds to purinergic P2X receptors on vascular
smooth muscle, initiating rapid depolarization via the opening of L-type calcium
channels, leading to vasoconstriction (89). Additionally, neuropeptide Y binds to Y1
receptors, activating Gq-proteins that inhibit adenylyl cyclase, attenuating cAMP
synthesis, and opening L-type calcium channels to promote vasoconstriction (90) (Figure
2.5).

In contrast, plasma catecholamines bind with lumen-facing 2-adrenergic
receptors (linked with a stimulatory G protein) to cause vasodilation (88) via activation of
adenylate cyclase, increased cAMP production and subsequent inhibition of MLCK (88).
Furthermore, prejunctional az-adrenoreceptors exist on the sympathetic nerve terminals.

These receptors provide negative feedback control of norepinephrine release (88) (Figure

2.5).
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2.3.4 — Functional Anatomy of The Vascular Endothelium

The endothelium releases vasoactive substances in response to hemodynamic
changes or blood-borne chemicals (e.g., bradykinin, and acetylcholine). Vasodilatory
factors released by the endothelium include nitric oxide (NO), prostacyclin, and
endothelium-derived hyperpolarizing factors, while the potent vasoconstrictor endothelin-

1 can also be produced (Figure 2.6) (91).
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Figure 2.5. Adrenergic- and non-adrenergic receptor signaling pathways that induce
vasoconstriction. Norepinephrine (NE) binds to ai-adrenoreceptors coupled to a Gq-
protein, activating phospholipase C (PL-C), causing the formation of inositol triphosphate
(IP3) and diacylglycerol (DAG) from phosphatidylinositol 4,5-bisphosphate (PIP2). IP3
then releases calcium (Ca™) from the sarcoplasmic reticulum (SR), increasing
intracellular Ca*" concentration, and stimulating myosin light chain kinase (MLCK)
activity to increase vasoconstriction. NE also binds to az-adrenoreceptors coupled to a
Gi-protein, which inhibits adenylyl cyclase (AC) activity, reducing the production of
cyclic adenosine monophosphate (cAMP), removing the inhibitory effect on MLCK,
causing vasoconstriction. Neuropeptide Y (NPY) binds to Y 1-receptors, coupled with a
Ga-protein, to inhibit AC, reducing cAMP synthesis, and promoting the opening of L-
type calcium channels to increase intracellular Ca™ concentrations, promoting
vasoconstriction. Adenosine triphosphate (ATP) binds to P2X receptors when co-released
with NE, opening L-type calcium channels (73).
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Figure 2.6. Endothelial-derived substances involved in the regulation of vascular smooth
muscle. Endothelin-1 (ET-1) elicits vasoconstriction, while nitric oxide (NO),
prostaglandin I (PGI2), and endothelial-derived hyperpolarizing factors (EDHF) elicit
vasodilation (92). ADH, anti-diuretic hormone.

Nitric oxide is a potent vasodilator that is synthesized by endothelial nitric oxide
synthase (eNOS) in both calcium-dependent and -independent manners (91). When
agonistic molecules bind to receptors on the endothelial membrane (e.g., bradykinin,
acetylcholine, thrombin) intracellular calcium concentration increases, which binds to
calmodulin (91). Simultaneously, eNOS detaches from the protein caveolin, activating
the enzyme (91). The calcium-calmodulin complex then binds to the active eNOS, which
converts the readily available amino acid L-arginine into L-citrulline and NO with
assistance from the cofactors nicotinamide adenine dinucleotide phosphate and
tetrahydrobiopterin (91). A reduction in endothelial calcium concentration causes the
calcium-calmodulin complex to dissociate, which inhibits eNOS. Shear stress, or the
tangential force of blood flow on the surface of the endothelium, can also increase NO

synthesis by increasing intracellular calcium concentration via calcium-gated ion

channels (91). Calcium-dependent NO production by the endothelium and diffusion into
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the vascular smooth muscle is outlined in Figures 2.7 and 2.8. NO can also be
synthesized by eNOS activation through a calcium-independent mechanism (80). An
increase in blood flow and accompanying shear stress causes eNOS phosphorylation via
Protein Kinase-A and Protein Kinase-B (80). Specifically, phosphorylation of eNOS on
serine sites 635 and 1177 promotes eNOS activation (Figure 2.8) (80). Following
synthesis, NO diffuses into the underlying vascular smooth muscles, where it binds to
and activates the receptor enzyme soluble guanylyl cyclase (sGC) (91). Activated soluble
guanylyl cyclase converts guanosine triphosphate to the second messenger cyclic
guanosine monophosphate, which activates protein kinase G to stimulate myosin light
chain phosphatase (73), reducing cross-bridge formation to inhibit contraction and cause
vasodilation (91).

Aside from NO, there are additional endothelial-derived vasodilators
(i.e.,endothelial-derived hyperpolarizing factors and prostaglandins) and vasoconstrictors
(i.e., endothelin-1). The production of endothelial-derived hyperpolarizing factors (e.g.,
epoxyeicosatrienoic acid, potassium ions) occurs when agonistic molecules (i.e.,
acetylcholine, bradykinin) bind to receptors on the endothelium, or shear stress increases,
resulting in higher intracellular calcium concentration (91). This results in the activation
of cytosolic phospholipase A2, which converts phospholipids into arachidonic acid (93).
Arachidonic acid activates cytochrome p450 epoxygenase to produce epoxyeicosatrienoic
acid, which opens voltage-gated potassium-ion channels, resulting in an efflux of
potassium, decreasing the membrane potential of the vascular smooth muscle cells (i.e.,

hyperpolarization) (93). Vascular smooth muscle hyperpolarization closes sarcolemma
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voltage-gated calcium channels, decreasing intracellular concentrations and causing

vasodilation (93).
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Figure 2.7. Nitric oxide (NO) production in the endothelium and the downstream effect
on vascular smooth muscle relaxation through shear stress or blood-borne agonists;
acetylcholine (Ach), bradykinin (BK), adenosine triphosphate (ATP), adenosine
diphosphate (ADP), substance P. Shear stress or blood-borne agonists trigger an increase
in intracellular calcium (Ca®") from the endoplasmic reticulum (ER) or receptor-operated
channels (91). Calcium binds to calmodulin to simulate the activation of endothelial nitric
oxide synthase (eNOS), which (91)converts the amino acid L-arginine into NO. The NO
then diffuses into the vascular smooth muscle cell(91) where it binds to and activates the
receptor enzyme soluble guanylyl cyclase (sGC). Soluble guanylyl cyclase converts
guanosine triphosphate (GTP) into guanosine 3°,5’-cyclic monophosphate (cGMP),
which inhibits ER Ca?" release and decreases myosin light chain kinase activity (MLCK)
to cause relaxation (91).
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Figure 2.8. Calcium-independent and -dependent activation of endothelial nitric oxide
synthase (eNOS). Shear stress induces phosphorylation of eNOS, which increases nitric
oxide (NO) production via protein kinase A (PKA)-mediated phosphorylation of
activation sites Ser635 or Ser1177(80). Agonists (acetylcholine, bradykinin, histamine)
can also bind to receptors (R) to increase intracellular calcium (Ca®"), creating a calcium-
calmodulin complex (CaM) that activates eNOS to increase NO production (80).

Ca™

Additionally, prostaglandins released from the endothelium also play a role in
vasodilatory function. Cyclooxygenase enzymes catalyze the production of this agent by
converting previously synthesized arachidonic acid into prostaglandin H2, which is then
converted into prostacyclin via prostacyclin synthase (91). Prostacyclin binds to PGI
receptors on vascular smooth muscle, which activates adenylate cyclase to increase
cAMP synthesis. Cyclic AMP then activates protein kinase A (91), which phosphorylates
Ser1177 and Ser635 on eNOS to augment NO production (80).

As well as the release of local vasodilators, the endothelium is also responsible for
the release of the potent vasoconstrictor, endothelin-1. In contrast to the effects of NO,
endothelin-1 increases vascular tone and is released in response to reduced shear stress

(94). In response to decreased shear stress, preproendothelin-1 messenger RNA is
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upregulated broken down to create big-ET-1 (95). Endothelin converting enzyme located
on the membrane of the endothelial cell converts big-ET-1 to endothelin-1 (95). The
binding of endothelin-1 to different receptors (i.e., ETa, ETs) exhibits differential effects
(96) The binding of endothelin-1 to ETs receptors, which are located on the endothelium,
results in the clearance of endothelin-1 and stimulates eNOS enzyme activity and NO
formation (96). The binding of endothelin-1 to the more dominant ETa receptors, located
on the vascular smooth muscle, stimulates the formation of inositol triphosphate from
phosphatidylinositol biphosphate by phospholipase C (95). The increase of inositol
within the vascular smooth muscle stimulates Ca®* release to cause vasoconstriction (95).
The impact of endothelin-1 on radial artery L-FMC responses has been investigated in
younger adults via a post-occlusion hyperemia test following intra-arterial infusion of the
ETa antagonist BQ-123 (97). Following ETa inhibition, radial L-FMC responses were
blunted, while FMD responses remained unchanged, demonstrating the impact of
endothelin-1 on L-FMC responses (97). Furthermore, resting blood flow increased
following the administration of an ETa antagonist, explaining the role of endothelin-1 in
regulating basal vascular tone (97).

An index of endothelial EDHF, prostaglandin and endothelin-1 production can be
assessed by quantifying L-FMC responses (see section 2.3.4 for details). Attenuated L-
FMC responses have been demonstrated in the brachial, popliteal, and radial arteries
following an oral administration of 150 mg fluconazole, which inhibits cytochrome P450
epoxygenase, preventing the production of the EDHF epoxyeicosatrienoic acid (44, 98).
Furthermore, impaired L-FMC responses have been shown in the radial artery following

a 500 mg oral administration of aspirin, a known cyclooxygenase inhibitor, and
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preventing the production of prostaglandins (98). However, no changes in brachial or
popliteal L-FMC responses were observed following the same dose of aspirin in young,
healthy adults (44).

While the vasodilatory pathways of EDHFs and prostaglandins are provided for
completeness, the present project will focus on the vasoactive effects of NO as the main
outcome of endothelial function, given that reduced NO bioavailability is considered a
central factor to the development of cardiovascular disease, but the vasoactive effects of
EDHFs and prostaglandins will be investigated through brachial L-FMC responses to
provide a more thorough assessment of endothelial-dependent function (44, 99).

2.3.5 — Role of Endothelial-Derived Nitric Oxide

Endothelial production of NO and the eventual relaxation of vascular smooth
muscle is referred to as NO bioavailability and provides an index of both endothelial
function (production) and vascular smooth muscle cell sensitivity (utilization) (80).
While the present project will focus on the vasodilatory effects of NO, it is important to
note that NO has other functions. Aside from the known vasodilatory functions, NO
inhibits platelet aggregation and prevents thrombosis (100). Platelets play a key role in
wound healing, but hyperreactivity can lead to vascular thrombosis or local coagulation
(100). Nitric oxide plays a role in maintaining blood flow by keeping platelets inactive
(100). Hyperreactivity and coagulation of platelets play a substantial role in the
development of atherosclerosis, and the future development of CVD (100). Nitric oxide is
an important factor in terms of peripheral and cerebral vascular health, and assessing its

bioavailability can provide an index of endothelial and vascular smooth muscle health.

2.3.6 — Assessment of Brachial Endothelial-Dependent and -Independent Function
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Endothelium-dependent NO bioavailability in conduit arteries can be assessed
using the flow-mediated dilation (FMD) assessment (11), which represents the peak
vasodilatory response to an induced hyperemia (i.e., increase in blood flow) and
associated rise in shear stress (11). Lumen diameter and blood flow are measured via
duplex ultrasonography at rest and following the period of distal ischemia (11).
Specifically, the 12-minute FMD test consists of a 2-minute baseline period, followed by
5 minutes of distal ischemia, in which a pressure cuff is rapidly inflated to supra-systolic
levels (250 mmHg) (11). An independent complementary outcome of endothelial-
dependent function is the L-FMC response, which is assessed during this period of distal
cuff inflation, by measuring the ischemic-induced reduction in arterial diameter (44). This
assessment can provide information on the production and utilization of EDHFs,
prostaglandins and endothelin-1, given their previously outlined role in L-FMC responses
(44, 101). A second 5-minute recording period occurs following the release of cuff
pressure, which provides the hyperemic stimulus (11). The ischemia-mediated increase in
blood flow and shear stress stimulates endothelial production and release of NO to cause
the vasodilatory response (11). A larger vasodilatory response is indicative of greater NO
bioavailability and a healthier endothelium. The magnitude of the brachial FMD response
provides prognostic information with respect to experiencing a future adverse cardiac
event (12). Specifically, for every 1% increase in brachial FMD, there is a ~13%
reduction in the relative risk of experiencing an adverse event (12).

In addition, an assessment of endothelial-independent vasodilation is typically
conducted to determine whether the FMD response is related to endothelial NO

production and/or bioavailability per se versus vascular smooth muscle cell sensitivity to
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NO. Endothelial-independent vasodilation is routinely conducted via a sublingual spray
of nitroglycerin, which provides a large exogenous dose of a NO-donor (102).
Specifically, the nitroglycerin-mediated dilation (NMD) protocol involves a 1-minute
baseline period of lumen diameter and blood flow recordings, the administration of a 0.4-
mg sublingual dose of nitroglycerin, followed by an additional 10 minutes of duplex
ultrasonography imaging. Nitroglycerin activates vascular smooth muscle sGC directly to
produce a maximal vasodilatory response (102). A poor NMD response suggests a
decreased sensitivity of the vascular smooth muscle cells to utilize NO, as opposed to the
ability of the endothelium to produce NO (11, 102). Previous research has observed
attenuated NMD responses in those with peripheral artery disease and coronary
atherosclerosis (103). Attenuations in FMD and NMD responses may result in blunted

vascular tone, an important factor in the control of blood pressure.

2.4 — Acute Control of Blood Pressure

The autonomic nervous system plays an important role in the regulation of blood
pressure. Autonomic nerves and circulating hormones regulate cardiac and vascular
functions involved in regulating blood pressure (87). Peripheral sensors (e.g.,
baroreceptors) have afferent nerve fibers that send information to the medullary
cardiovascular control center, in which cell bodies for sympathetic and parasympathetic
nerves are located to control the heart and vasculature (87). Baroreceptor afferent nerve
fibers synapse on the NTS, where interneurons project to medullary regions to modulate
vagal and sympathetic efferent activity (87). Specifically, parasympathetic vagal fibers

innervate the sinoatrial node of the heart from cell bodies located in the dorsal vagal
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nucleus and nucleus ambiguus (87). Afferent nerves from peripheral baroreceptors
entering the NTS promote activation of these vagal nerves in response to increases in
blood pressure, reducing sinoatrial node firing to slow heart rate (HR) and MAP, by the
consequential reduction in cardiac output (CO) (87). To excite sympathetic activity from
the RVLM, the NTS projects interneurons through the caudal ventrolateral medulla
(CVLM) (87). The RVLM directly excites sympathetic preganglionic neurons in the
intermediolateral nucleus in the thoracic and lumbar regions segments of the spinal cord
(87). Postganglionic sympathetic fibers innervate the sinoatrial and atrioventricular nodes
of the heart, increasing HR, and consequently, CO (87).

MAP, or the average arterial pressure throughout one cardiac cycle, is an
important factor in the perfusion of organs and tissues (104). Mean arterial pressure is the
product of CO, the quantity of blood pumped by the heart each minute, and total
peripheral resistance (TPR), or the amount of force exerted on blood by the vasculature
(104). Cardiac output is the product of HR and stroke volume (SV), while TPR is
determined by the net amount of vasoconstriction (1 TPR) versus vasodilation (| TPR)
(104). Resting values of MAP typically range from 70 to 100 mmHg, with large
fluctuations outside of the range having potentially disastrous effects (104). Decreases in
MAP below 60 mmHg may result in neuronal death and insufficient blood flow, while
increases in MAP above 100 mmHg may result in ventricular remodeling or stroke (104).

Therefore, effective regulation of MAP to ensure proper perfusion is important.
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Figure 2.9. Sympathetic and parasympathetic (vagal) regulation of the heart and
vasculature. Carotid and aortic baroreceptor afferent nerves carry information to the
nucleus tractus solitarius (NTS) in the medullary cardiovascular control center. The NTS
excites the RVLM to increase sympathetic activation of blood vessels and the heart, to
increase total peripheral resistance (TRP), heart rate (HR), stroke volume (SV), and
cardiac output (CO), promoting an increase in mean arterial pressure (MAP). The NTS
sends excitatory interneurons to the nucleus ambiguous (NA) and the caudal ventrolateral
medulla (CVLM) to increase parasympathetic activity to the heart. The CVLM inhibits
the rostral ventrolateral medulla (RVLM), decreasing sympathetic activity (105).
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2.5 — Overview of the Cerebrovascular System
2.5.1 — Control of Cerebral Blood Flow

Approximately 15% of resting CO is distributed to the brain due to its high
metabolic requirements (86). Cerebral blood flow is distributed via posterior and anterior
circulations (106). The posterior circulation is supplied by the bilateral vertebral arteries
and accounts for approximately one-third of total CBF. It consists of the vertebral
arteries, the basilar artery, and corresponding branches, which supplies blood to the
medial temporal lobes, posterior section of the thalamus, occipital lobes, the brainstem,
and the cerebellum (106). As the present project will assess red blood cell velocity in the
middle cerebral artery (MCA), which is part of the anterior circulation, it will be the
focus of this section. The anterior circulation originates in the bilateral internal carotid
arteries (ICA), which branches into the anterior cerebral artery (ACA), the MCA and the
anterior choroidal artery. The anterior circulatory system provides blood flow to the
frontal, temporal and parietal lobes, and contributes ~72% of total CBF (106, 107). The
ACA arises from the anterior portion of the ICA and courses anteromedially through the
brain, breaking off into various deep branches along its course to perfuse the medial and
superior portions of the frontal lobe, as well as the anterior parietal lobe (106). The
anterior choroidal artery is a branch of the ICA that varies in anatomical origin but
contains deep and superficial branches that perfuse the optic tract and medial temporal
lobe (106). The MCA is the largest of the cerebral vessels, supplying critical structures of
the brain (e.g., the frontal and temporal lobes) and is the most common site for ischemic
stroke, indicating the importance of assessing this vessel (106). The MCA encompasses

four main surgical segments (M1-M4) (108). The proximal segment (M 1) originates from
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the bifurcation of the ICA and passes laterally along the ventral surface of the frontal
lobe, becoming the M2 segment, which either bifurcates or trifurcates, travels laterally,
and perfuses the parietal lobe (106, 108). The M3 and M4 segments arise from M2 and
extend to the most lateral surface of the brain, perfusing the frontal, parietal and temporal
operculae (M3) and the hemispheric surface of the frontal and parietal lobes (M4) (106,
108). As indicated above, the MCA has clinical significance as it is the most common site
of pathological damage and represents that cerebral artery of interest for the present
project.

While these circulatory systems are comprised of differing structures and serve
different functions, they are connected by an arterial ring, as a compensatory mechanism
in the event of arterial occlusion (109). The circle of Willis refers to the structural
arrangement of cerebral arteries (i.e., anterior communicating, ACA, MCA, posterior
communicating, and posterior cerebral arteries) that provide a collateral blood flow route
between the anterior and posterior circulations (110). The ring is connected by a single
anterior communicating artery, which connects the bilateral ACAs (110). The ACAs run
posterolateral until they reach a connection with the ICA, at which point the lateral
continuation of the ICA becomes the MCA (110). At this same point of connection, the
posterior communicating artery connects the MCA with posterior cerebral arteries,
forming the furthermost posterior aspect of the circle of Willis (110). The bilateral
posterior cerebral arteries fuse, forming the basilar artery, which gives off many branches
(i.e., superior cerebellar arteries, pontine arteries, anterior inferior cerebellar artery) (110).

The basilar artery then divides into bilateral vertebral arteries, each giving rise to a
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posterior inferior cerebellar artery and contributing to the single anterior spinal artery

(Figure 2.10) (110).

Circle of
Willis

Figure 2.10. Anatomy of the cerebral arterial circulation. The internal carotid arteries are
represented by short branches that give rise to small ophthalmic arteries before branching
into the middle and anterior cerebral arteries. Bilateral anterior cerebral arteries are
connected by the anterior communicating artery. The anterior spinal artery and the
posterior inferior cerebellar artery continue into two vertebral arteries, which become the
basilar artery. The anterior inferior cerebellar artery, superior cerebellar and pontine
arteries branch from the basilar artery. The basilar artery branches terminally into the
bilateral posterior cerebral arteries, which are connected by the posterior communicating
artery to their respective internal carotid arteries. The connection of the posterior and
anterior circulations by way of communicating arteries completes the circle of Willis
(109). The middle cerebral artery branches off to distribute blood to its respective
segments (M1-M4).
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Cerebral arteries have a similar anatomical structure to systemic conduit arteries
(111). Specifically, cerebral arteries and arterioles consist of the same three layers (tunica
intima, tunica media, and tunica adventitia). However, the tunica adventitia of cerebral
arteries/arterioles are composed of astrocyte end-feet, a type of glial cell important for the
regulation of the blood-brain barrier (109). In contrast to systemic arteries, cerebral
arteries lack an external elastic lamina but have a well-developed internal elastic lamina
(53). Cerebral arteries are responsible for the delivery of oxygen and nutrients to the
brain, as well as the removal of carbon dioxide and metabolic waste. At rest, the brain
consumes ~20% of total oxygen consumption and ~50% of glucose consumption (86).
Any blood flow disruptions will cause irreparable damage to brain function (86). In the
systemic circulation, nutrient exchange occurs across the capillaries, where hydrophobic
molecules (i.e., cholesterol, vitamins) diffuse through the endothelial membrane, and
hydrophilic molecules (i.e., glucose, amino acids) diffuse through gaps between the
endothelial cells (86). However, hydrophilic molecules are unable to diffuse across
cerebral endothelial cells due to the presence of the blood-brain barrier. The blood-brain
barrier is a physical barrier between the blood and cerebrospinal fluid composed of tight
junctions between endothelial cells and held together by astrocytes (86). Substances that
cannot cross the blood-brain barrier via diffusion rely on transport proteins to reach the
blood vessels of the brain. For example, glucose is transported across the blood-brain
barrier via glucose transport proteins (86). Cerebral blood flow is regulated by an
intravascular pressure gradient between precapillary arterioles and postcapillary venules
(112). Specifically, dilation of the arterioles increases this pressure gradient and flow to

the capillaries (112).
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Following the exchange of oxygen and nutrients in the capillary beds, cerebral
blood rich with carbon dioxide enters the venous circulation (106). The cerebral venous
system is divided into two sections, the superficial dural venous sinuses, and the deeper
cerebral veins (113). Dural venous sinuses are endothelial-lined channels that collect
blood from the cerebral veins and deliver it to the systemic venous circulation system
(106, 113). However, the cerebral veins directly drain deoxygenated blood and are
divided into superficial (cortical) and deep cerebral veins (106). The superficial cerebral
veins remove deoxygenated blood from the cortex, while deep cerebral veins remove
blood from the structures surrounding the lateral ventricles. The focus of the present
project is on CBF, but a summary of venous outflow was included for a complete
understanding of cerebral circulation.

The importance of optimal CBF regulation is well established, and resting CBF
must remain relatively constant (106, 114). Cerebral blood flow is directly dependent on
cerebral perfusion pressure [CPP, the difference between MAP and intracranial pressure
(ICP)] and inversely proportional to cerebrovascular resistance (CBVR), or the level of

resistance to blood flow in the cerebral vasculature, as represented by the equation below
(19).

CBF = CPP/CBVR = (MAP-ICP)/CBVR

CBEF is mediated via four mechanisms: myogenic tone, neurogenic responses,
endothelial, and metabolic mechanisms (19). Although the present project is interested in
the assessment of the metabolic mechanism of CBF control, background information on
each mechanism is included for completeness. Myogenic tone, or a state of vascular

smooth muscle tone, is produced when arterial smooth muscle cells contract and relax in
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response to increases and decreases in pressure, respectively (19). An increase in ICP
results in vascular smooth muscle cell depolarization, which opens L-type Ca”*-gated ion
channels to permit the influx of extracellular calcium (19). The increase in intracellular
Ca?" optimizes the opportunity for the binding of Ca** with calmodulin to activate
MLCK, increasing actin-myosin interactions to cause vasoconstriction (Figure 2.7).
Neurogenic mediation of CBF refers to the release of various vasoactive
neurotransmitters from neurons or astrocytes that innervate the cerebral vasculature (19).
While the specific mechanisms behind the control of the central nervous system on the
cerebral vasculature are unclear and controversial, it is likely that the sympathetic
nervous system is involved in the control of cerebral vessel diameters and blood flow
(115). Acetylcholine is released by sympathetic preganglionic neurons, which bind to
nicotinic-receptors (ligand-gated ion channels) located on postganglionic neurons (116).
Upon binding, an influx of Ca" causes depolarization of the postganglionic neuron and
subsequent release of norepinephrine that binds to adrenergic receptors, as highlighted
previously in section 2.3.3 (Figure 2.5) (116). The cerebral vasculature is richly
innervated by sympathetic nerve fibres. However, the precise role of sympathetic neural
control of CBF remains poorly understood (117). Furthermore, a study by Ogoh et al.
(118) found a moderate attenuation of CBF in response to a single, brief hypotensive
stimulus when participants were administered an alpha-adrenergic receptor antagonist,
suggesting that sympathetic control of CBF may be partially involved. Additionally, the
cerebrovascular is densely innervated by parasympathetic cholinergic nerve fibres, but
there is a paucity of human research to fully understand the magnitude of cholinergic

control of CBF (119).
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Endothelial-dependent mechanisms also play a role in the control of CBF (19,
120). Cerebral endothelial dysfunction is part of the pathophysiology of several
neurological diseases, such as vascular dementia or the future onset of stroke (20).
Cerebral blood flow is controlled by endothelial-derived vasoactive mediators (i.e., NO)
and vasoconstricting agents (i.e., endothelin-1) (25). The mechanisms of the synthesis of
vasodilators and vasoconstrictors in cerebral endothelial cells are similar to those in the
systemic circulation (as described in sections 2.3.4 and 2.3.5). However, the location of
cerebral vessels renders similar assessments (e.g., FMD) difficult (20, 121). Studies using
animal models have investigated the impact of L-arginine, an amino acid essential to the
synthesis of NO, as an outcome of cerebral endothelial function (20). Following the
intravenous administration of L-arginine, increased vasodilation by the synthesis of NO
through the catalytic reaction of eNOS, has been shown to cause an increase in CBF
velocity, indicating a role of endothelium-derived NO in the control of CBF (20).

Metabolic control mechanisms, including changes in PaCOz, play a major role in
the regulation of CBF (122). Increases in PaCOz result in vasodilation of the cerebral
vasculature, and an increase in CBF (123). The ability of the cerebral vessels to dilate in
response to carbon dioxide, is an example of CVR (124). The opposite occurs in a state of
hyperventilation, in which PaCOz is substantially decreased, and cerebral
vasoconstriction occurs (19). While the specific mechanisms are unknown, these
responses may be attributed to the corresponding increase in arterial pH that is associated
with decreased PaCO2, as an increased arterial pH is associated with vasoconstriction
(125). Carbon dioxide-mediated cerebral vasodilation and a resultant increase in CBF

may be stimulated by a shear stress-mediated release of vasodilatory agents (i.e., NO,
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acetylcholine) (126). Links between endothelial-dependent vasodilatory function of
systemic arteries and CVR have been reported, indicating a potential common pathway
(22). A study in primates found that hypercapnia-mediated increases in CBF were
blocked following an intraarterial injection of the NO synthase inhibitor L-NMMA,
indicating the role of NO production in mediating the CVR response to elevated PaCO2
(127). To assess CVR, an index of CBF must also be measured. For the current project,

MCA red blood cell velocity will be assessed via TCD.

2.5.2 — Transcranial Doppler Assessment of MCA Velocity

Cerebral blood flow can be assessed directly or indirectly (128). Direct
assessment of CBF involves measurement of arterial blood delivery to the capillaries via
such techniques as single-photon emission computed tomography, positron emission
tomography, magnetic resonance imaging with contrast agents, and arterial spin labelling
(128). However, these methods are costly, and relatively invasive, which makes them
impractical for many that must rely on more indirect methods. Indirect CBF measurement
can be recorded via near-infrared spectroscopy, or TCD (128). Transcranial Doppler
ultrasound cannot provide a direct measure of CBF, but rather measures red blood cell
velocity (RBCv) (128, 129). The present project will use TCD to measure MCAv, as it
provides real-time measures of cerebrovascular function, and has been used repeatedly to
assess CVR (130-132).

This technique is based on the Doppler effect, in which ultrasound waves emitted
from an ultrasound probe are transmitted through a window in the skull and reflected
back to the probe by red blood cells in the cerebral artery of interest (133). The difference

between emitted and reflected waves is directly proportional to the RBCv in the vessel
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and is known as the “Doppler shift frequency” (133). The equation used to calculate the

reflector speed, accounting for the Doppler shift can be expressed as follows:

Red Blood Cell Velocity (cm/s) = (Doppler Shift) x propagation speed

2 x incident frequency x cos 6

As the vessel of interest in the present project is the MCA, a 2-MHz ultrasound probe
will be positioned over the trans-temporal window to measure MCAv, using the equation

above (Figure 2.11).

Transtemporal

Middle Cerebral
Window
Artery
/S l
0)
R TCD Probe

Figure 2.11. Identification of the transtemporal window and placement of a 2-MHz
transcranial Doppler (TCD) probe to assess the middle cerebral artery.

2.5.3 — Assessment of Cerebrovascular Reactivity

Cerebrovascular reactivity refers to the change in CBF in response to a vasoactive
stimulus (e.g., increase in PaCO2) (134). Cerebrovascular reactivity can be assessed using
a repeated breath-hold protocol, in which P.COz rises, resulting in vasodilation of the
cerebral arteries and a corresponding increase in CBF (135). The protocol used in the
current study involves a series of 8, 20-second end-expiratory breath holds interspersed

with 30 seconds of uncontrolled breathing while in a supine position. The first 2 breath-
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holds will be used to familiarize participants with the protocol and not used in the
quantification of CVR. Increases in the end-tidal partial pressure of carbon dioxide
(APerCO2) will be quantified as the difference between the peak PeTCO2 immediately
following the breath-holds and the average of the last 2 normal breaths before each
breath-hold (18, 26, 136). Cerebrovascular reactivity will be calculated as absolute and
relative increases in MCAv relative to the corresponding rise in PerCOz in both absolute

(AMCAVv /APerCO2 and %AMCAV/APeTCO2).

2.6 — Impact of Aging on Peripheral and Cerebral Vascular Function

There are numerous structural and functional changes to the vasculature with
ageing, many of which lead to impaired endothelial function and contribute to the
increased risk of developing CVD (137). Endothelial dysfunction can be characterized as
an attenuated ability of the vasculature to dilate in response to physical or chemical
stimuli and serves as an indicator of CVD risk (10). Ageing is associated with an increase
in arterial lumen diameter, as well as the thickness of the intima-media layer (137). This
causes a corresponding increase in the wall-to-lumen ratio, an index of vessel narrowing
(137). Furthermore, ageing is associated with decreased elastin and increased in the
arterial wall, leading to stiffening of peripheral and cerebral arteries (138). Furthermore,
there is decreased endothelial-derived NO-bioavailability and vascular smooth muscle
sensitivity to NO in older adults (10). This may be influenced by age-related increases in
inflammation and oxidative stress acting on both the endothelium (i.e., synthesis) and the
vascular smooth muscle (i.e., utilization) (139).

These age-related changes have been documented as attenuated FMD responses in

older adults (137). In the endothelium, older adults have elevated asymmetric
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dimethylarginine concentrations, a naturally occurring chemical in the blood that inhibits
eNOS production of NO (140). This age-related elevated concentration of asymmetric
dimethylarginine may be due to the increased production of reactive oxygen species, or
oxidative stress that occurs with age (139). When reactive oxygen species are
overproduced, superoxide pairs with NO, forming the highly reactive chemical
peroxynitrite, which reduces the bioavailability of NO (139, 141). Older adults have
demonstrated lower relative brachial FMD responses when compared with younger
adults, as well as an impaired reactive hyperemic response (shear rate area under the
curve, SRauc), the shear stress stimulus for FMD (13, 142).

Vasodilatory function and vascular health are also impacted by the sensitivity of
the vascular smooth muscle to NO, as assessed by the NMD test (81). Vascular smooth
muscle sensitivity to nitroglycerin declines with age in both conduit arteries and
resistance vessels (143). Parker et al. (13) demonstrated that brachial NMD responses
were ~50% lower in older adults compared to younger adults. Mechanisms associated
with this age-related decline in vascular smooth muscle cell sensitivity to NO are unclear.
However, there is some evidence from animal models to suggest there is an age-related
decline in the concentration of soluble guanylyl cyclase (144, 145). This decrease in
soluble guanylyl cyclase decreases cGMP production and reduces vascular smooth
muscle relaxation (Figure 2.7) (144, 145). Furthermore, the age-related increase in
reactive oxygen species may contribute to the decreased sensitivity of the vascular
smooth muscle cells to NO in humans (146).

The proper perfusion of the brain is of key importance due to its high metabolic

demand and constant need of oxygen and nutrients. Age is also a major risk factor for the
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development of CBVD (147). Reduced CVR has been noted among older adults, which
have been attributed to age-related impairments in the endothelial-dependent vasodilatory
capacity of the cerebral vasculature (26, 27). A study by Lavi et al. (21) noted a reduced
CVR response in patients with systemic endothelial dysfunction, which was hypothesized
to be attributed to the age-related decline in CVR (21). Additionally, reductions in CVR
with age are related to an increased risk of stroke and all-cause mortality (148). This age-
related reduction in CVR is an early indication of abnormal cerebrovascular health (147).
Although both CVR and CBF decrease with age, the specific mechanisms related to these

decrements are still relatively unknown (149, 150).

2.7 — Impact of Aerobic Fitness on Vascular Function in Older Adults

The impact of aerobic fitness on preserving and improving peripheral arterial
function during chronological aging are well established (33). In general, a 10% increase
in VOzpeak/max is associated with a 1% higher relative brachial FMD response (34).
Importantly, a 1% rise in relative FMD translates to a 13% reduction in the risk of
experiencing an adverse cardiovascular event (8). Aerobic fitness has been associated
with superior FMD responses in the brachial artery among older adults (151).
Specifically, engaging in regular aerobic exercise enhances the bioavailability of NO, and
attenuates the age-related decline in endothelial function by reactive oxygen species
(152). A meta-analysis by Ashor et al. (34) determined that >4 weeks of aerobic exercise
training can increase relative brachial FMD in older adults by ~2.9%. Additively, a higher
level of aerobic fitness has been associated with greater L-FMC responses in the brachial

artery among older adults (153). A cross-sectional study reported a positive relationship
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between VOzpeak and brachial FMD outcomes in healthy young/middle-aged males
(154). Furthermore, O’Brien et al. (153) outlined that achieving 150 minutes of MVPA
weekly is associated with higher brachial-FMD responses, highlighting that habitual
activity is also an important factor in the brachial-FMD responses (155). Additionally,
engaging in moderate-intensity continuous training (i.e., 30-minutes of moderate intensity
physical activity per day, as per American College of Sports Medicine guidelines (156),

has been associated with improved BA-FMD and VOapeak (157).

Aerobic fitness has also been demonstrated to attenuate the age-related decline in
cerebral vascular function (37, 38). A positive relationship has been demonstrated
between VOapeak and CBF in cross-sectional work (37, 38). Specifically, as shown by
Ainslie et al. (37), aerobically trained males have an attenuated reduction in age-related
MCAv. Additionally, a cross-sectional study compared CBF between Masters athletes
(i.e., consistent age-group winners at regional and national endurance events for 23 + 8
years), sedentary older adults, and a young control group (36). This study used MRI to
demonstrate that Masters athletes had a higher CBF compared to both sedentary older
adults and the young control group, indicating that lifelong aerobic training can increase

CBF (Figure 2.10) (36).
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Figure 2.12 Comparison of resting relative cerebral blood flow (CBF) between Masters
athletes (MA), sedentary elderly (SE), and young controls (YC). Data represented by
means = standard deviations. *Corrected p<0.05, **Corrected p<0.005 (36).

Although there is consistent evidence that aerobic fitness increases CBF,
conflicting evidence exists regarding the impact of aerobic fitness on CVR (36, 41, 42).
Studies investigating this relationship have observed increased CVR in older adults with
higher VO peak (42), while others have reported a lower (36, 41), or no effect (150).
Specifically, using MRI to assess whole-brain CVR, Thomas et al. (36) observed a lower
CVR in older adults with higher aerobic fitness and hypothesized this may have been due
to a potential increase in PaCO: during aerobic exercise, resulting in CO2 desensitization
in older adults who regularly engaged in aerobic exercise across their lifespan (36).
Alternatively, using TCD to assess CVR in the MCA, Barnes et al. (42) demonstrated a
positive correlation between VOzpeak and CVR (from the MCA) among older adults, but
not among younger adults (Figure 2.12) (42). Of note, both studies utilized an inhaled
higher COz2 protocol (36, 42). A systematic review by Smith et al. (2021) demonstrated
that a higher VOapeak is associated with a higher CVR (50% of studies), as assessed by

TCD or MRI in the MCA, among both younger and older adults (39).
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Furthermore, DuBose et al. (43) looked at the relationship between CVR and
VOzpeak in a large group of both middle-aged and older adults across a wide range of
aerobic fitness (43). Using a breath-hold protocol to induce hypercapnia, they assessed
CBF outcomes using BOLD-fMRI (43) and observed a negative relationship between

CVR and aerobic fitness (43).
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Figure 2.13. Example of a study demonstrating a negative association between acrobic
fitness (VO2peak) and cerebrovascular reactivity (CVR). Maximal aerobic capacity was
negatively associated (r = -0.73) with CVR in aerobically fit older adults (36).
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Figure 2.14. Example of a study demonstrating a positive association between aerobic
fitness (VO2peak) and cerebrovascular reactivity (CVR). Maximal aerobic capacity was
positively associated with CVR in the middle cerebral artery (MCA) in older adults (r =
0.64, p = 0.02), but not significantly different (ns) in younger adults (r = -0.15) (42).

Independently, the positive impacts of aerobic fitness on brachial-FMD (34, 151)
and CBF (36, 38, 126) have been previously described. However, conflicting evidence
exists regarding the relationship between aerobic fitness and the specific mechanisms that
regulate CVR (36, 41, 42). The vascular function of the peripheral (e.g., brachial artery)
and cerebral arteries (e.g., MCA) can be assessed by quantifying endothelial-dependent
vasodilatory function, an important factor in the regulation of CVR, and the primary
outcome of brachial-FMD (20, 25, 158).

However, as demonstrated by Carr et al. (23), endothelial-dependent CVR
responses in the ICA are not related to CVR responses in the MCA, indicating potential
differences in peripheral endothelial function and cerebral endothelial function (23). On

the contrary, a study by Santos-Garcia et al. (159) demonstrated that lower FMD

responses were associated with poor outcomes in patients with acute ischemic stroke,

41



highlighting that although differences in endothelial function between peripheral and
cerebral arteries may exist, a potential relationship between peripheral FMD responses
may also remain (159). As there is currently no direct methodology to assess endothelial
function in the cerebral vessels, understanding the relationship between brachial artery
endothelial function artery and vascular function of the cerebral vessels may provide
further insight into these endothelial-dependent mechanisms of these vessels.
Furthermore, given the impact of aerobic fitness on peripheral endothelial function (151),
understanding this relationship may also provide insight to how aerobic fitness impacts

the endothelial function of the cerebral vessels.

2.8 — Purpose & Hypothesis

The objectives of the present study were to explore in younger and older adults
whether: 1) aerobic fitness was related to resting MCAv, CVR, and/or brachial FMD, and
2) brachial FMD responses were associated with CVR. As indicated above, brachial FMD
responses was the primary endothelial-dependent outcome of interest, but the
relationships between aerobic fitness, CVR outcomes versus brachial L-FMC and NMD
responses were also evaluated. It was hypothesized that aerobic fitness would be
positively related to brachial FMD and resting MCAv. Considering the discrepancy in the
existing literature, it was unclear whether aerobic fitness would be related to CVR
responses. Furthermore, it was uncertain whether brachial endothelial-dependent
outcomes would be related to CVR responses. As there was little evidence in the
literature surrounding habitual physical and sedentary activity levels on cerebrovascular

function, the relationships between these objectively measured outcomes (e.g., intensity-
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based physical activity levels, sedentary time) on resting MCAv and CVR responses was

also explored.
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CHAPTER 3: METHODS

3.1 Participant Information

Participants were included if they were >18 years old, had a body mass index of
<30 kg/m? (i.e., non-obese), were non-smokers (i.e., had not smoked nicotine or
marijuana-containing cigarettes >4 days/week within the previous 6 months), were non-
hypertensive [i.e., resting seated systolic blood pressure (SBP) < 139 mmHg and diastolic
blood pressure (DBP) < 89 mmHg], had no history of orthostatic hypotension or fainting
while standing, were not currently or had recently (i.e., the past 6 months) been
prescribed medications that impact cardiovascular function (e.g. statins, sildenafil, on
hormone replacement therapy), as well as females who were not pregnant or
breastfeeding.

Thirty-three healthy (i.e., free from chronic disease) individuals (239) were
recruited for this study. Four participants (39) were removed from the study due to an
inability to obtain a stable TCD signal (n=1), syncope during data collection (n=1), a
knee injury (n=1) and a dropout (n=1). As such, 29 participants completed the
experimental protocol. Participants were stratified into younger (18-54 years) and older
adults (>55 years). There were 15 younger (119, 27+10 years) and 14 older participants
(99, 67£9 years).

Participants were informed of all methods and procedures verbally and in writing
prior to providing written informed consent. Premenopausal females were tested in the
early-follicular phase of their natural menstrual cycle (i.e., Days 1-5 following the onset

of menstruation), or during the placebo/inactive phase of oral combined contraceptive pill
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use to minimize the influence of fluctuating hormonal levels on brachial endothelial
function (160—-162) (Naturally menstruating: n=2, Oral-contraceptives: n=9).
Participants abstained from moderate-vigorous physical activity (MVPA) for 24-
hours, avoided foods high in saturated fats, caffeinated products, chocolate, citrus fruits,
alcohol, and antioxidant supplements for 12 hours, and fasted for a minimum of 6-hours
prior to data collection as these factors impact brachial endothelial function (11, 163).
Height (to nearest 0.1-cm) and body mass (to nearest 0.1-kg) were collected via a
calibrated stadiometer and physician’s scale, respectively (Health-O-Meter, McCook II,
USA). Body mass index was subsequently calculated. All protocols conformed to the
Declaration of Helsinki, except for registration as a clinical trial, and were approved by

the Dalhousie Health Sciences Research Ethics Board (REB# 2023-6585; Appendix A).

3.2 Experimental Measures and Analyses

3.2.1 —Assessment of Aerobic Fitness

Aerobic fitness was assessed using an incremental, maximal exercise test on an
electromagnetically braked cycle ergometer (Lode Excalibur Sport, Groningen, The
Netherlands). The ergometer seat was adjusted to a comfortable position while ensuring
that a slight knee bend (~10-20 degrees knee flexion) was achieved at the lowest pedal
position. Participants were equipped with a chest strap-based HR monitor (Polar H9,
Kempele, FI) and a breathing mask or mouthpiece (with nose clip) attached to a
commercial metabolic system (TrueOne 2400, Parvomedics Inc., Sandy, UT). The
volume rates of oxygen consumption (VO2), and carbon dioxide production (VCO2) were

collected, and the respiratory exchange ratio (RER, VCO2/VO2) calculated.
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Once instrumented, participants were seated for at least 5 minutes to record
resting HR and blood pressure via a semi-automatic vital signs monitor (Carescape v100,
General Electric Healthcare). Participants then sat on the bike for 2 minutes to record
resting VO2, VCO2 and RER, prior to beginning the warm-up period. Once resting
measures were obtained, participants began a 5S-minute warm-up period at a low intensity
(30-50 watts). The workload was then increased to 1 watt/kg body mass and gradually
increased by 15 watts per minute (~1W every 4 seconds) until voluntary exhaustion.
Ratings of perceived exertion were assessed 1-3 minutes throughout the protocol using
the Borg 6-20 scale (6 = no effort and 20 = maximal effort) (164). Strong verbal
encouragement was provided throughout the testing period. The test was terminated
when: a pedalling rate of 40 revolutions per minute could not be maintained for >15-
seconds, there was a sudden decrease in HR of >30 beats/minute, or when requested by
the participant. Upon test completion, the intensity was reduced to the warm-up power
output for a 5-minute cool-down period.

Heart rate, VO, and RER were averaged every 15 seconds and maximum/peak
values determined from the greatest consecutive 30-second average. The final workload
achieved was recorded and considered as their peak aerobic power. The primary criterion
for the attainment of a maximum VO2 was a plateau (i.e., an increase in absolute VO2 <
150 ml/min or relative VO2<2.1 ml/kg/min between successive 15-second averaged
timepoints). In the absence of a plateau, a VOzpeak was ascribed if a participant achieved

at least 2 of the following criteria: 1) a peak rating of perceived exertion score >18, 2) a

peak HR >95% of age-predicted (208 - 0.7 x age) (165), and 3) a peak RER >1.15 (165).
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Considering that not all participants achieved a VO2max, the term VOzpeak will be used
for the remainder of this thesis (VO2max: n=22, VOzpeak: n=6, Unusable Data: n=1).

The primary metrics of aerobic fitness were absolute VO2peak (L/min) and
relative VOzpeak (ml/kg/min). However, for completeness, we also determined the
percent of age-predicted VO2zpeak (%), and the American College of Sports Medicine
fitness percentile rank (%) (166). Age-predicted Absolute VOzpeak (L/min) was
calculated from the following equation (Males = 0, Females = 1) (167):

[0.046%height(cm)] — [0.021%age(years)] — [0.62%sex] — 4.31
Furthermore, relative VOzpeak values were used to qualify aerobic fitness using the
Canadian Society for Exercise Physiology — Physical Activity Training for Health
estimated VO2max Health Benefit Rating (Poor-Excellent) (168).

Finally, the ventilatory threshold was estimated automatically by the metabolic
software using the V-slope method, VE threshold and ventilatory equivalent of oxygen, to
which the average of the three methods were determined and expressed as a percentage of
VOspeak and reported for descriptive purposes. Furthermore, HR at the ventilatory

threshold was presented (Table 4.1).
3.2.2 — Assessment of Habitual Activity

Habitual activity outcomes (i.e., physical, and sedentary activities) were
objectively assessed by a thigh-positioned activPAL accelerometer and inclinometer
(activPAL4, Pal Technologies Ltd. ®, Glasgow, UK) worn 24 hours per day for ~7 days.
The activPAL was waterproofed using a nitrile finger cot and transparent medical
adhesive (Tegaderm™, 3M, London, ON, Canada) secured to the midline of the right

thigh, one-third of the way between the hip and knee (169). Participants completed a self-
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report sleep log to help confirm activPAL-derived sleep versus sedentary time. As per
recommendations for valid habitual activity data (169), only participants with a minimum
5 days of activPAL data were included for analysis (n=21). The activPAL data were
analyzed using a customized MATLAB program (MATLAB 2020, MathWorks, USA) to
quantify daily sedentary time, standing time, sleeping time, and step count. Further
analyses were conducted using a customized LabVIEW program (LabVIEW 2020,
National Instruments, Austin, TX, USA) to determine habitual light- (LPA), moderate
(MPA), vigorous-intensity physical activity (VPA), using height-adjusted step-rate
thresholds for younger adults (170), or BMI-adjusted step-rate thresholds for older adults
(171).

3.2.3 — Measurement of Middle Cerebral Artery Red Blood Cell Velocity

Right MCAv was recorded via TCD (Multigon Industries Inc., Neurovision,
Elmsford, NY, USA) using a 2-MHz probe positioned over the trans-temporal window
and maintained in a steady position using a custom headset (Figure 3.1) (Multigon
Neurovision, Elmsford, NY, USA). The MCAv signal was identified and recorded
according to standardized criteria guided by signal depth and velocity (172). Ultrasound
power was set ‘as low as reasonably achievable’ to avoid unnecessarily high exposure to
participants (173). The optimal signal depth, sample volume, and power remained
constant throughout the testing session. The MCAv signal was recorded at 400 Hz using a
dedicated data acquisition system (PowerLab, ADInstruments) and analysis software

(Lab Chart v8, ADInstruments).
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Figure 3.1. Schematic view of the transcranial Doppler 2-MHz probe over the trans-

temporal window, secured with a custom headset.

3.2.4 - Assessments of Resting Cardiovascular Function & Cerebrovascular Reactivity
All resting cardiovascular and CVR-related outcomes were recorded with
participant in the supine position. Continuous HR was calculated from successive cardiac
intervals obtained from lead II of a standard bipolar electrocardiographic recording. Beat-

by-beat measurements of SBP and DBP were recorded using non-invasive finger
photoplethysmography (Finometer Model 2; Finapres Medical Systems, Amsterdam, The
Netherlands). The electrocardiogram (1000 Hz) and Finometer (200 Hz) recordings were
sampled continuously on a dedicated data acquisition system (PowerLab, ADInstruments)
and analysed offline using LabChart software (Version 8, ADInstruments, Sydney,
Australia). Finally, participants were fitted with a facemask (7450 Series Silicone V2
Oro-Nasal Mask, Hans Rudolph) attached to a commercial gas analyzer (ADInstruments,
Sydney, Australia) for the continuous determination of breath-by-breath expired 02% and
C0O2% (both sampled at 20 Hz), as well as a respiratory belt (ADInstruments, Sydney,

Australia), to confirm breaths during analysis.
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A ‘physiological calibration’ of the Finometer blood pressure waveform was
performed using the average of 2-3 consistent brachial SBP and DBP values recorded
from a semi-automated vital signs monitor (Carescape v100, General Electric Healthcare,
Mississauga, ON, Canada). Finometer-derived SBP and DBP values were determined as
the maximum and minimum within beat values, respectively. Mean arterial pressure was
calculated as /4SBP + %3DBP. An index of cerebrovascular resistance was calculated as
MAP/Mean MCAv. Cerebrovascular reactivity can be quantified by the rise in MCAv
(from resting values) following an increase in PaCO2 and/or PerCOz2 (174). PerCO2 was
calculated from the %CO2 using the following equation:

PerCO:2 = FerCOz X Barometric Pressure (mmHg)

Once stable signals were attained, baseline recordings were performed for ~5-
minutes while breathing spontaneously (i.e., at their natural rate) before starting the
assessment of CVR. For this project, CVR was assessed using the previously validated
repeated end-expiratory breath hold protocol to elicit increases in both MCAv and
PerCO2 (18, 26, 136). This protocol began with 30-seconds of paced breathing (16
breaths/minute) guided by an auditory metronome. Participants held their breath for 20
seconds at the end of a normal expiration, followed by a forced exhalation to empty the
air from their lungs. An additional 30-second paced breathing period followed. This
pattern was repeated until the participant completed a total of 8 breath holds. Peak
PerCO2 values were determined following each breath hold and subtracted from the
average of the last 2 breaths before each apnea (18, 26, 136). The MCAv and PerCO2
responses to the final 6 breath holds were averaged (18, 26, 136). The first 2 breath holds

were used to familiarize participants with the task (18). Cerebrovascular reactivity was
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then calculated as both absolute (AMCAvV/A PerCO2, cm/s/mmHg) and relative to the
MCAv during the last two breaths of the previous paced breathing phase
([AMCAV/MCAv during paced breathing]/A PerCO2), %ocm/s/mmHg) responses (18, 26,
136).

3.2.5 — Assessments of Brachial Artery Function

3.2.5.1 Flow-Mediated Dilation

Brachial artery endothelial-dependent dilation was assessed using the FMD
technique with participants in the supine position. The brachial artery was imaged ~3-
Scm proximal to the antecubital fossa using a 12-MHz multi-frequency linear array probe
attached to a high-resolution duplex ultrasonography machine (Vivid i, General Electric
Healthcare, Mississauga, ON, Canada). A water-based conductive gel was spread over the
surface of the skin at the location of probe placement. Brightness and frequency were
adjusted for each participant to obtain the optimal image. Red blood cell velocity was
continuously recorded using a pulsed frequency of 5-MHz and an insonation angle
corrected to 60° that remained constant throughout the study. Video signals from the
ultrasound machine were recorded simultaneously on a laptop via a video graphics array
converter (Epiphan Systems Inc., VGA 2 USB, Ottawa, ON) for offline analysis
(Cardiovascular Suite, Quipu). The sample volume for RBCv was adjusted for each
participant to ensure both superior and inferior edges of the lumen are included in
measurement (11).

A pressure cuff attached to a rapid inflation system (E20 and AG101, Hokanson®,
Bellevue, WA) was placed distally, on the widest circumference of the forearm. Pressure

cuff and probe placement are illustrated in Figure 3.2. Participants remained supine for
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~10 minutes to induce a rested state. Resting lumen diameter and RBCv were measured
for 2-minutes to determine baseline measurements. Following the baseline measurement
period, the pressure cuff was rapidly inflated to 250 mmHg for 5 minutes, then rapidly
deflated. Lumen diameter and RBCv were continuously measured throughout the cuff
inflation period, as well as for an additional 5 minutes following cuff deflation to identify
the peak lumen diameter.

Brachial lumen diameter, RBCv and shear rate (SR) were calculated using
commercial edge detection and wall-tracking software (Cardiovascular Suite, Quipu).
Resting diameter and RBCv were averaged from the 2-minute baseline period. Brachial
blood flow was calculated as [r x lumen radius? (cm?) x RBCv (cm/s) x 60 (s/min)] and
SR (/s) as [(8 x RBCv (cm/s) / arterial diameter (cm)]. Absolute L-FMC (mm) was
quantified during the final 30-seconds of the distal ischemic period, as [(nadir diameter) —
(baseline diameter)], while relative L-FMC (%) was calculated as [(nadir diameter —
baseline diameter) / baseline diameter x 100%]

Absolute FMD (mm) was quantified as [(peak diameter) — (baseline diameter)],
while relative FMD (%) was calculated as [(peak diameter — baseline diameter) / baseline
diameter X 100%]. The time-to-peak dilation (s) was recorded. The stimulus for the FMD
response, or the SR area under the curve (SRauc), is determined between the start of cuff
deflation to the time that peak dilation occurred. To minimize interindividual vasodilatory
responses to reactive hyperemia, normalized FMD is recommended if the following
statistical assumptions are met: 1) the relationship between FMD and SRauc is linear (i.e.,
p<0.05), and 2) the intercept for the regression slope is zero (175, 176). The statistical

assumptions were not met, and SRauc normalization of FMD was not required.
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Should interindividual differences in brachial artery diameter impact the
magnitude of the FMD response, allometric scaling can be applied (177). If the linear
relationship between the logarithmically transformed peak and baseline diameters
produces an unstandardized (3-coefficient that deviates from 1, and yields an upper 95%
CI <1, allometric scaling can be applied to take into consideration these interindividual
differences (177). Allometric scaling was not used given the unstandardized B-coefficient

did not deviate from 1 (=0.988, 95%CI: 0.953-1.024).

/

Figure 3.2. Brachial artery assessment of low-flow-mediated constriction and flow-
mediated dilation. The ultrasound probe was positioned ~3-5c¢m proximal to the
antecubital fossa and the pressure cuff placed distally around the largest circumference of
the forearm.

3.2.5.2 Nitroglycerin-Mediated Dilation

After completing the FMD assessment, participants remained in a supine position
for ~10 minutes to ensure lumen diameter and RBCv returned to baseline levels before
the assessment of endothelial-independent vasodilation was initiated. Baseline lumen
diameter and RBCv were assessed for 1-minute before a 0.4 mg sublingual dose of
nitroglycerin was administered. Artery diameter and RBCv were continuously measured

for 10 minutes following nitroglycerin administration. Brachial NMD was quantified as
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both the absolute (Amm) and relative (%) increase in peak diameter (from baseline)

observed following nitroglycerin administration.

3.3 — Experimental Design

All assessments were conducted in a thermoneutral room (~21°C) over the course
of 2-3 laboratory sessions. Participants completed either the brachial artery assessments
or the CVR protocol on the first visit, the order of which was randomly assigned. The
protocols not performed during the first session were completed during a subsequent
visit. At the end of the second visit, participants had the option to complete the aerobic
fitness protocol or to come back on a third visit to complete it. Following completion of
the aerobic fitness protocol, participants were instrumented with the activPAL monitor
(activPALA4, Pal Technologies Ltd. ®, Glasgow, UK).

3.4 - Statistical Analysis

All data were assessed for normality using a Shapiro-Wilk test. Non-parametric
tests were used if the data were not normally distributed (i.e., age, absolute VOzpeak,
LPA, absolute CVR, relative CVR, relative FMD, relative NMD, relative L-FMC).

Participant characteristics, habitual activity, aerobic fitness, systemic
hemodynamics, brachial, and CVR outcomes were compared between younger and older
adults using independent samples #-tests as an exploratory outcome (non-parametric:
Mann-Whitney U-tests). To test the first objective of the study, the relationship between
aerobic fitness (i.e., absolute VO2peak, relative VO2peak) vs resting MCAv, CVR and/or
BA-FMD/NMD, Pearson’s correlation analyses (non-parametric: Spearman correlation)
were conducted on the whole cohort. All assumptions of Pearson’s correlation were

assessed (i.e., continuous scale, normally distributed, linearly related, no outliers (i.e.,
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more than 3 standard deviations away from the mean). When age was not considered
directly in a variable included in the correlation (i.e., Age-Predicted VO: peak), a partial
correlation was used with age included as a co-variate.

For the second objective, the relationships between BA-FMD/NMD and CVR
outcomes were assessed in the entire cohort by Pearson’s or Spearman’s correlation
analysis. Furthermore, I explored relationships between habitual activity on
cerebrovascular (i.e., MCAv, absolute CVR, relative CVR) and brachial artery outcomes
(i.e., FMD, L-FMC, NMD) via Pearson’s or Spearman’s correlation analyses, as well as
assessed the impact of ageing on brachial and cerebral arterial outcomes via independent
t-tests between groups. All statistical analyses were performed using SPSS software
(Version 28, IBM Corp., Armonk, NY, USA). The level of significance was set at P <

0.05. All data were expressed as means + standard deviations.
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CHAPTER 4: RESULTS

4.1 Participant Characteristics

All participant descriptive characteristics, aerobic fitness outcomes and habitual
activities are presented in Table 4.1. No height, weight, or body mass index differences
were noted between groups (all, p>0.591).

No between-group differences existed for peak RER, peak RPE, peak aerobic
power, peak METs, absolute VO2peak, ACSM fitness percentile, and ventilatory
threshold (all, p>0.088). Younger adults had a higher peak HR (p<<0.001) and HR at the
ventilatory threshold (p=0.049), as well as greater age-predicted absolute VO2peak
(p=0.022), and relative VOapeak (p = 0.049) (Table 4.1). However, older adults had a
larger percent of age-predicted VOzpeak (p=0.025) (Table 4.1).

No between-group differences were observed in sedentary time (hours/day),
standing time (mins/day), sleep time (hours/day) or step count (steps/day) (all p>0.184).
However, older adults performed more weekly LPA (p=0.015) and younger adults

achieved a higher amount of weekly MVPA (p=0.050).
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Table 4.1. Participant descriptive characteristics, aerobic fitness and habitual activity outcomes.

Cohort Younger Adults Older Adults p-values
Descriptive Characteristics
Participants 29 (209) 15 (119) 14 (99) -
Age (years) 46121 (20-83) 27410 (20-50) 6719 (55-83) <0.001
Height (cm) 170.1£10.3 (147.0-193.3) 169.9+9.3 (157.1-191.2) 170.3+11.6 (147.0-193.3) 0.911
Weight (kg) 72.3+15.0 (49.9-108.8) 70.8+£15.4 (49.9-104.4) 73.8+£15.0 (53.3-108.8) 0.607
Body Mass Index (kg/m?) 24.9+3.9 (20.1-34.7) 24.4+3.8 (20.1-31.2) 25.444.0 (20.7-34.7) 0.591
Aerobic Fitness
Peak HR (beats/min) 177419 (130-205) 187+12 (170-205) 164+18 (130-194) <0.001
Percent Age-Predicted HR %) 100£8 (86-125) 99+6 (87-111) 101£10 (86-125) 0.407
Peak RER (VCO,/VO,) 1.23+0.16 (1.01-1.64) 1.24+0.15 (1.08-1.63) 1.22+0.17 (1.01-1.64) 0.618
Peak RPE 1941 (16-20) 19+1 (16-20) 19+1 (16-20) 0.088
Peak Aerobic Power (watts) 221491 (88-432) 240425 (138-432) 199422 (88-336) 0.316
Absolute VO,peak (L/min) 2.49+1.0 (1.17-5.15) 2.7241.04 (1.69-5.15) 2.23+0.86 (1.17-3.76) 0.170
Age-Predicted VOpeak (L/min)(9) 2.14+0.16 (0.46-3.85) 2.47+0.64 (1.33-3.85) 1.75+0.87 (0.46-3.29) 0.022
Percent Age-Predicted VOspeak (%) 126144 (77-255) 111433 (77-188) 142451 (97-255) 0.025
Relative VO,peak (ml/kg/min) 34.1£10.2 (15.6-65.5) 38.149.5 (26.7-65.5) 29.4+9.4 (15.6-43.6) 0.049
CSEP Fitness Category Poor (Poor-Excellent) Poor (Poor-Excellent) Poor (Poor-Excellent) -
ACSM Fitness Percentile (%) 40130 (1-99) 41431 (1-99) 40431 (1-95) 0.949
Ventilatory Threshold (%VOspeak) 6619 (42-78) 67+7 (54-77) 64+11 (42-78) 0.292
HR at VT (beats/min) 146126 (84-192) 155421 (114-192) 135428 (84-191) 0.049
Habitual Activity
Sedentary Time (hours/day) 11.3+2.4 (7.1-16.0) 12.241.8 (9.0-15.3) 10.2+2.7 (7.1-16.0) 0.184
Standing Time (hours/day) 6.1£1.5 (4.0-8.2) 5.7+1.3 (4.0-8.2) 6.6+1.6 (4.1-8.2) 0.201
Sleeping Time (hours/day) 8.5£1.0 (6.7-10.5) 8.7+1.0 (7.3-10.5) 8.4£1.0 (6.7-9.9) 0.516
Step Count (steps/day) 11428+3114 (5891-15760) 1138842743 (7454-15657) 11481+£3727 (5891-15760) 0.951
LPA (mins/week) 477+163 (222-859) 402£89 (222-520) 575191 (365-859) 0.015
MVPA (mins/week) 240495 (54-389) 269+81 (93-381) 2024103 (54-389) 0.050

Data are presented as meanststandard deviations. CSEP Fitness Categories were determined by the mode for the group. VOapeak, peak
volume rate of oxygen consumption; CSEP, Canadian Society for Exercise Physiology; ACSM, American College of Sports Medicine;
HR, heart rate; RER, respiratory exchange ratio; VCO,, volume rate of carbon dioxide production; RPE, rating of perceived exertion; VT,
ventilatory threshold; LPA, light-intensity physical activity; MVPA, moderate-to-vigorous physical activity. Between-group differences
assessed via independent samples t-tests or Mann-Whitney U tests. Equation used for age- and sex-related prediction of absolute VO;peak

sourced from (167).
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Table 4.2. Resting systemic and cerebral hemodynamics, as well as cerebrovascular reactivity outcomes between age groups.

Resting Systemic Hemodynamics
Heart Rate (beats/min)
Systolic Blood Pressure (mmHg)
Diastolic Blood Pressure (mmHg)
Mean Arterial Pressure (mmHg)
Resting Cerebral Hemodynamics
MCAVv (cm/s)
PerCO; (mmHg)
Cerebrovascular Resistance (mmHg/cm/s)
Cerebrovascular Reactivity (CVR)
Peak MCAv (cm/s)
Peak PerCO, (mmHg)
Peak MAP
Absolute CVR (cm/s/mmHg)
Relative CVR (%cm/s/mmHg)

Cohort

62 + 10 (45-85)
122 + 8 (96-137)
70 + 8 (52-85)
82 + 8 (63-97)

55 +20 (18-89)
39 + 5 (30-54)
1.8 1.0 (0.8-4.7)

72 +£25 (31-118)
42 +5(29-51)
97 + 8 (85-109)

3.8+£2.9(1.1-12.2)
7.4 £4.6(2.4-23.9)

Younger Adults

67 + 9 (56-85)
118 9 (96-131)
69 + 8 (55-80)
81 + 8 (66-96)

65+ 11 (51-86)
40 + 6 (31-54)
1.3£0.3 (0.9-1.8)

85 +22 (50-118)
43 + 4 (37-51)
96 + 8 (85-108)

52+32(1.1-12.2)
8.9 +5.6(2.4-23.9)

Older Adults

57 +9 (45-71)
126 + 6 (118-137)
70 + 9 (52-85)
83 + 9 (63-97)

40 + 22 (18-89)
38 + 4 (30-45)
2.6 £1.2(0.8-4.7)

56 +20 (31-98)

41 + 6 (29-48)
98 + 8 (92-109)
2.0£0.7(1.1-3.7)
5.4+1.8(3.1-8.8)

p-value

0.007
0.015
0.867
0.390

0.003
0.343
0.009

0.002
0.687
0.466
0.004
0.075

Data presented as meanststandard deviations. PerCOz, partial pressure of end-tidal carbon dioxide; MCAv, middle cerebral
artery red blood cell velocity. Absolute CVR was calculated as the change in MCAv divided by the change in PerCO2 from
paced breathing to breath hold. Relative CVR was calculated as the percent change in MCAv relative to paced breathing

divided by the change in PerCO: from paced breathing to breath hold. Between-group differences assessed via independent

samples t-tests or Mann-Whitney U tests.
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4.2 Resting Systemic Hemodynamics & Cerebrovascular Outcomes

All hemodynamic variables are outlined in Table 4.2. Both groups had similar
DBP and MAP (p>0.390). Younger adults had a higher resting HR (p=0.007) and lower
SBP compared to older adults (p=0.015).

Furthermore, younger adults had a higher resting MCAv (p=0.003) and lower
CBVR (p=0.009) compared to their older peers. Resting PerCO2 was similar between
groups (p=0.343).

During the breath hold protocol, younger adults had a higher peak MCAv
(p=0.002), but no differences were observed between groups for peak PerCO2 (p=0.687).
There were no between-group differences observed for the peak MAP response
(p=0.466). Finally, absolute CVR was higher in younger adults (p=0.004) with no

differences observed for relative CVR (p=0.075).

4.3 Relationships Between Aerobic Fitness & Habitual Activity Versus Cerebrovascular
Outcomes

The relationships between absolute and relative VOapeak versus resting MCAY,
peak MCAv and CVR responses are presented in Figure 4.1. No significant relationships
were observed between either metric of aerobic fitness versus any of the cerebrovascular
outcomes (all, p>0.179). The relationship between absolute and relative VOapeak versus
relative CVR is outlined in Supplemental Figure 1. In contrast, significant relationships
were observed between the percent of age-predicted VO2peak versus resting MCAv
(p=0.033) and absolute CVR (p=0.030) (Supplemental Figure 2A & B). No relationship
was observed between the percent of age-predicted VO2 peak and relative CVR (p=0.330)

(Supplemental Figure 2C). No relationship existed between the ACSM percentile rank
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(%) versus resting MCAv (p=0.932) (Supplemental Figure 2D), absolute CVR (p=0.395)
(Supplemental Figure 2E) or relative CVR (p=0.257) (Supplemental Figure 2F). There
were no relationships between CSEP Fitness Category and resting MCAv (p=0.279)
(Supplemental Figure 2G), absolute CVR (p=0.095) (Supplemental Figure 2H), or
relative CVR (p=0.284) (Supplemental Figure 2I). Further, the relative VO2 peak was
positively correlated with resting PerCO2 (p=<0.001).

Outcomes of habitual activity (i.e., sedentary time, LPA, MVPA) were not
associated with any outcome of cerebrovascular regulation (i.e., resting MCAv, absolute
CVR, relative CVR) (all, p>0.152). No relationships were significant when run separately

in each age group (all, p>0.112)

4.4. Brachial Artery Function Outcomes

All resting brachial artery hemodynamics were similar between age groups (all,
p>0.43) and presented in Table 4.3. No between-group differences were observed in
brachial FMD outcomes (i.e., peak diameter, absolute FMD, relative FMD, time-to-peak,
SRauc) (all, p>0.16).

Absolute NMD responses were higher in older adults compared to younger adults
(p=0.015), but relative NMD (p=0.118) and peak diameter (p=0.170) were not different
between groups.

No between-group differences were noted in L-FMC outcomes (i.e., nadir diameter,

absolute L-FMC, relative L-FMC) (all, p>0.41).
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Figure 4.1. Relationships between absolute VO2peak versus resting middle cerebral
artery velocity (MCAv) (A), peak MCAv (B) and absolute cerebrovascular reactivity
CVR (C), as well as between relative VO2peak versus MCAv (D), peak MCAv (E) and
absolute CVR (F) are reported separately for each sex within the younger and older adult
groups. Pearson’s correlations (r) were conducted on relationships using the entire cohort.
All assumptions for using Pearson’s correlations were met. Age was included as a co-
variate in all models. There were no associations when correlations were split by age
group (all, p>0.112).
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Table 4.3. Comparison of brachial artery outcomes between age groups.

Cohort

Resting Brachial Hemodynamics
Diameter (mm)

RBCv (cm/s) 11.0+4.9 (2.1-21.4)
Blood flow (mL/min) 82 £ 39 (16-188)
Shear rate (/s) 135 £59 (47-261)

Flow-Mediated Dilation (FMD)
Peak Diameter (mm)
Absolute FMD (mm)
Relative FMD (%)

Shear Rate AUC (a.u.)

Time-to-Peak Dilation (s)
Low-Flow-Mediated Constriction (L-FMC)
Nadir Diameter (mm)

Absolute L-FMC (mm)
Relative L-FMC (%)
Nitroglycerin-Mediated Dilation (NMD)

Peak Diameter (mm)
Absolute NMD (mm)
Relative NMD (%)
Relative FMD/NMD (a.u.)

13788 + 6820
(2207-25194)

3.9 £0.7 (2.8-5.5)

4.2+0.8 (3.0-5.9)
0.22 +0.08 (0.03-0.43)
5.8+ 1.9 (1.0-7.9)

57 + 23 (26-126)

3.8 0.8 (2.3-5.3)
-0.18  0.26 (-1.19-0.29)
-0.05 + 0.07 (-0.35-0.07)

4.6+ 0.8 (3.4-6.3)
0.64 £ 0.20 (0.33-1.29)
16.0 + 5.4 (9.8-31.9)
0.4 0.2 (0.1-0.7)

Younger Adults

3.9+£0.7 (2.9-5.3)
11.6 £5.6 (2.1-21.4)

82 + 33 (38-139)

142 + 60 (47-253)

4240.7 (3.1-5.6)
0.24 + 0.06 (0.10-0.32)
6.1+1.7(3.3-7.9)
13200 + 8053
(2207-25194)

50 + 19 (30-85)

3.9+0.7 (2.8-4.9)
-0.16 £ 0.15 (-0.47-0.01)
-0.04 + 0.03 (-0.13-0.00)

4.4 +0.7 (3.5-5.6)
0.55 £ 0.12 (0.33-0.74)
14.0 2.7 (9.8-19.1)
0.5+ 0.2 (0.2-0.7)

Older Adults

4.0+ 0.8 (2.8-5.5)
10.5 + 4.3 (2.4-20.1)

82 + 46 (16-188)

128 + 59 (55-261)

42+ 0.8 (3.0-5.9)
0.21 +0.10 (0.03-0.43)
54+2.1(1.0-7.8)
14465 + 5298
(6117-22087)
63 + 25 (26-126)

3.8 0.9 (2.3-5.3)
-0.20 £ 0.33 (-1.19-0.29)
-0.06 + 0.10 (-0.35-0.07)

4.9 +0.9 (3.4-6.3)
0.73 + 0.24 (0.42-1.29)
18.3+6.9 (13.3-31.9)

0.4 £ 0.1 (0.1-0.6)

p-value

0.860
0.956
0.681
0.425

0.937
0.406
0.201

0.624
0.158

0.409
0.981
0.867

0.170
0.015
0.118
0.181

Data presented as meanststandard deviations. RBCv, red blood cell velocity; FMD, flow-mediated dilation; AUC, area under the
curve; L-FMC, low-flow mediated constriction; NMD, nitroglycerin-mediated dilation. Between-group differences assessed via

independent samples t-tests or Mann-Whitney U tests.
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4.5 Relationships Between Aerobic Fitness & Habitual Activity versus Brachial Artery
Outcomes

Relationships between aerobic fitness outcomes and brachial arterial function are
presented in Figure 4.2. No relationships were observed between relative brachial FMD
versus absolute or relative VO2 peak (Figure 4.2A, C) (all, p>0.541). Absolute brachial
FMD was not related to absolute or relative VO2 peak (all, p>0.248). Furthermore, there
were no relationships between relative brachial FMD versus the percent of age-predicted
VO: peak, ACSM fitness percentile rank, or CSEP fitness category (p>0.358).
(Supplemental Figure 3A, C and E). Absolute FMD was not related to the percent of age-
predicted VO2 peak, ACSM Percentile Rank or CSEP Fitness Categories (all, p> 0.431).
No relationships were significant when run separately in each age group (all, p>0.09).

Relative brachial NMD was not related to absolute or relative VO2 peak (Figure
4.2B, D) (all, p>0.278). Absolute NMD was also not related to either absolute or relative
VOz peak (all, p>0.142). However, relative NMD was positively associated with the
percent of age-predicted VO2 peak (p=0.022) (Supplemental Figure 3B), but not with the
ACSM Percentile Rank or CSEP Fitness Categories (all, p>0.129), Supplemental Figure
3D and F). Absolute NMD was positively related to both CSEP fitness category and
ACSM percentile rank (all, p<0.047), but not the percent of age-predicted VO2 peak
(p=0.052). No relationships were significant when run separately in each age group (all,
p>0.09).

No relationships were observed between any outcome of aerobic fitness (i.e.,
absolute VO2 peak, relative VO2 peak, percent of age-predicted VO2 peak, ACSM
Percentile rank, CSEP Fitness Categories) versus absolute or relative brachial L-FMC

(all, p>0.402).
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No outcome of habitual activity (i.e., sedentary time, LPA, MVPA) was associated

with any outcome of brachial endothelial function (i.e., brachial FMD, L-FMC, NMD)

(all, p>0.05).
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Figure 4.2. Relationship between absolute VOzpeak and brachial relative flow-mediated
dilation (FMD) (A) and relative nitroglycerin-mediated dilation (NMD) (B), as well as
relative VOzpeak versus brachial relative FMD (C) and relative NMD (D). Pearson
correlation (r) analyses were conducted for all relationships. All assumptions for using
Pearson’s correlations were met. Age was included as a co-variate in all models. There
were no associations when correlations were split by age group (all, p>0.09).
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4.6 Relationships Between Brachial Artery Qutcomes Versus Cerebrovascular
Regulation

There were no associations between brachial relative FMD versus resting MCA,
relative or absolute CVR (all, p>0.08, Figure 4.3A-C). There were no associations
between absolute FMD versus resting MCAv, relative or absolute CVR (all, p>0.109).
Furthermore, brachial L-FMC and NMD responses (both absolute and relative) were not
related to resting MCAw, absolute or relative CVR (all, p>0.114). No relationships were

significant when run separately in each age group (all, p>0.07).
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Figure 4.3. The relationship between brachial flow-mediated dilation (FMD) versus
resting middle cerebral artery velocity (MCAv) (A), peak MCAv (B), and absolute
cerebrovascular reactivity (CVR) (C). Pearson correlation analyses were conducted for
all relationships. All assumptions for using Pearson’s correlations were met. Each model
was adjusted for age as a co-variate. No significant relationships were observed (all,
p>0.08). There were no associations when correlations were split by age group (all,
p>0.07).
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CHAPTER 5 — DISCUSSION

The primary objective of this study was to evaluate in healthy younger and older adults
whether: 1) aerobic fitness was related to resting MCAv, CVR and/or brachial FMD, and 2)
brachial FMD was associated with CVR. A secondary objective was to explore whether brachial
L-FMC was associated with cerebrovascular outcomes. Based on previous literature, it was
hypothesized that aerobic fitness would be positively associated with both resting MCAv (37, 38)
and brachial FMD (33, 178). Given the discrepancies in the literature regarding the brachial
endothelial function — cerebral endothelial function relationship (23, 179), and the aerobic
fitness-CVR association (36, 42)(5, 6), it was unclear whether any significant relationships
would be observed in this study. Additionally, given the known negative impact of age on
brachial (10) and cerebral arterial function (180), differences in primary outcomes between age
groups were also investigated. In contrast with my hypothesis, resting MCAv (Figure 4.1) and
brachial-FMD (Figure 4.2) were unrelated to absolute and relative VOzpeak. Furthermore,
aerobic fitness was unrelated to CVR, and brachial FMD demonstrated no associations with
MCAv or CVR. The results of this study demonstrated that neither better aerobic fitness or
brachial artery function translated into elevated resting MCAv or enhanced CVR responses.

Endothelial dysfunction, or the ability of the vasculature to dilate or constrict in response
to physical or chemical stimuli, plays an important role in the detection of CVD and CBVD (8,
14, 15). Specifically, endothelial function plays a key role in the regulation of vascular tone (75),
and the maintenance of proper CBF (106, 114). Brachial FMD is a commonly used method to
examine endothelial-dependent vasodilation (11), and has been directly related with coronary
artery vasodilation (181). However, the requirement of the brain to maintain a constant blood

supply makes a similar ischemia-based assessment impractical for the cerebral vasculature (121).
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Therefore, CVR assessments have been used previously to provide some insight into cerebral
artery endothelial-dependent function (123, 124). Furthermore, there is some evidence that
brachial endothelial-dependent outcomes, including brachial FMD, are related to CVR(21, 22).
Both brachial FMD (10, 137) and CVR decrease with age (26, 27). Furthermore, aerobic fitness
improves both brachial endothelial-dependent (8, 151, 154) and CBF outcomes (37, 38), yet
contradicting evidence remains surrounding the relationship between aerobic fitness and CVR
(36, 42). Finally, although endothelial function is important for both brachial FMD and CVR,
their relationship is not yet fully understood.

Carr et al. (23) investigated the relationship between brachial FMD and an index of
cerebral FMD in 19 healthy young adults (2316 years, 69). Specifically, cerebral FMD was
assessed in the ICA by recording peak vasodilatory responses to elevated CBF/shear stress,
induced by a transient increase in PerCOz2 (23, 182). The main findings from this study were that
brachial and cerebral/ICA FMD responses were not correlated (neither were endothelial-

independent responses).
5.1 Impact of Age on Aerobic Fitness

The present study observed between-group differences in relative VO2peak (Table 4.1).
Furthermore, between-group differences were observed in habitual activity outcomes, LPA and
MVPA (Table 4.1), although no differences in sedentary time (hours/day), daily step count
(steps/day) were observed (Table 4.1). The impact of age on declining aerobic fitness is well-
established and has been attributed to reductions in muscle oxygen delivery associated with
reduced cardiac output and skeletal muscle oxidative capacity, by way of mitochondrial

dysfunction (183).
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5.2 Impact of Age on Cerebrovascular Function

Age-related reductions in resting CBF are an important determining factor in the onset of
CBVD (147, 150). In the present study, the older adults demonstrated a lower resting MCAv
compared to the younger adults (Older Adults: 40122 cm/s versus Younger Adults: 65+11
cm/sec, p=0.003) (Table 4.2). Additionally, younger adults demonstrated a higher absolute CVR
response (5.2+3.2cm/s/mmHg) compared to the older adults (2.0+0.7 cm/s/mmHg, p=0.004),
while no differences in relative CVR were observed between groups (p=0.075) (Table 4.2). The
results of this study align with previous literature, although a few key differences in population
and resting measures exist. Specifically, as previously described, Ainslie et al. (37) assessed the
relationship between aerobic fitness status and resting MCAv in a group of healthy males
(n=307, 18-79 years) (37). The results of this study demonstrated an age-related decline in
resting MCAv, regardless of training status, outlining that ageing attenuates resting MCAv (37).
While the exact mechanisms of this age-related decline remain unknown due to the location of
the cerebral vessels, it has been attributed to impaired regulation of vascular tone and
endothelial-dependent vasodilatory functions, in part due to cerebral arterial stiffening (24, 26,
27, 138).

Thomas et al. (36) compared CVR responses between younger adults (n=9, 27+4 years,
49, no VOzpeak data assessed), Masters athletes (n=10, 75+6 years, 39, 40.6+2.0 ml/kg/min)
and inactive older adults (n=10, 7546 years, 29, 23.4+1.7 ml/kg/min). They determined that
CVR was greater in the younger adults compared to both the Masters athletes and inactive older
adults, outlining similar age-related attenuation in CVR responses demonstrated in the present
study (Figure 4.1) (36). Furthermore, Klein et al. (26) compared TCD-derived resting MCAv and

CVR outcomes (via repeated breath holds) between younger (n=20, 24+4 years, 9%) and older
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adults (n=20, 71£7 years,119). Similar to the present study, (9) they demonstrated that younger
adults had higher resting MCAv and CVR responses (26). However, (9) they observed age-
related declines in both absolute and relative CVR responses (26), while the present only
observed an attenuated absolute CVR response in older adults. Differences in the results between
the work by Klein et al. (26) and this study may be explained by baseline PerCO2 values.
Specifically, Klein et al. (26) noted that younger adults had a higher baseline PerCO2 compared
to older adults, while the present study observed no between-group differences. Furthermore,
peak PerCO2 values were not different in this study, but they were between groups in the study
by Klein et al. (26). Finally, both this study and Klein et al. (26) demonstrated a higher baseline
MCAv and peak MCAv in younger adults compared to older adults. The results from this study
and Klein et al. (26) demonstrate that the difference in absolute CVR may be due to overall
higher MCAv outcomes in younger adults compared to older adults. This same between group
difference was not observed in relative CVR, demonstrating that baseline MCAv may not be a
contributing factor in CVR responses. Although the requirements for being a Masters athlete
were not assessed in the participants of the present study, the older adults in the present study
were of a higher aerobic fitness relative to their age (percent of age-predicted VOzpeak: 142 +
51%) (Table 4.1) and are comparable to the participants in the study by Thomas et al. (36). The
result of this study indicates that an impact of age-related differences is observed in terms of
cerebrovascular regulation and may be unrelated to resting CBF outcomes. Given the positive
association between resting PerCO2 and relative VO2 peak demonstrated in this study, it could be
hypothesized that increased resting PerCO:2 due to higher aerobic fitness may explain the lack of

difference in relative CVR outcomes between age groups.
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5.3 Impact of Aerobic Fitness on Cerebrovascular Function

As previously mentioned, absolute and relative VO2peak were not associated with MCAv
or CVR (Figure 4.1). This was similar if aerobic fitness was quantified as ASCM percentiles or
CSEP Health Benefit Ratings (i.e., acrobic fitness classifications)(184). However, inverse
relationships were observed versus both MCAv and absolute CVR when aerobic fitness was
quantified as a percentage of age-predicted VO2peak, (Supplemental Figure 2). Finally, no
outcomes of habitual physical or sedentary activity were associated with MCAv or CVR (all,
p>0.125). No outcomes of habitual activity or sedentary patterns were related to resting MCAv,
CVR, or brachial-FMD. To date, this is the first known study that investigated the relationship of
habitual activity outcomes with outcomes of cerebrovascular regulation.

Although the gold standard for the quantification of aerobic fitness is VO2max/peak,
previous research in the area has quantified aerobic fitness using less accurate methods (e.g.,
HR-based estimations or submaximal testing), but have demonstrated conflicting evidence as to
the relationship between aerobic fitness versus peripheral and/or cerebrovascular outcomes (38,
45). Additional indices of aerobic fitness, such as comparing levels relative to age (percent of
age-predicted VO2peak) or normative ranks/percentiles (i.e., ACSM, CSEP guidelines) may
provide further insight into the aerobic fitness descriptives of participants (184).

Confounding findings exist concerning the impact of aerobic fitness on resting MCAv
and CVR. Engaging in aerobic exercise and maintaining a high level of aerobic fitness with
aging attenuates age-related declines in cerebral vascular function (37, 38). Specifically, Ainslie
et al. (37) assessed the relationship between aerobic fitness status and resting MCAv in a group
of healthy males (n=307, 18-79 years) (37). Participants were grouped into either self-reported

untrained (i.e., did not engage in regular aerobic exercise for a minimum of 2 years), or
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endurance exercise-trained (i.e., vigorous endurance exercise more than 4 times per week, and
competing in local running/cycling races). They performed a multiple regression analysis and
outlined that the untrained group (34.9+0.4 ml/kg/min) had a consistently lower resting MCAv
than the endurance-trained group (52.4+0.4) ml/kg/min) across the lifespan (37). Furthermore,
they observed that VOapeak, as assessed by either treadmill or cycle ergometer, was a significant
predictor of resting MCAv (37). However, the results of Ainslie et al. (37) were only collected in
males, while the present study had a predominantly female sample (n=20/29). Females have
previously been demonstrated to exhibit increased MCAv responses compared to males, and this
difference was more pronounced in younger adults, indicating a potential hormonal effect on
MCAv responses (185). Specifically, the loss of estrogen associated with aging among females
has been shown to worsen endothelial vasodilation (186, 187). Given the known beneficial
impact of aerobic fitness on endothelial vasodilatory responses (8, 151), it could be that the
relatively higher aerobic fitness levels (for their age) of the pre-dominantly female older adult
group in this study (i.e., 142+51% of age-predicted VO2peak) may have blunted the estrogen-
related decline in endothelial vasodilatory function, resulting in elevated MCAv responses that
did not differ from the younger adults (Table 4.1).

Furthermore, Zimmerman et al. (38) examined the relationship between estimated
cardiorespiratory fitness and resting CBF (MRI-based arterial spin labelling) in 55 healthy older
adults (55-85 years). They found that estimated aerobic fitness was strongly, positively correlated
with CBF, as well as mediated the age-related declines in CBF (38). This manner of quantifying
aerobic fitness differed from both the work of Ainslie et al. (1) and the present study, as
cardiorespiratory fitness was not directly assessed, but rather determined from a validated

equation, considering sex, age, body mass index, resting heart rate, and a self-reported activity
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score (188). Similar to the present study (Figure 4.1), Zimmerman et al. (38) provides an
example of how the method used for the quantification of aerobic fitness may alter the observed
relationship with a given health outcome. Additionally, as shown by the present study, both
younger and older adults achieved a higher VO2peak compared to their age-predicted VO2peak
(Table 4.1). The present study observed a positive correlation between age-predicted VO2peak
and MCAv (p=0.528, p=0.006) (Supplemental Figure 2), similar to the results of Zimmerman et
al. (38). Given that the present study demonstrated a direct relationship between age-predicted
VOzpeak, but not versus absolute/relative VOzpeak, and that the cohort had an average percent
of age-predicted VOzpeak of over 100% (126+44%), this relationship may not be indicative of a
‘normal’ population, and this observed relationship may only exist among those of a higher
aerobic fitness relative to their age.

Similar to the present results (Figure 4.1), Barnes et al. (42) observed no relationship
between relative VOzpeak and TCD-derived CVR using a stepped hypercapnia protocol in 16
healthy younger (18-34 years, 8%, 38+3 ml/kg/min) and 13 older adults (55-77 years, 6%, 2712
ml/kg/min). The results from this study indicated no relationship between relative VO2peak and
CVR using outcomes from the whole cohort (42). However, when split by age group, a positive
relationship between VOzpeak and absolute CVR was observed among the older adults only
(42). Furthermore, Barnes et al. (42) looked at the change in CVR responses following the
administration of a cyclooxygenase inhibitor, which demonstrated that following the inhibition
prostaglandin production, older adults with the highest aerobic fitness exhibited the largest
reduction in CVR. Further, this reduction in CVR was positively associated with aerobic fitness
(42). Similar to the present results, Thomas et al. (36) looked at the impact of life-long aerobic

exercise on CVR, as assessed by MRI, during an inhaled hypercapnia protocol (36). The
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participants were grouped into Masters athletes (n=10, 75+6 years, 3%, 40.6 + 2.0 ml/kg/min)
and inactive older adults (n=10, 75+6 years, 2%, 23.4+1.7 ml/kg/min) (36). Masters athletes were
classified as older adults who participated in regular competitions in aerobic exercise (i.e.,
running, cycling, swimming) for 23£8 years, with a weekly running mileage of 32+10 miles
(36). Thomas et al. (36) demonstrated that the Masters athletes had a lower CVR compared to the
inactive older adults, as well as an inverse relationship between relative VOzpeak and CVR in
the whole cohort of inactive older adults and Masters athletes. It was hypothesized that this
relationship may be, in part, due to a potential vascular desensitization to CO2 among older
adults who participated in continuous aerobic exercise throughout the lifespan, given the
increased arterial COz that is associated with aerobic exercise (36). This may explain the
observed inverse relationship in the present study between absolute CVR and the percent of age-
predicted VO2peak, given the high levels of aerobic fitness among our older adults. Overall,
aerobic fitness was not related to MCAv or CVR but could be explained by the underlying
mechanisms of prostaglandin production and estrogen levels on cerebral vasculature among
older adults, and the contribution of potential CO2 desensitization among those with higher levels

of aerobic fitness.

5.4 Impact of Age on Brachial Endothelial Function

The results of this study did not align with results from previous literature (13, 137, 143),
as various structural and functional changes to the vasculature that occur with aging have been
demonstrated to result in reduced brachial endothelial-dependent (FMD) (13, 137) and
endothelial-independent (NMD) (13, 143) responses. This may be explained, in part, to the
higher-than-expected level of aerobic fitness among the older adults in this study, relative to their

age. Previous literature has shown that older adults exhibit a decrease in elastin combined with
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increased collagen in all layers of the artery, which leads to arterial stiffening, and reduced
vasodilatory responses (138). Furthermore, reduced NO-bioavailability and reduced vascular
smooth muscle cell sensitivity to NO is commonly observed in older adults (10). However, the
present study was unable to replicate these well-established age group differences. Specifically,
while no between-group difference was observed in brachial FMD responses, older adults
demonstrated a higher brachial NMD response compared to younger adults.

Given the high level of aerobic fitness relative to age among the older adults of this study,
in combination with the previously outlined impacts of aerobic fitness on brachial FMD
outcomes (151, 189), the lack of difference between age groups can be attributed to this
increased aerobic fitness among older adults. However, the opposite relationship in NMD
outcomes as expected (i.e., older adults have increased absolute NMD compared to younger
adults), was observed. While it has previously been established that an age-related decline in
vascular smooth muscle cell sensitivity to NO exists, the mechanisms behind this attenuation
remain unclear. Evidence from animal models suggest that ageing is related with a decline in the
concentration of soluble guanylyl cyclase (144, 145), which decreases cGMP production and
reduces vascular smooth muscle cell relaxation (Figure 2.7) (144, 145). It has been demonstrated
that aerobic exercise has been effective in increasing the cGMP levels among older females
(190). Given the high levels of aerobic fitness in the sample of the present study among older
adults, a potential impact of increased aerobic fitness may serve as a mediator in increasing

cGMP levels, and in turn, vascular smooth muscle cell sensitivity to NO.

5.5 Impact of Aerobic Fitness on Brachial Endothelial Function

Higher levels of aerobic fitness have been associated with superior brachial FMD (16, 17)

and L-FMC (17) responses among both younger (154) and older adults (151, 153). The results of
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this study did not observe relationships between any outcome of aerobic fitness and brachial
FMD (Figure 4.2) or L-FMC. Absolute and relative NMD were both positively associated with
the percent of age-predicted VO2zpeak (Supplemental Figure 3), but neither was associated with
absolute or relative VO2 (Figure 4.2). Absolute NMD was positively related to both CSEP fitness
category and ACSM percentile rank (Supplemental Figure 3). Relative NMD was not associated
with either CSEP fitness category or ACSM percentile rank (Supplemental Figure 3). Outcomes
of habitual activity (i.e., sedentary time, LPA, MVPA) were not related to any outcome of
brachial arterial function.

Given the known impact of age and aerobic fitness on brachial endothelial outcomes, it
may be possible that the high level of aerobic fitness among the older adults in this study may
blunt the age-related decline in brachial endothelial-dependent and independent responses. This
effect was shown by Black et al. (142), who examined the age-related attenuation in brachial-
FMD and the blunting of this age-related attenuation in 18 young, healthy adults (26+1 years,
99, Males: 5612 ml/kg/min, Females: 4243 ml/kg/min), 12 older aerobically-trained adults
(5742 years, 99, Males: 52+4 ml/kg/min, Females: 4242 ml/kg/min) and 16 older inactive adults
(6012 years, 8, Males: 32+2 ml/kg/min, Females: 24+1 ml/kg/min). The results of this study
(142) demonstrated that older, inactive adults had a lower brachial FMD response compared to
both older aerobically trained adults and younger adults, demonstrating the age-related decline in
brachial FMD that was then attenuated by increased cardiopulmonary fitness (142). This effect
was also observed in the present study, and is concordant with the literature, given the well-
established relationship between aerobic fitness has been associated with higher FMD responses

(151, 154) due to the increase in the bioavailability of NO associated with increased aerobic

fitness (152).
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The results of this study are discordant with those of Bell et al. (45) who demonstrated
that estimated VOzpeak, as assessed by a submaximal cycle ergometry test was associated with
better brachial L-FMC responses in a group of younger males (n=20, 23%5 years) (45), as well as
those by O’Brien et al. (153) that reported an inverse relationship between brachial L-FMC and
relative VOzpeak in healthy older adults (i.e., higher aerobic fitness associated with better
brachial L-FMC responses). Given the sample of younger males in the study by Bell et al. (45)
compared to the female dominant sample in the present study (n=20/29), discrepancies exist in
the population of each study. Although the sex differences in brachial L-FMC responses are
understudied, the results of the present study compared with those of Bell et al. (45) may identify
a potential impact of sex on brachial L-FMC, and may be concordant with the previous given
hypothesis, in which the age-related declines in estrogen among older females contribute to
reductions in endothelial dysfunction, and reduced vasodilatory responses (186, 187).
Furthermore, O’Brien et al. (153) previously addressed the relationship between VOzpeak and
brachial L-FMC responses in a group of less aerobically fit (n=27, 6848 years, 199, 18.3£3.2
ml/kg/min) and more aerobically fit (n=20, 66+4, 119, 29.1+5.8) older adults. They (35)
demonstrated a negative correlation between VOzpeak and L-FMC responses in the pooled
sample (153), which was not observed in this study. However, the VO2peak of the cohort in the
study by O’Brien et al. (153) was lower than the present study (22.9+7.0 ml/kg/min vs 34.1£10.2
ml/kg/min). Although understudied, it could be hypothesized that the relationship between
VOspeak and L-FMC may not be linear throughout all ranges of aerobic fitness outcomes.
However, EDHFs have been shown to mediate brachial L-FMC responses in a younger
population (44). Although understudied in older adults, research using rat models has outlined

that EDHF bioavailability was decreased in older rats compared to younger but was restored
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following an aerobic exercise intervention (191). This observed restoration effect of aerobic
fitness on EDHF bioavailability may contribute to the similar L-FMC responses between
younger and older adults in the present study.

While the underlying mechanistic effects of aerobic fitness on L-FMC responses remain
relatively understudied, aerobic training studies (i.e., 3 months aerobic exercise 5+ days/week)
have demonstrated reductions in plasma concentration of ET-1 among older females (192), as
well as improved VOzpeak and larger ET-1 vasoconstrictor response among older males (193).
Aerobic fitness has been shown to upregulate both antioxidant systems and eNOS expression,
while lowering levels of ET-1 (63. 175). Given these effects of aerobic training on ET-1, it may
be hypothesized that the lack of relationship between L-FMC and VO:zpeak in the present study
may be attributed to higher aerobic fitness among older adults. Given that shear stress is a
stimulatory mechanism of ET-1 production, and no between-group differences were observed in
L-FMC responses, older adults who are more aerobically fit may likely have increased
endothelium sensitivity to reductions in shear stress, allowing for similar L-FMC responses
compared to younger adults. Finally, given that there was no observed relationship between
aerobic fitness and FMD responses, it could also be reasoned that there is no relationship
between aerobic fitness and ETa responses, given that those with higher aerobic fitness did not
have a greater NO bioavailability, and no increased NO-mediated inhibition of endothelin-1.

Furthermore, a study by Johns et al. (194) looked at the impact of habitual activity
outcomes (i.e., sedentary time, LPA, MVPA) on brachial-endothelial dependent outcomes in a
group of young healthy adults (n=26, 2343 years, 139, 42.446.6 ml/kg/min) and demonstrated
that no outcome of habitual activity was related to brachial FMD responses, similar to the present

study. However, O’Brien et al. (155) demonstrated that in a group of healthy older adults (n=21,
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67+7 years, 149, 23.948.3 ml/kg/min), those who met the MVPA guidelines of ~150
minutes/week had an improved relative FMD response compared to those who did not. More
specifically, Johns et al. (194) observed this relationship in a group of younger adults, while
O’Brien et al. (155) looked at this relationship among older adults.(40) Given the inclusion of
older adults in the present study and their level of aerobic fitness compared to the older adults in
the study by O’Brien et al. (155), the relationship between MVPA and brachial-FMD responses
may be different among varying levels of aerobic fitness. In general, outcomes of aerobic fitness
and habitual activity were not related to brachial endothelial-dependent function.
5.6 Impact of Brachial Artery Function on Cerebrovascular Function

There were no relationships observed between brachial FMD, L-FMC or NMD with
either CVR outcome (Figure 4.3). The risk of both CBVD and CVD is partially due to the age-
related structural and functional changes to the vasculature, which include the NO endothelial-
dependent mechanisms in both the cerebral (21, 27) and peripheral vasculature (13, 137). Given
the shear-stress activation of eNOS pathways associated with both peripheral and cerebral
endothelial function, it begs the question if peripheral endothelial-dependent mechanisms are
related to the endothelial-dependent regulatory functions of the cerebral vasculature (23, 195).
However, the relationship between both of these endothelial-dependent mechanisms remains
understudied. As an assessment of endothelial-independent dilation, Carr et al. (23) also
administered a sublingual dose of glyceryl trinitrate and assessed the subsequent dilation effect in
both the ICA and brachial artery via duplex ultrasonography. Using a linear mixed model
analysis, Carr et al. (23) determined that endothelial-dependent and independent responses were
not related between ICA and brachial arteries. However, differences have been identified that the

pathogenesis of atherosclerosis may differ between the MCA and ICA, indicating that endothelial
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function assessed in the internal carotid may not necessarily be indicative of endothelial function
of the cerebral vessels (196).

In disagreement with the present study, Akazawa et al. (179) assessed the relationship
between micro-vascular endothelial function, as assessed by reactive hyperemia in the index
finger and resting MCAv outcomes in a group of middle-aged to older males (n=60, 6219 years).
This group observed a positive relationship between micro-vascular endothelial function and
resting MCAv (179). The results from the present study disagree with the results shown by
Akazawa et al. (179), but could be explained by both outcomes of peripheral endothelial
function, and sex differences. Specifically, the present study assessed macrovascular endothelial
function by way of brachial FMD, while Akazawa et al. (179) assessed microvascular endothelial
function via finger plethysmography and reactive hyperemia. A study by Babcock et al. (197)
compared these two methods (i.e., microvasculature via reactive hyperemia vs macrovascular via
brachial-FMD) in a group of younger (n=20, 18-40 years) and older males (n=20, 60-75 years).
Linear regression analysis demonstrated that brachial FMD responses decreased with age, while
microvascular reactive hyperemia responses increased with age, potentially to compensate for
the lower FMD response (197). The results shown by Babcock et al. (197) demonstrated that
endothelial-dependent vasodilation responses in the microvascular and microvasculature may
provide different information and cannot necessarily be compared to one another. In general, the
results of the present study demonstrate that peripheral endothelial function is unrelated to

endothelial-dependent mechanisms in the cerebral vasculature.

5.7 Strengths & Limitations
This study adds novelty to the literature as the first study to look at the relationship

between cerebral vascular reactivity and brachial FMD outcomes in a sample of both younger

80



and older adults. As well, this was the first study to look at the relationship between habitual
activity and sedentary patterns on outcomes of cerebrovascular regulation. Furthermore, the gold
standard of assessing aerobic fitness (i.e., indirect calorimetry) was used in the present study, and
provides strength to the methodology.

However, the present study is limited in the cross-sectional design. An interventional
design would have allowed for the direct assessment of exercise training on the impact of
cerebrovascular function. This project is limited in terms of methodology, as the utilization of
MCAV is an indirect measurement of CBF. Non-imaging TCD units are unable to assess the
lumen diameter of the insonated vessel and rely on the assumption that changes in RBCv reflect
CBF independent of corresponding alterations in lumen diameter. However, there is evidence to
suggest that this may not be as extensive a limitation as previously believed (198) Furthermore,
the use of TCD to assess MCAV is an outcome of oxygen delivery outcomes, and not the

utilization or extraction of oxygen.

As well, brachial FMD may not be an accurate reflection of global endothelial function. A
limitation of the present study was that we were not able to assess the impact of aerobic fitness
on cerebral FMD, which may provide a more direct outcome of cerebral endothelial function.
Further, the high level of aerobic fitness among the population may not be indicative of “normal”
aging and does not provide a true representation of the population. A wider range of absolute and
relative VOzpeak would provide a better insight into this relationship across a wide range of

participants.

5.8 Conclusions

Future research should look into the specific underlying mechanisms involved with

cerebral vascular function, as this relates to healthy ageing, as well as the underlying
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mechanisms involved with vascular functions, such as L-FMC and NMD, and how they may
relate to the potential endothelial-dependent mechanisms involved with cerebral vascular
function. Furthermore, investigating the impact of aerobic fitness on a direct outcome of cerebral
endothelial function, cerebral FMD, may provide further insight into the true impact of aerobic
fitness on cerebral vascular endothelial function. Finally, given the cross-sectional design of the
present study, an aerobic exercise intervention could be implemented to view a more impactful
effect of aerobic fitness on cerebrovascular functions.

In conclusion, no relationship between aerobic fitness and peripheral or cerebral vascular
function was observed. Furthermore, our outcome of peripheral endothelial function was
unrelated to cerebral vascular function. This may have been attributed to the high level of aerobic
fitness among older adults, and the known impact of increased aerobic fitness on vascular
functions, such as L-FMC and NMD, and how they may relate to the potential mechanisms

involved with cerebral vascular function.
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Appendix B: Supplemental Figure 1 — Aerobic Fitness & Brachial FMD vs Relative CVR
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Supplemental Figure 1. Relationships between relative CVR and absolute VO2 peak (A), relative VO2 peak (B), and relative
FMD (C). All assumptions for using Spearman’s correlations were met.

110



Appendix C: Supplemental Figure 2 — Aerobic Fitness vs Resting MCAv & CVR
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Supplemental Figure 2. Relationship between the percentage of age-predicted VO2peak and MCAv (A), absolute CVR (B)
and relative CVR (C); ACSM percentile rank and MCAv (D), absolute CVR (E), and relative CVR (F); CSEP fitness category
and MCAv (G), absolute CVR (H), and relative CVR (I). Spearman rank correlations (p) were conducted on relationships. All
assumptions for using Spearman’s correlations were met.
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Appendix D: Supplemental Figure 3 — Aerobic Fitness vs Brachial FMD & NMD
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Supplemental Figure 3. Relationship between the percentage of age-predicted VO2peak and relative FMD (A) and relative
NMD (B): ACSM percentile rank and relative FMD (C) and relative NMD (D); CSEP fitness category and relative FMD (E)
and relative NMD (F). Spearman rank correlations (p) were conducted on all relationships.
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