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ABSTRACT

Intact, coordinated, and precisely regulated increases in cerebral blood flow are required to
compensate for reductions in arterial oxygen content and maintain cerebral oxygen
delivery. This thesis aimed to determine the physiological processes and regulatory
pathways that act to maintain cerebral oxygen delivery in humans and how these processes
may be altered by long term exposure to hypoxia at evolutionary and pathological levels.
Four studies were conducted to address these objectives. Study 1 investigated the influence
of adenosine on the cerebral blood flow response to experimental hypoxemia at sea-level
and high altitude. Compared to placebo treatment, adenosine receptor blockade had no
impact on the cerebral blood flow response to acute or chronic hypoxemia indicating that
adenosine is not an obligatory regulator of cerebral oxygen delivery. Study 2 was designed
to determine the role of the erythrocyte in regulating cerebral blood flow and oxygen
delivery during two forms of hypoxia: experimental hypoxemia and experimental anemia
(hemodilution). The same overall reductions in arterial oxygen content elicited a more
robust increase in cerebral blood flow and maintenance of cerebral oxygen delivery during
hypoxemia than during hemodilution where cerebral oxygen delivery was reduced. Study
3 compared the regulation of cerebral blood flow and oxygen delivery between lowland
natives, and high-altitude natives – the Sherpa – upon graded ascent to 5050m. Sherpa
possessed consistently lower cerebral oxygen delivery. However, given their exceptional
physical capacity at altitude, this result may indicate a reduced oxygen demand analogous
to hypoxia tolerant animals. Study 4 examined the influence of pathological chronic
hypoxia on the matching of cerebral blood flow (and therefore oxygen delivery) to
metabolic demand in chronic obstructive lung disease patients. Alleviation of hypoxemia
with oxygen therapy augmented the flow response to neural activation, indicating chronic
hypoxia impairs the mechanisms regulating cerebral oxygen delivery. While signaling
mechanisms remain difficult to disentangle in humans, the erythrocyte has emerged as
integral to the regulation of cerebral oxygen delivery. Chronic hypoxia at an evolutionary
level may lead to positive adaptations related to oxygen demand, whereas pathological
chronic hypoxia reduces the capacity to augment flow and oxygen delivery during neural
activation.
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LAY SUMMARY

This thesis examined the signaling pathways that regulate oxygen delivery to the brain in
humans. The red blood cell, through the release of signaling molecules, is integral to the
regulation of brain blood flow and oxygen delivery during instances of low blood oxygen
levels, termed hypoxia. Individuals of Tibetan descent that have evolved in hypoxia at highaltitude appear to have adapted to require less oxygen. The long term hypoxia characteristic
of chronic obstructive pulmonary disease patients, impairs the ability of the brain to
increase oxygen delivery when neural activity and oxygen demand are increased. Overall,
in healthy humans, oxygen delivery to the brain is consistently maintained, due in part to
red blood cell related mechanisms. Evolution at altitude may reduce the oxygen delivery
requirements of the brain as a protective response whereas long term hypoxia associated
with pathology leads to a dysregulation in the matching oxygen delivery to demand.
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CHAPTER 1: INTRODUCTION

Oxygen is the most vital component of human life. The human organism has evolved to be
highly oxygen dependent, and the brain, above all other organs, possesses an unrelenting
reliance on oxygen. Requiring >10 times the oxygen expected for its mass, the brain is
extremely vulnerable to oxygen deprivation. Complete cessation of cerebral blood supply
precipitates unconsciousness in as little as 4 seconds, irreversible neurological damage in
minutes, seizure, and death ensues not long thereafter.

To combat this extreme vulnerability to oxygen deprivation, humans possess physiological
‘defense mechanisms’ capable of both maintaining oxygen homeostasis in instances of
mild reductions in oxygen availability, and mitigating oxygen deprivation at the tissue level
during moderate to severe reductions in oxygen availability. The robustness of these
defense mechanisms is evidenced by extreme human feats in low oxygen environments.
Examples such as the first ascent of Mt. Everest without oxygen by Reinhold Messner and
Peter Habeler in 1978, the world record static apnea of 11:54 by Branko Petrovic in 2014,
as well as the residence of populations above 4000m (e.g., Himalayan Sherpa) for
millennia, all exemplify the ability of humans to adapt, both acutely and chronically, to
oxygen deprivation (i.e. hypoxia). Nonetheless, oxygen deprivation may elicit deleterious
physiological deficits as humans are not able to adapt to an extent that completely alleviates
deviations from oxygen homeostasis. These debilitating effects of oxygen deprivation are
epitomized beautifully by Reinhold Messner as he recounts his state of mind upon Mt.
Everest:
“Not only during the ascent, but also during the descent my
willpower is dulled. The longer I climb the less important the goal
seems to me, the more indifferent I become to myself. My attention
has diminished, my memory is weakened. My mental fatigue is now
greater than the bodily. It is so pleasant to sit doing nothing - and
therefore so dangerous. Death through exhaustion is like death
through freezing - a pleasant one.” – Reinhold Messner, The
Crystal Horizon: Everest – The First Solo Ascent.
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Despite the esoteric nature of extreme human feats, understanding the ‘defense
mechanisms’ or rather compensatory physiological processes at play in hypoxia is widely
significant due to its applicability in clinical populations afflicted with reduced blood
oxygen levels. In a normal setting, the brain is able to maintain oxygen supply during
hypoxia by increases in cerebral blood flow that are commensurate to any given reduction
in blood oxygen levels. This has been demonstrated upon ascent to altitude, prolonged
apneas, and in conditions of acute experimental hypoxia. However, the physiological
processes underpinning this response, and whether it remains intact in pathological settings,
is poorly understood in humans.

The past several decades have seen a rapid growth in the research aiming to understand
oxygen homeostasis in humans. At present, investigators are searching for the sine qua non
of oxygen delivery, although discovery of such a regulator (i.e. mechanism) has yet to
occur. As stated by William Blake, a 19th century poet, “What is now proved was once
only imagined”. While the scientific method does not function to prove per se, this
quotation highlights the importance of imagination and creativity in science. Today there
exists no shortage of substrate for imagination, with an expansive set of modern data that
ranges in type from isolated cell cultures, isolated blood vessels, in vivo animal models,
through to in vivo human work. Such research has clearly delineated the potential for
various mechanisms in the regulation of oxygen delivery to the brain in humans, but these
mechanisms have yet to be translated to in vivo human studies or clinical applications. On
the other hand, due to the complicated nature of isolating and investigating regulatory
pathways in humans, in vivo human studies have typically lead to inconsistent and
contradictory findings that have yet to be reconciled. Herein, this imaginative substrate has
been utilized for the development of experiments that have, as will become clear throughout
this thesis, further developed the scientific understanding of how oxygen delivery to the
brain is regulated in humans.

This thesis is comprised of seven chapters. Following chapter one, the introduction, chapter
two provides a literature review pertinent to the topics investigated: 1) a historical
perspective and overview of the measurement techniques used in cerebrovascular research;
2) basic hemodynamic principles that provide the fundamentals for understanding
cerebrovascular regulation; 3) the regulation of cerebral blood flow during alterations in
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arterial oxygen content; 4) cerebral blood flow regulation during changes in arterial carbon
dioxide levels. Chapters three to six comprise the four main experimental chapters of this
thesis outlined below (see section “Specific aims and hypotheses”). The final chapter
provides a synopsis of all the experimental chapters. Here, future directions, with a focus
on the importance of methodological design in human studies, will be discussed.
1.1

T HESIS

OBJECTIVES

The central aim of this thesis is to determine the physiological processes and regulatory
pathways that act to maintain cerebral oxygen delivery in humans and how these processes
may be altered by long term exposure to hypoxia at evolutionary and pathological levels.
A brief background for each experimental chapter and the specific aims and hypotheses
therein are outlined below.
1.2

S PECIFIC

AIMS AND HYP OTHESES

1.2.1 STUDY 1 (CHAPTER 3)

1.2.1.1 STUDY 1 – BACKGROUND
Animal studies have provided several strong lines of evidence for a role of adenosine in
regulating CBF in hypoxia. Hypoxia leads to a rapid and marked increase in endogenous
cerebral adenosine production (Winn et al., 1979, 1981a), while adenosine receptor
antagonism abolishes the CBF response to moderate hypoxia in multiple animal models
(Emerson & Raymond, 1981; Morii et al., 1987a; Hoffman et al., 2013). These findings in
animal studies have undergone an attempt at translation to humans, whereby extravascular
adenosine application leads to ex vivo dilation of human cerebral arteries (Toda, 1974a). In
vivo human data, however, remains much less clear with observed reductions in CBF at
rest following adenosine receptor antagonism (Wechsler et al., 1950; Bowton et al., 1988)
but inconclusive data on potential alterations of hypoxic cerebral vasodilation (Bowton et
al., 1988; Nishimura et al., 1993).
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1.2.1.2 STUDY 1 – AIM
To determine the role of adenosine in mediating cerebral vasodilation during acute
experimental hypoxia and upon rapid ascent to high-altitude (HA).

1.2.1.3 STUDY 1 – HYPOTHESES
1) Adenosine receptor antagonism via oral administration of theophylline (3.75 mg/kg)
would reduce the CBF response to acute hypoxia in the laboratory setting; 2) Following
rapid ascent to 3800m (White Mountain, CA, USA), oral theophylline administration (3.75
mg/kg) would lead to a reduction in CBF.
1.2.2 STUDY 2 (CHAPTER 4)

1.2.2.1 STUDY 2 – BACKGROUND
The role of the erythrocyte in vascular regulation is predicated on three competing, but
potentially intertwined theories that either deoxyhemoglobin mediated reduction of nitrite
(NO2), or deoxyhemoglobin mediated release of s-nitrosothiols (RSNO) and/or adenosine
triphosphate (ATP) lead to hypoxic vasodilation (Gladwin et al., 2006; Ellsworth et al.,
2009; Doctor & Stamler, 2011). These hypotheses operate on the primary tenets that: 1)
the erythrocyte is not just a “sink” for nitric oxide (NO) (i.e. heme scavenging of NO), but
that the erythrocyte is also able to confer NO bioactivity, 2) the erythrocyte regulation of
NO

bioactivation

(i.e.

NO

release)

is

allosterically

linked

via

the

oxygenation/deoxygenation of hemoglobin, and 3) this allosteric link provides a temporal,
spatial, and amplitudinal link between O2 demand and consequent optimization of O2
delivery. However, despite sharing the same principles, these three hypotheses diverge
relative to the specific methods of NO formation, stabilization, and final transduction.
Animal data have demonstrated the potential role of these three mechanisms in hypoxic
cerebral vasodilation [reviewed in: (Hoiland et al., 2016a)], yet there is no in vivo human
studies that have attempted to isolate the role of the erythrocyte in the regulation of hypoxic
cerebral vasodilation.
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1.2.2.2 STUDY 2 – AIM
1) To determine the role of the erythrocyte in the regulation of hypoxic cerebral
vasodilation in humans by comparing the cerebrovascular response to hypoxemia and
hemodilution; 2) Determine how hemoglobin concentration influence hypoxic cerebral
vasodilation through experimental hemodilution; 3) Determine how biological variability
in hemoglobin concentration relates to the magnitude of cerebrovascular reactivity to
hypoxia.

1.2.2.3 STUDY 2 – HYPOTHESES
1) The cerebral blood flow response to hypoxia will be greater during hypoxemia than
during anemic hypoxia (i.e. hemodilution) despite a matched hypoxic stimulus; 2) Reduced
hemoglobin concentration would lead to a reduction in hypoxic cerebral vasodilation
during hypoxemia; 3) Hemoglobin concentration would be correlated to the magnitude of
hypoxic reactivity.
1.2.3 STUDY 3 (CHAPTER 5)

1.2.3.1 STUDY 3 – BACKGROUND
Travel to HA exposes humans to reduced atmospheric pressure and hence oxygen tension.
Individuals inhabiting lowland regions experience sub-optimal physical performance upon
ascent to altitude. However, HA natives, such as the Himalayan Sherpa possess a legendary
physical capacity at HA and consistently out perform their lowland counterparts during HA
expeditions. These adapted Sherpa and Tibetans from which they have descended have
been demonstrated to possess higher NO bioavailability (Beall et al., 2001; Erzurum et al.,
2007) and increased skeletal muscle capillary density (Beall, 2007), compared to lowland
natives. However, little is known relative to potential adaptations in cerebral oxygen
delivery (CDO2) [for review see: (Jansen & Basnyat, 2011; Gilbert-Kawai et al., 2014)].
Evidence to date indicates a high flow adaptation in the brain due to elevated internal
carotid artery (ICA) velocity in Tibetan natives compared to lowlanders at 3658 m (Huang
et al., 1992). However, a recent cross-sectional study demonstrated lower CDO2 in Tibetans
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than in Han Chinese at sea level and at 3658 m when volumetric CBF was measured (Liu
et al., 2016). Contrary to the current high flow hypothesis, one may expect the exceptional
performance of the Sherpa in hypoxia to be reflected in a more efficient utilization of
oxygen, or reduced need for oxygen, as observed in various hypoxia tolerant species such
as the crucian carp (Carassius carassius) (Nilsson & Lutz, 2004). Differences in the CBF
response to hypoxia during ascent and short-term (i.e. weeks) stay at altitude between
lowland natives and Sherpa have yet to be determined using a longitudinal study design
and volumetric measures of CBF.

1.2.3.2 STUDY 3 – AIM
To determine potential differences in volumetric CBF and CDO2 between lowlanders and
Sherpa during graded ascent and short term stay at altitude.

1.2.3.3 STUDY 3 – HYPOTHESES
1) During ascent to and upon arrival at 5050 m CBF and CDO2 would be lower in Sherpa
compared to lowlanders; 2) Sherpa that have not descended to low altitude would also
possess lower CDO2 than lowlanders at 5050 m.
1.2.4 STUDY 4 (CHAPTER 6)

1.2.4.1 STUDY 4 – BACKGROUND
Some patients with moderate-to-severe chronic obstructive pulmonary disease (COPD)
endure, amongst other pathological factors, a state of chronic hypoxemia. Literature on
cerebral vascular regulation in COPD is sparse, which is surprising given the elevated risk
of cognitive impairment (Thakur et al., 2010), dementia (Liao et al., 2015) and ischemic
stroke (Feary et al., 2010) in this population. If patients are hypoxemic, low flow oxygen
(~3L · min-1) is typically prescribed (NOTTG, 1980; MRCWP, 1981) with the goal of
increasing the partial pressure of arterial oxygen (PaO2) to >60mmHg while avoiding
hyperoxia (Qaseem et al., 2011). This therapy reduces mortality (NOTTG, 1980; MRCWP,
1981) and the risk of cognitive impairment (Thakur et al., 2010). Given the potential link
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between chronic cerebral hypo-perfusion (i.e. vascular insufficiency – reduced CDO2) and
the pathogenesis of neurovascular injury and dementia (Iadecola, 2010), understanding the
influence of oxygen therapy on CBF, CDO2 and neurovascular function in COPD is of
immediate importance.

1.2.4.2 STUDY 4 – AIMS
1) Determine the role of chronic hypoxia on regulating basal CBF and CDO2 in COPD
patients; 2) Determine if supplemental O2 would improve neurovascular function in
COPD patients.

1.2.4.3 STUDY 4 – HYPOTHESES
1) That CBF would be reduced in COPD patients following O2 therapy leading to
unchanged CDO2 despite elevated arterial oxygen content (CaO2); 2) Despite a reduced
CBF and unchanged CDO2 neurovascular function would be improved.
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CHAPTER TWO: A REVIEW OF CEREBRAL BLOOD FLOW
REGULATION

We tend to view the neuronal brain as the base of our perceptions, our personhood, our
motivations, our actions, and the repository of the experiences that constitute our lives.
However, the brain is not simply a neural organ: it is a neurovascular organ. The vascular
component does not merely play a supporting role; it is an intimate and fully integrated
partner. The neural component of the brain requires precise control of CBF by the vascular
component to maintain CDO2, cerebral metabolic homeostasis, acid-base balance, and to
buffer pressure transmission to the microvasculature. Reductions in CDO2 can be
asymptomatic, or lead to a spectrum of symptoms including cognitive deficits (with or
without insight), dizziness, headache, as well as consequences such as unconsciousness,
seizure, and ultimately death (Rossen et al., 1943). Acute uncompensated vascular
insufficiency may lead to localizing neurological symptoms and signs. In addition, CBF
may be sufficient in that baseline flow is adequate for the maintenance of cellular integrity
and function, but be insufficient to provide appropriate augmentation to meet the needs of
neurovascular activation. Such limitations show few symptoms or signs but are thought to
be associated with progressive cognitive decline (Silvestrini et al., 2006; Balucani et al.,
2012) and cortical thinning on imaging (Fierstra et al., 2010). Equally important for
cerebral function is the maintenance of acid base balance as tight control of cerebral pH is
critical for enzymatic function and ultimately cellular survival. Therefore, stringent
maintenance of optimal CBF is required to avoid a wide array of perturbations that may
jeopardize the health and functioning of the brain.

Cerebrovascular responses to PaO2, the partial pressure of arterial carbon dioxide (PaCO2),
cerebral perfusion pressure (CPP), and neural activation are integral to optimal functioning.
While the primary focus of this thesis is the regulation of CBF during hypoxia, given even
the slightest alterations in pH (typically via altered PaCO2) lead to meaningful changes in
cerebral vascular smooth muscle cell (VSMC) tone and PaO2 and PaCO2 are often
concurrently altered in free-living environments (such as HA), this thesis provides an
extensive review of cerebrovascular regulation by both oxygen and carbon dioxide with a
focus on humans where possible.
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To begin, cerebrovascular anatomy is outlined. Then the evolution of CBF investigations
since their early inception are overviewed in a historical perspective and a summary of key
modern measurement techniques. This is followed by an overview of the basics of human
CBF regulation and important fundamental hemodynamic concepts. Thereafter, CBF
regulation during alterations in CaO2 is outlined, while an explanation of CBF regulation
during alterations in PaCO2 concludes the literature review.
2.1

C EREBROVASCULAR

ANATOMY

This section provides a general overview of the vascular architecture of cerebral blood
vessels as gleaned from 48 autopsy studies in patients between 43-85 years of age reported
by Moody et al. (Moody et al., 1990) with additional references provided where
appropriate. Arteries are defined as thick-walled afferent vessels > 100 µm in diameter and
arterioles defined as vessels < 100 µm in diameter with at least 1 layer of smooth muscle
(Moody et al., 1990).
2.1.1 CEREBRAL ARTERIAL ARRANGEMENT

In humans, a bilateral pair of both the ICA and VA supplies blood flow to the brain (Figure
2.1Error! Reference source not found.). Following passage through the Foramen Lacerum,
the ICA proceeds to the base of the brain where it branches into the MCA, ACA, anterior
choroidal, and posterior communicating arteries. It primarily supplies the anterior portion
of the brain and bilaterally accounts for ~70% of global CBF (gCBF). Both vertebral
arteries enter the intracranial space through the Foramen Magnum and subsequently
confluence into the basilar artery (BA), which then bifurcates into the PCAs and serves
~30% of total CBF, primarily to the posterior regions of the brain (Zarrinkoob et al., 2015).
The MCA, ACA, and PCA through communicating arteries are all conjoined to form an
anastomotic ring, the Circle of Willis from which they originate (Figure 2.1). This
anatomical format serves to provide collateral flow during cases of regional hypoperfusion;
however, individual variability in the structure of the Circle of Willis is quite common,
with ~50% of individuals possessing an atypical or incomplete configuration (Alpers et al.,
1959; Zarrinkoob et al., 2015).
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Figure 2.1. Organization of cerebral blood flow and collateral blood
flow.
Cerebral blood flow is supplied by four extracranial arteries taking off
from the aortic root, the internal carotid arteries (ICA), and the vertebral
arteries (VA). The latter join to form the basilar artery (BA). Intracranially the arteries anastomose around the circle of Willis (CoW) and
separate as the major intracranial vessels perfusing each hemisphere: the
anterior cerebral artery (ACA), middle cerebral artery (MCA), and
posterior cerebral artery (PCA).
Although there are multiple
anastomoses between the major cerebral vascular territories, the blood
supply to each territory, in baseline states, comes predominantly from its
overlying artery (illustrated by color coding). In the case of partial or
complete blockage of one of the cerebral arteries, the availability of blood
flow from the contiguous arterial system determines the size of the
infarction and the watershed area (penumbra) (Fanou et al., 2015).
Collateral flow availability is highly variable and thought to depend on
the rate of blockage progression (sudden vs. gradual), completeness of
the blockage, age, comorbid disease, pre-existing primary [CoW,
ophthalmic (Hedera et al., 1994)] and secondary anastomoses [see:
(McVerry et al., 2012; Faber et al., 2014)]. Similarly, penetrating
arterioles in both gray and white matter predominantly perfuse silos of
tissue with limited collateral branching between neighboring tissues.
However, anastomoses do develop with age, and upstream vascular
insufficiency [for review see: (Sheth & Liebeskind, 2015)]. Figure from
Fisher et al. Stroke, with permission; Insert was in the original and was
reprinted from (Nishimura et al., 2007) with permission – Copyright
2007 National Academy of Sciences. Figure created by Joe Fisher, and
used with permission.

10

Once the major arteries (MCA, PCA & ACA) branch outwards from the Circle of Willis,
they repeatedly branch into smaller arteries without interconnections en route to the surface
of the brain where they lie adjacent to the brain parenchyma and are bathed in cerebrospinal
fluid (CSF) within the subarachnoid space. At this juncture they are referred to as pial
vessels. Here, an abundant network of inter-arterial anastomoses provide alternate sources
of perfusion for penetrating arterioles and important connections between cerebral arterial
territories. This provides a secondary safety net for collateral flow in arterial boundary
zones (Vander Eecken & Adams, 1953; Coyle & Jokelainen, 1982; Moody et al., 1990).
This is of great functional significance, as boundary zones are particularly susceptible to
transient episodes of ischemia during instances of hypoperfusion.

Surface pial vessels branch to form penetrating arterioles that advance into the brain
parenchyma perpendicular to the cortical surface and supply blood to the cortex (Iadecola,
2004; Nishimura et al., 2007). Entry into the parenchyma occurs via passage through an
invagination of the pia mater, termed the Virchow Robin space, following which vessels
become encapsulated in astrocytic end feet and are thereafter considered parenchymal
arterioles. Although the penetrating arterioles appear to branch to supply silos of tissue,
they are also described as richly anastomosing with adjacent vessels, particularly if
stimulated to adapt to chronic flow limitations. The extent of developed collateralization
across microvascular beds also affects a region's vulnerability to vascular insult (Scharrer,
1940; Moody et al., 1990) (Figure 2.2Error! Reference source not found.). A continuous
network of capillaries, which extend outwards in radial fashion from parenchymal
arterioles, provide a route for perfusion across borders of adjacent arteriolar territories and
thereby adjacent pial arterial sources. Notably, capillary density throughout the cerebral
parenchyma is relatively heterogeneous, whereby capillary density is generally correlated
to metabolic activity (Sokoloff et al., 1977; Göbel et al., 1990).

These anatomical and functional organizations are referred to in a later section that seeks
to explain how the analysis of high resolution flow imaging and vasoactive stimuli can be
used to investigate vascular physiology and pathology (see section “Standardization and
utility of cerebrovascular reactivity”).
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Figure 2.2. Collateralization across microvascular beds.
A. The vascular supply is outlined in diagrammatic form of a coronal
section of the brain The cortex and corpus collosum (1, 2) are supplied
by short arterioles arising from pial arteries supplied by a single cerebral
artery. The subcortical association bundles (3) receive a dual supply in
the form of terminal twigs of the cortical vessels and long medullary
arterioles that traverse the cortex and ramify in the white matter. This
provides these areas with an overlap of 2 blood supplies. The external
capsule and claustrum (4) have a dual supply from the vessels entering
from the insular cortex. The centrum semiovale (5) is supplied by long
arteries 2-5 cm entering from the brain surface. These arteries branch but
have few communications with other arteries. They tend to form border
zones with adjacent afferent arteriolar systems throughout the whole
depth of WM. The basal ganglia and thalamus (6) get perfused by long
arterioles and long muscular arteries from base of brain. These tend to
be end arteries. This leaves border zone at deep portions of centrum
semiovale. Reproduced from (Moody et al., 1990) with permission.
2.1.2 CEREBRAL VENOUS ARRANGEMENT

By the Monro-Kellie doctrine, the cerebral parenchyma, arterial and venous blood, and
CSF, are contained in a very low – but not zero (see below) – compliance container. In
adults, the intracranial blood volume component is about 200 mL, and predominantly
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venous (Kitano et al., 1964). The balance between arterial and venous flows need to be
maintained to a very close tolerance to maintain normal intra-cranial pressure (ICP).
Following transit through the capillary system, blood passes through the cerebral veins
which terminate in dural sinuses. Here, blood is collected and directed toward the
transverse sinus. The blood in the transverse sinus, along with that in the petrosal sinus
converge and drain predominantly (~70%) into the internal jugular veins (IJV) when supine
(Doepp et al., 2004). In upright posture, the IJV appears collapsed upon ultrasound
examination (Dawson et al., 2004; Ogoh et al., 2016) and flow appears to be shifted to the
vertebral plexus (Gisolf et al., 2004; Ogoh et al., 2016), the flow capacity of which has
been calculated as capable of accommodating the total CBF [see (Gisolf et al., 2004) for
discussion]. However, more recent observations indicate that high levels of blood flow
continue in the IJV with upright posture, explaining their rapid filling with distal digital
obstruction (Yeoh et al., 2017) or Valsalva maneuver. The IJVs have valves that direct
centripetal flow, and prevent cephalad transmission of sudden increases in intrathoracic
pressure (Fisher et al., 1982). Notably, IJV flow in the upright position is not due to a
siphon effect as the IJV walls in the neck collapse and do not transmit negative pressure
cephalad. When upright, both venous and CSF pressures are ~0 cm H2O (Dawson et al.,
2004).

The Monro-Kellie doctrine requires a net zero flow balance on the temporal and volume
scales of CBF. However, there are additional volume fluctuations on the scale of arterial
pulsations. For these, a crucial element is the compliance of the ‘container’, which exists
mostly in the dura around the spinal cord.

Arterial pulsations, therefore, induce

synchronous movements in the whole brain and CSF directed, like water going into a toilet,
towards the tentorial notch and foramen magnum (Greitz et al., 1992). These pulsations
also compress the ventricles and support the net intra-ventricular flow of CSF out through
the foramen of Monro. For example, in low pressure hydrocephalus, there is insufficient
turgor in the brain and intracranial contents for the arterial pressure pulsations to be thus
transmitted,

and

patients

become

unconscious

(mechanism

not

understood).

Consciousness is recovered promptly when venous outflow impediment increases tissue
turgor and ICP, providing a medium for arterial pressure transmission, and restores CSF
flow in the ventricles (Hatt et al., 2015). Therefore, while venous outflow is not the focus
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of this thesis, it is clearly important to remember it is intimately linked to arterial inflow
dynamics.
2.2

H ISTORICAL

PERSPECTIV E ON CEREBRAL BLOOD FLOW

2.2.1 EARLY PIONEERS IN CEREBROVASCULAR RESEARCH
Following William Harvey’s (1578-1657) revolutionary contribution to our understanding
of the human circulatory system, detailed anatomical descriptions of the cerebral
vasculature emerged in the mid 1600’s when Thomas Willis (1621-1675) published his
thesis titled Cerebri Anatome. This text provided detailed descriptions of the cerebral
vasculature, particularly of an anastomotic ring of arterial vessels at the base of the brain,
later termed, and still referred to today as, the ‘Circle of Willis’ (Willis, 1664). However,
in-depth study on the function of the cerebral vasculature lagged centuries behind the
characterization of its anatomy.
In 1783 Alexander Monro (1733-1817) first described the brain’s need for an inordinate
supply of blood. His inferences were drawn from comparisons of the cross-sectional area
of the ICA and vertebral arteries (VA) to those supplying other vascular beds.
“…the quantity of [blood] which circulates in the brain is
greater than in most organs of the same weight. Thus one of
our arms will be found to weigh more than our brain and
cerebellum; yet the areaé of the two vertebral and of the two
internal carotid arteries, joined together, are much larger
than the area of the proper subclavian artery.” – Alexander
Monro, Observations on the Structure and Function of the
Nervous System, 1783

However, the most commonly recognized contribution of Monro was the notion that
cerebral blood volume should not change, as the cerebral contents are near incompressible
and encapsulated within the rigid skull. To this effect he stated:
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“The blood must be continually flowing out of the veins that
room may be given to the blood which is entering by the
arteries. For, as the substance of the brain, like that of the
other solids of our body, is nearly incompressible, the
quantity of blood within the head must be the same, or very
nearly the same, at all times, whether in health or disease, in
life or after death…” – Alexander Monro, Observations on
the Structure and Function of the Nervous System, 1783
This notion was supported by George Kellie, a pupil and later collaborator of Monro’s, and
subsequently coined the Monro-Kellie Doctrine. From the Monro-Kellie Doctrine
originated the general understanding that, if intracranial pressure (ICP) is to remain
unchanged, increases and decreases in the volume of intracranial contents (brain
parenchyma, blood and cerebrospinal fluid) must constantly balance to a resulting zero (or
near zero) net change in total cerebral volume (Monro, 1783; Kellie, 1824; Macintyre,
2014).
In the late 1800’s, the famed Italian physiologist, Angelo Mosso (1846-1910) made the
first estimates of functional changes in CBF in humans (Mosso, 1880). In individuals with
skull defects, he directly measured brain pulsations, which were inferred to represent blood
flow, using a special plethysmograph of his design (Figure 2.3). He demonstrated that
mental tasks, such as arithmetic, cause increases in the plethysmographic recordings, and
provided the first indications that CBF is linked to cerebral activation.
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Figure 2.3. Cerebral Blood Flow Measurement Techniques
Pioneered by Angelo Mosso.
Cerebral blood flow measurement techniques pioneered by Angelo
Mosso. A. An illustration of Mosso’s self-built plethysmograph from his
1892 manuscript titled: Die Ermüdung: Aus dem italienischen übersetzt
von J.glinzer. Here he implemented his invention to study an individual
with a congenital skull defect (Mosso & Glinzer, 1892). B. A drawing of
Mosso’s scale. Reproduced from (Sandrone et al., 2014) with permission.
As this technique precluded the study of healthy individuals, Mosso’s curiosity and
innovation led to his development of a ‘scale’ on which one could theoretically measure
the distribution of blood travelling through the brain – increased blood flow cephalad would
‘tip’ the scale in this direction indicating increased CBF (Mosso, 1884) [reviewed in:
(Sandrone et al., 2014)]. While this scale was exceptionally crude it illustrates the
difficulties in contriving suitable instruments to make direct measurements of the relevant
parameters in vascular physiology such as flow, pressure, resistance, oxygenation and
related responses to various gases and hormones, neurotransmitters, and neuronal glial
activity.

Hitherto unattended, the works of Mosso were extended a decade later by two English
physiologists, Charles S. Roy (1854-1897) and Charles S. Sherrington (1857-1952). Their
seminal publication, On the regulation of the blood supply of the brain, in 1890 confirmed
(and often takes credit for) the notion of coupling between CBF (indexed from cerebral
volume) and metabolism. To this effect they stated:
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“We conclude then, that the chemical products of cerebral
metabolism contained in the lymph which bathes the walls of
the arterioles of the brain can cause variations of the calibre
of the cerebral vessels: that in this re-action the brain
possesses an intrinsic mechanism by which its vascular
supply can be varied locally in correspondence with local
variations of functional activity.” Charles Roy & Charles
Sherrington – On the regulation of blood supply of the brain,
1890

Roy and Sherrington also provided formative evidence towards our current understanding
of the relationship between blood pH and CBF, demonstrating increased CBF following
infusion of sulphuric acid and decreased CBF following infusion of potassium hydrate.
That changes in systemic blood pressure will directly affect CBF was also demonstrated.
“The higher the arterial pressure, the greater is the amount
of blood which passes through the cerebral blood-vessels
and vice versa; and, so far as we have been able to learn,
this law holds good for all changes in the arterial pressure
whatever be their cause.” Charles Roy & Charles
Sherrington – On the regulation of blood supply of the brain,
1890

Pertinent to the current thesis, Roy and Sherrington demonstrated that during a period of
hypoxia/hypercapnia, resulting from asphyxiation, CBF was dramatically increased. It is
particularly noteworthy that, on the highly relevant topic of replication in science [or lack
thereof; e.g., (Prinz et al., 2011; Curran-Everett, 2017)], the early works of Roy &
Sherrington (Roy & Sherrington, 1890) are remarkably corroborated by the most rigorous
studies of the 21st century. A summary of these early findings are presented in Figure 2.4.
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Figure 2.4. Early Pioneers in Cerebral Vascular Physiology.
This figure highlights a few (of many) key figures in the early progression
of knowledge on cerebral blood flow regulation. Each has provided and
been remembered for a major contribution to cerebrovascular
physiology.
Photos
acquired
from:
https://en.wikipedia.org/wiki/William_Harvey
(public
domain);
https://en.wikipedia.org/wiki/Thomas_Willis
(public
domain);
https://en.wikipedia.org/wiki/Alexander_Monro_(secundus)
(public
domain); https://en.wikipedia.org/wiki/Angelo_Mosso (public domain);
https://en.wikipedia.org/wiki/Charles_Scott_Sherrington
(public
domain).
Later breakthroughs in cerebrovascular physiology did not occur until the mid 1900’s when
Seymour Kety and Carl Schmidt developed the nitrous oxide (N2O) technique for
measuring volumetric CBF in humans (Kety & Schmidt, 1945, 1948a). Inhalation of low
dose N2O (15%) and serial measurement of the cerebral arterial-venous difference of N2O
over a minimum of 10-minutes provided the necessary data to calculate absolute CBF
(Figure 2.5). Soon thereafter, this technique was utilized for the quantification of resting
cerebral metabolism and the impact of changes in arterial blood gases on CBF in healthy
humans (Kety & Schmidt, 1948b). The resulting measures of CBF are consistent with
normative values that have now been obtained through the use of various modern
technologies. However, the N2O technique suffered the major limitation of requiring 10-
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minutes of quiescence for accurate measurement, and precluded the assessment of dynamic
changes in CBF.

A

B

C

Figure 2.5. The Original Experimental Setup and Recordings for the
Nitrous Oxide Technique Developed by Kety & Schmidt.
Panel A depicts the subject laying and breathing N2O while they have an
internal jugular venous and radial arterial catheter for the sampling of
blood. Panels B and C depict the temporal dynamics of changes in N2O
in both jugular and arterial blood (Panel B), and the resulting arterialvenous difference of N2O (Panel C) across 10-minutes of N2O inhalation.
Reproduced from (Kety & Schmidt, 1945) and (Kety & Schmidt, 1948a)
with permission.
The utility of Doppler ultrasound for measuring CBF was first described in the early 1960’s
whereby blood velocity in the carotid arteries was measured (Miyazaki & Kato, 1965).
However, attenuation of ultrasonic waves by the skull jeopardized the feasibility of
measuring intracranial blood velocity. Then, in 1982, Rune Aaslid and colleagues
demonstrated that low frequency ultrasonic waves (1-2MHz) could penetrate the skull. This
legitimized the utility of transcranial Doppler (TCD) ultrasound for the measurement of
blood velocity (as a surrogate of CBF) in large cerebral arteries, most notably the middle
cerebral artery (MCA) (Aaslid et al., 1982). This development truly revolutionized the
study of human CBF allowing for the assessment of CBF on a beat-by-beat basis, and in
response to many dynamic stimuli, such as transient changes in perfusion pressure (Willie
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et al., 2011). More recent advances in methodology are summarized in the following
section.
2.2.2 MODERN MEASUREMENT TECHNIQUES

As just highlighted the measurement of CBF has rapidly evolved and now involves the use
of more modern techniques including ultrasonography (Willie et al., 2011; Thomas et al.,
2015), positron emission tomography (Ito et al., 2003b, 2003a, 2005b, 2005a), and multiple
magnetic resonance imaging (MRI) techniques such as blood oxygen level-dependent
(BOLD) imaging (Bandettini, 2012; Sobczyk et al., 2014; Duffin et al., 2017; Fisher et al.,
2017) and arterial spin labelling (St. Lawrence et al., 2002; Verbree et al., 2014; Coverdale
et al., 2014; Warnert et al., 2015; Zhou et al., 2015; Lawley et al., 2017) to name a few.
Given the prolific use of the Kety-Schmidt technique (albeit much less now), TCD, duplex
ultrasound, and BOLD imaging, as well as their relevance to topics discussed hereafter, we
have provided an overview of their basic principles and applicability. Other techniques are
also briefly considered in Table 2.1.
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Table 2.1. The strengths, limitations, and utility of various techniques for the
measurement of cerebral blood flow in humans.
MRI

Method

Strengths

Limitations

Utility

BOLD
(Bandettini, 2012)

1. Assesses
regional
reactivity
2. High temporal
and spatial
resolution
3. Non-invasive

Arterial Spin Labelling
(Williams et al., 1992;
Telischak et al., 2015)

1. No contrast
needed
2. Non-invasive
3. Volumetric,
regional, &
global flows

1. Influenced by
changes in
CMRO2
2. Not a linear
function of flow
3. No
volumetric flow
measurement
1. Takes several
minutes per
measure
2. Unknown
effects of
regional flow
variations on
signals
1. Measures
velocity, not
flow

1.
Standardized
CVR testing
2. CVR
‘mapping’
3. Track
dynamic
responses
1. Measure
steady state
CBF

1. Extra-cranial
assessment
2. Contralateral
flow differences
3. Requires
technical skill

1. Measure
CVR
2. Track
dynamic
responses

Ultrasound Transcranial Doppler
(Aaslid et al., 1982;
Willie et al., 2011)

Duplex Ultrasound
(Thomas et al., 2015)

1. Track
dynamic
responses

1. Requires a
1. Measure
steady state
steady-state
2. Invasive
changes in
cannulation
CBF
required
MRI, magnetic resonance imaging; BOLD, Blood oxygen level-dependent; CMRO2, cerebral
metabolic rate of oxygen; CVR, cerebrovascular reactivity.

Inert gases

Kety Schmidt
Technique (Kety &
Schmidt, 1945, 1948a,
1948c)

1. Portable
2. Non-invasive
3. High temporal
resolution
4. Inexpensive
1. Portable
2. Non-invasive
3. High temporal
& spatial
resolution
4. Volumetric
flow
measurement
5. Inexpensive
1. Volumetric
flow
measurement
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2.2.2.1 THE KETY & SCHMIDT TECHNIQUE
The serial measurement of N2O concentration in arterial and jugular venous blood provides
the framework for calculating CBF using the Kety & Schmidt technique (Kety & Schmidt,
1945, 1948a). Throughout ten minutes inhalation of low concentration N 2O (e.g., 15%)
arterial and venous concentration curves of N2O volume (%) are determined. The Fick
principle, being that the amount of a substance taken up by a tissue (e.g., brain) is equal to
the product of the amount of said substance delivered to the tissue and the ensuing arterialto-venous gradient, is utilized. Therefore the quantity of N2O taken up by the brain is equal
to the amount supplied by the arterial system less that remaining in the venous system.
Following some assumptions, the following equation is derived (Equation 2.1):
Equation 2.1: The Kety & Schmidt technique

𝐶𝐵𝐹 =

100 𝑉𝑢 ∙𝑆
𝑢

∫𝑜 (𝐴−𝑉)𝑑𝑡

Where Vu represents the venous N2O concentration for time u, S represents a partition
coefficient for nitrous oxide between blood and brain, and A and V represent the arterial
and venous concentrations of N2O multiplied by delta time (dt).

The Kety & Schmidt technique revolutionized the study of CBF during its time based on
its ability to quantify volumetric CBF. However, several methodological limitations
persisted, such as the requirement of a steady state scenario, precluding the measurement
of dynamic cerebral responses, as well as the inability to quantify regional CBF.

2.2.2.2

TRANSCRANIAL DOPPLER ULTRASOUND

Transcranial Doppler ultrasound, capable of penetrating the skull, was first applied to the
study of CBF in 1982 by Aaslid and colleagues (Aaslid et al., 1982). The ease of use, high
temporal resolution, low cost, portability, and non-invasiveness of TCD has since led to its
widespread use and consequently large impact on our current understanding of CBF
regulation in humans (Newell & Aaslid, 1992; Markus, 2000; Willie et al., 2011;
Purkayastha & Sorond, 2014). Thin areas of the skull, referred to as ‘acoustic windows’
allow for the transmission of low frequency ultrasound waves (2MHz) through the skull
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and insonation of large intracranial cerebral arteries such as the MCA and posterior cerebral
artery (PCA). Sound waves are emitted by the ultrasound, which reflect off of red blood
cells and travel back to the ultrasound probe. Amplification or dampening of the ultrasound
wave indicate the direction of flow away from or to the probe, with the magnitude of
amplification or dampening (the Doppler shift) proportional to blood velocity. Live
recording of the Doppler shift, and subsequent mathematical considerations, usually
inherent within the ultrasound machine, permit beat-by-beat measurement of blood velocity
within the large cerebral arteries. How to optimize and standardize the TCD signal has been
previously reviewed in detail (Willie et al., 2011) but will be briefly expanded upon here.

The intra-cranial cerebral vessels can be insonated using three primary techniques: (1) the
trans-temporal technique, where the probe is placed rostral to the pinna and superior to the
zygomatic arch; (2) the trans-ocular technique, where the probe is placed over the closed
eye; and (3) the foramen magnum approach, in which the probe is placed on the posterior
portion of the head immediately inferior to external occipital protuberance (Willie et al.,
2011). These varying probe locations allow for proper signal optimization dependent upon
the vessel of interest. To locate the MCA and PCA the trans-temporal approach is used.

Proper determination of absolute MCA and PCA blood velocity (MCAv & PCAv) is
dependent upon correct insonation angle (Willie et al., 2011). The trans temporal technique
includes three different approaches for the insonation of the MCA: 1) through the posterior
window, where the probe location is directly anterior to the zygomatic arch and
immediately rostral of the pinna, 2) through the anterior window, where the probe is placed
above the anterior process of the zygomatic arch, and 3) the middle window, which lies
between the posterior and anterior window. Ideally the MCA is insonated through the
middle window. When there are no anatomical abnormalities this approach provides the
lowest insonation angle and thus, most accurate measure of absolute blood velocity.

Two primary benefits of TCD are that it is non-invasive allowing use in a variety of
populations, both healthy and clinical, in addition to its high temporal resolution allowing
for measurement of dynamic stimulus-response relationships. Highly germane to this
review, TCD is often used to assess the cerebral blood velocity response to changes in
PaCO2, as well as changes in CaO2 and mean arterial pressure (MAP). This has led to vast
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improvements in our knowledge of the temporal dynamics of the CBF response to
alterations in arterial blood gases (Poulin et al., 1998), blood pressure (Tzeng et al., 2010)
and neural activation (Phillips et al., 2016). Further, TCD has been used in clinical
populations for the assessment of cerebral vascular reactivity (CVR) to CO2 (CVR-CO2)
and its relationship to stroke risk (Markus & Cullinane, 2001).

Despite the clear utility of TCD, the past 5-10 years have seen its measurement validity
widely debated. The primary pitfall of TCD is that it does not provide an index of arterial
diameter, and therefore, one must assume that blood velocity is an adequate surrogate of
volumetric flow for measurements to be accurate. Recent MRI (Wilson et al., 2011;
Verbree et al., 2014; Coverdale et al., 2014, 2015, 2016, Kellawan et al., 2015, 2016; Sagoo
et al., 2016; Al-Khazraji et al., 2018) and ultrasound studies (Wilson et al., 2011; Imray et
al., 2014; Willie et al., 2014a) have demonstrated changes in larger intra-cranial artery
diameter, primarily MCA diameter (Figure 2.6), during alteration in blood gases [reviewed
in: (Ainslie & Hoiland, 2014; Hoiland & Ainslie, 2016a)]. Earlier study, with data collected
during craniotomy indicated MCA diameter may also change during alterations in blood
pressure (Giller et al., 1993). Limitations notwithstanding, TCD remains a very valuable
tool for CBF measurements. Considerate experimental design and judicious data
interpretation facilitate continued use of TCD in the measurement of human CBF.
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Figure 2.6. Influence of changes in middle cerebral artery diameter
on the validity of transcranial doppler ultrasound.
Previously reported changes in middle cerebral artery (MCA) diameter
(Y axis) and their calculated impact on the discrepancy between flow and
velocity measures during changes in end-tidal PCO2 (PETCO2) are
depicted. The percent discrepancy between velocity and flow measures
are noted as the number within each symbol. To highlight the effect of
changes in MCA diameter we estimated the potential difference between
CBF and velocity changes using the following formalism. For example:
Cross sectional area (CSA; cm2) * Velocity (cm/s) * 60seconds = Flow
(mL/min). Assuming a baseline MCA velocity of 60cm/s (which was
done for all studies to facilitate diameter effect comparisons) coupled
with the observed alterations in CSA with hyper or hypocapnia
(Coverdale et al., 2014), we calculated a representative baseline MCA
flow value: 5.6mm2 * 60cm/s * 60s = Flow, therefore: 0.056cm2 * 60
cm/s * 60s = 201.6 mL/min. Assuming previously reported values of
cerebrovascular reactivity (Willie et al., 2012), MCA velocity increases
~4% per mmHg increase in PETCO2. Assuming this as vessel reactivity
(for all studies), we can estimate the volumetric MCA flow during
hypercapnia using the reported CSA: 6.5mm2 * 84cm/s * 60s = Flow,
therefore: 0.065cm2 * 84cm/s * 60s = 327.6 mL/min. As such, the percent
difference for flow between baseline and hypercapnia is: ((327.6201.6)/201.6)*100 = 62.5%. While the percent difference in velocity
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between baseline and hypercapnia is: ((84-60)/60)*100 = 40%, indicating
that TCD would underestimate the increase in flow of the MCA during
hypercapnia (+9mmHg PETCO2 from baseline) by >20%. However, if the
percent difference is quantified via the magnitude of change in flow and
velocity during hypercapnia, the increase in flow is ~50% greater than
that of velocity! This can be calculated as: % difference = ((%increase in
flow - %increase in velocity)/ %increase in velocity) * 100), and
therefore ((62.5-40)/40)*100 = 56.25%. As such, we have conservatively
represented the effect of changes in diameter on flow versus velocity
discrepancies. For hypocapnia we again assumed a baseline MCA
velocity of 60cm/s and used the pre hypocapnia CSA reported (Coverdale
et al., 2014) to calculate baseline flow (6): 5.8mm2 * 60cm/s * 60s =
Flow, therefore: 0.058cm2 * 60cm/s * 60s = 208.8mL/min. Incorporating
a 2% change in MCA blood velocity per mmHg reduction in PETCO2
(Willie et al., 2012), and the associated change in CSA we estimated
volumetric MCA flow during hypocapnia (7): 5.3mm2 * 46.8cm/s * 60s
= Flow, therefore: 0.053cm2 * 46.8cm/s * 60s = 148.8 mL/min. As such,
the percent change in flow between baseline and hypocapnia is: ((148.8208.8)/208.8)*100 = -28.7%. While the percent difference in velocity
between baseline and hypocapnia is: ((46.8-60)/60)*100 = -22%,
indicating that TCD would underestimate the decrease in flow of the
MCA during hypocapnia (-13mmHg PETCO2 from baseline) by ~7%.
Thus, it is evident by these calculations, and those seen above, that small
changes in MCA diameter are responsible for large discrepancies
between flow and velocity measures. Data are collated from (Valdueza
et al., 1997; Serrador et al., 2000; Verbree et al., 2014; Coverdale et al.,
2014, 2015, 2016; Kellawan et al., 2015; Al-Khazraji et al., 2018). As
noted in the hypercapnic calculations, this graph represents the most
conservative way to quantify the percent difference in flow and velocity
changes, highlighting the large impact changes in MCA diameter has in
quantifying CBF. Further, the shape of the plotted line is theoretical, as
data does not exist during modest changes in PaCO2. Modified and
updated from (Ainslie & Hoiland, 2014) with permission.

2.2.2.3 DUPLEX ULTRASOUND
The use of duplex ultrasound to measure CBF has recently gained popularity leading to the
publication of technical recommendations (Thomas et al., 2015). While it does not
penetrate the skull and allow for measurement of intra-cranial blood vessels (e.g. MCA) it
allows for measurement of arterial diameter and blood velocity of extra-cranial cerebral
conduit arteries, the ICA and VA. Brightness-mode is utilized to visualize arterial diameter
in the sagittal axis while pulse-wave mode allows for concurrent measurement of blood
velocity (Figure 2.7). Duplex ultrasound possesses virtually all the same benefits as TCD,
low cost, portability, and non-invasiveness, but while still relatively easy to use it does
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require an appreciably greater level of technical expertise (Thomas et al., 2015). However,
with adequate training and skill the technical error associated with duplex ultrasonography
is minimal [e.g., <2% for arterial diameter (Hoiland et al., 2016b)]. The primary limitation
of duplex ultrasound is that contralateral flow may differ between the ICA and VA on each
side of the neck. While the potential for these contralateral differences to exist are important
to consider, it has been demonstrated that differences in contralateral ICA flows (QICA) are
typically negligible (Schoning et al., 1994; Zarrinkoob et al., 2015). However, there is a
tendency for greater flow to occur in the left versus right VA (Schoning et al., 1994).
Individuals with large differences in contra-lateral flow can be screened out prior to study.
Using QICA to represent CBF is a relatively robust assumption as the ICA does not branch
prior to entry into the cranium, and except for a very small proportion of blood (1-2%) that
it supplies to the ophthalmic artery, the remainder is distributed to the MCA (~70%) and
anterior cerebral artery (ACA; ~30%) (Zarrinkoob et al., 2015). Under a constant
distributive relationship between MCA and ACA flow, percent changes in QICA should
track changes in MCA and ACA flow.

Figure 2.7. Duplex ultrasound image of the internal carotid artery
and an example of an analysis output.
Simultaneous measurement of the arterial diameter (B-mode image) and
the blood velocity (pulse-wave image) enable determination of
volumetric flow through extra-cranial cerebral arteries with high
temporal and spatial resolution. Reproduced from (Hoiland et al., 2016b)
with permission.

2.2.2.4 BLOOD OXYGEN LEVEL DEPENDENT MAGNETIC RESONANCE IMAGING
For assessing neuronal activation, the most widely used functional MRI technique is BOLD
MRI where the MRI signal increases in tandem with blood flow. For the same reason it is
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becoming increasingly popular as a non-invasive surrogate measure for assessing the CBF
component in CVR measurement (Mikulis et al., 2005; Mandell et al., 2008; Donahue et
al., 2012; Sam et al., 2015). The BOLD signal has a high signal-to-noise ratio, as well as
high spatial and temporal resolution compared to non-MRI methods used for measuring
CBF, such as positron emission tomography (Siero et al., 2015).

The physical basis behind the contrast for BOLD lies in the magnetic susceptibility of
blood. Oxygenated hemoglobin (Hb) is diamagnetic and causes little or no distortion to the
magnetic field in surrounding tissue which, is also diamagnetic. However, deoxygenated
hemoglobin (dOHb) is paramagnetic, attenuating the T2* signal strength in the surrounding
tissue. The rate of attenuation varies directly with [dOHb]. With a constant cerebral
metabolic rate of oxygen (CMRO2) – and thus constant dOHb production – the [dOHb]
will follow a dilution model with CBF. In other words, high CBF results in low [dOHb]
and high BOLD signal.
2.3

B ASICS

OF CEREBRAL BL OOD FLOW REGULATION

Like any other organ, flow to the brain is ultimately regulated by the countervailing
influences of, and balance between, perfusion pressure and vascular resistance. Cerebral
perfusion pressure (CPP) is defined as the pressure gradient across the brain (input minus
output) and often represented by Equation 2.2:

Equation 2.2: Cerebral perfusion pressure
CPP= MAP-ICP

Where MAP represents mean arterial blood pressure, and ICP represents intracranial
pressure. Cerebral vascular resistance is determined by the influences of blood viscosity
(η), vessel length (L), and the arterial radius (r) (or diameter). These factors, in combination
with CPP are combined to form Poisiuelle’s equation, which depicts the overall regulation
of CBF (Equation 2.3):

28

Equation 2.3: Poisiuelle’s law
𝐶𝐵𝐹 =

𝐶𝑃𝑃 ∙ 𝜋𝑟 4
8𝐿η

Notably, the influence of arterial radius on CBF is not linear with the influence of radius
raised to the fourth power, and therefore changes in cerebrovascular tone are the most
influential effector of CBF. Analogous to Ohm’s law, the previous equation can more
simply be represented by
Equation 2.4:

Equation 2.4: Hemodynamic equation for flow, resistance, and pressure (Ohm’s law)
CBF = CPP / cerebrovascular resistance

Thus, cerebrovascular resistance can be represented as (Equation 2.5):
Equation 2.5: Cerebrovascular resistance derived from Poisiuelle’s law
Cerebrovascular resistance = 8𝐿η / 𝜋𝑟 4

Or more simply as (Equation 2.6):

Equation 2.6: Cerebrovascular resistance derived from the hemodynamic representation
of Ohm’s law
Cerebrovascular resistance = CPP / CBF

Overall, the above formalism represents a simple model for the relationship between
pressure, resistance and flow in the brain. Indeed, it represents physical relationships for
laminar flow of a Newtonian fluid through a rigid cylindrical tube. However, as highlighted
above, the anatomical configuration of the cerebral circulation represents a functional
syncytium, versus that of a single tube. For a complex vascular network, as is the cerebral
circulation, resistance to any vascular bed may be alternatively, but still simplistically,
represented as the sum of parallel vessels (Equation 2.7):
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Equation 2.7: Cerebrovascular resistance of parallel vessel beds
Total Resistance = 1/R1 + 1/R2 + 1/R3 + … 1/Rn

Where R indicates resistance of a vessel, and n represents the number of vessels. Here, the
diameter dependent influence on viscosity could be taken into account for each independent
vessel, increasing the complexity, but also accuracy of determining vascular resistance(s).
For the purposes of this thesis, a simple overview on the influence of changes in vascular
resistance and blood viscosity follows while hemodynamic influences on flow regulation,
and related physical relationships have recently been reviewed in greater detail (Secomb,
2016).
2.3.1 CEREBRAL BLOOD FLOW AND MICROVASCULAR PRESSURE WITH CHANGES IN
SEGMENTAL VASCULAR RESISTANCE

In the systemic circulation, vascular resistance is regulated primarily by small muscular
arteries/arterioles of the microcirculation. Seemingly as a result, pial arteries are often
misconstrued as the primary resistors in the cerebral vascular network, and therefore the
primary modulators of CBF. However, extensive differences exist between the systemic
and cerebral circulation, such as intrinsic sensitivity to pH (see section “Regulation of
cerebral blood flow by carbon dioxide”), encapsulation of microvessels by astrocytic end
feet, and the presence of pericytes around capillaries (Hall et al., 2014; Mishra et al., 2016),
provide functional and anatomical precedence for a differing segmental regulation of
cerebrovascular resistance than that observed in the systemic circulation.

In support of a unique segmental regulation of cerebrovascular resistance, as compared to
that of the systemic circulation, animal data dating back as early as the 1950’s has
consistently demonstrated that segmental contributions to cerebral vascular resistance
along the vasculature, indicated by the consequent and progressive pressure drop across the
cerebral circulation (which dictates cerebral microvascular pressure) occur from the larger
cerebral arteries through to the smallest pial and parenchymal microvessels (Faraci &
Heistad, 1990). Interestingly, this segmental allocation of resistance appears unique to the
cerebral circulation (Faraci & Heistad, 1990). Modern technological advances and related
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experimental models have confirmed these animal data and have added clarity to our
understanding of segmental vascular regulation in humans (Willie et al., 2012; Verbree et
al., 2014; Coverdale et al., 2014; Warnert et al., 2015; Kellawan et al., 2016). Overall, the
ratio between upstream and downstream resistance governs microvascular pressure
(Figure 2.8), with implications for regional flow distribution of parallel vessels described
in detail later (See section “Standardization and utility of cerebrovascular reactivity”).

In a state of quiescence, approximately 50% of the arterial pressure head is lost by the pial
arterioles immediately prior to entry into the parenchyma (Shapiro et al., 1971), indicating
a significant contribution to cerebral vascular resistance by upstream vessels; the large
vessels proximal to the Circle of Willis (e.g. carotids, vertebrals, and basilar) and those
immediately distal (e.g. middle and posterior cerebral arteries). Indeed, approximately 20%
of aortic pressure is lost at the level of the BA (Faraci et al., 1988), indicating large arteries
proximal to the Circle of Willis contribute ~20% of cerebrovascular resistance, and the
larger arteries immediately distal to the Circle of Willis, but proximal to surface pial
arteries, contribute the remaining 20-30% of vascular resistance possessed by large arteries
(Shapiro et al., 1971; Stromberg & Fox, 1972; Faraci et al., 1988). Further modulation of
resistance is consequently at or downstream of pial arterioles and appears to occur even at
the level of capillaries via pericyte mediated relaxation and constriction (Hamilton et al.,
2010; Hall et al., 2014). Vascular pressure also varies with anatomical location with greater
pressures in similar-sized vessels in the brainstem compared to that in the cerebrum (Faraci
et al., 1987) possibly due to differences in relative diameter and length of vessels, and
differences in branching pattern. It must be noted that this information is derived primarily
from animal and in vitro models, with limited data in humans (Warnert et al., 2015).
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Figure 2.8. A simplified schematic of how segmental changes in the
resistance of cerebral blood vessels organized in series influence flow
and microvascular pressure.
Changes in vasomotor tome (i.e. dilation/constriction) are labelled on
each vessel while the resulting directional changes in flow and
microvascular pressure are represented below each scenario with arrows.
Two arrows simply represent a larger magnitude of effect than one arrow,
while a sideways (↔) arrow indicates no change. All flow changes are
relative to the very top left scenario (resting large vessel & resting small
vessel). A. In a scenario where larger (and upstream) vessels are is a
resting state, dilation smaller (and downstream) vessels will lead to a
reduction in microvascular pressure and increase in flow, whereas
constriction of smaller vessels will increase microvascular pressure and
reduce flow. B. Constriction of a large upstream vessel will lead to a
reduction in flow and microvascular pressure when the downstream small
arteries do not change in diameter. If the downstream small arteries
dilate, this will reduce microvascular pressure to an extent that maintains
normal flow. However, if the small vessels constrict in concert with the
large vessels, this will reduce flow despite unchanged microvascular
pressure. C. Dilation of a large upstream vessel will lead to an increase
in flow and microvascular pressure when the downstream small arteries
do not change in diameter. If the downstream small arteries dilate in
concert with the large arteries, this will increase flow in the face of
unchanged microvascular pressure. However, if the small vessels
constrict, flow in unaltered and microvascular pressure is increased.
Collectively, this figure represents a simplistic overview of how
resistance (dilation versus constriction and driving pressure (effected by
changes in microvascular pressure) dictate flow.

32

This segmental contribution to resistance and related pressure drop possesses important
implications for the tangential forces exerted on the vessel wall. As per Laplace’s Law
(Equation 2.8):

Equation 2.8: Wall stress, the Law of Laplace
Wall Stress = ΔP · r / (2 · T)
Where ΔP is perfusion pressure, r is the vessel radius, and T is the wall thickness, wall
stress varies directly with perfusion pressure (or transmural pressure) and inversely to wall
thickness.

Therefore, the pressure drop across the cerebral circulation serves to reduce wall stress.
Further, changes in the ratio of vessel wall thickness to vessel lumen diameter also serve to
reduce wall stress across the cerebral circulation. In human pial vessels resected during
surgery for tumor access, Bevan and colleagues (Bevan et al., 1999) investigated how
vessel wall and lumen size change in pial arteries ranging from 200-1000μm in diameter.
They demonstrated that as vessel diameter decreases, so does the thickness of the media
(Figure 2.9A); however, the rate at which the media decreases is less than the diameter,
thereby increasing the media thickness to vessel diameter ratio as vessels decrease in size
(Figure 2.9B). This means that for a given pressure, wall stress is reduced as blood
traverses the pial circulation. (Figure 2.9C). However, it is important to remember, as
previously noted, that pressure drops prior to the pial circulation, as well as across the pial
circulation, at least as observed in animals (Shapiro et al., 1971). Therefore, in addition to
the increased vessel wall to lumen ratio, reduced pressures further contribute to overall
reductions in wall stress (Figure 2.9C). The implications of segmental vascular regulation
and its contribution to CBF regulation during changes in PaCO2 and PaO2 are discussed
further in later sections (see sections “CO2: site(s) of vascular regulation” and “Response
characteristics of cerebral blood flow to hypoxemic hypoxia”).
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Figure 2.9. Changes in wall stress along the pial circulation.
A. As diameter decreases so does the thickness of the media (i.e., vessel
wall). B. As vessel diameter decreases the ratio of wall thickness to
luminal diameter increases. C. Due to the increase in vessel wall to lumen
ratio, wall stress decreases as vessel diameter decreases. The black circles
represent the changes in wall stress across the pial circulation if pial
artery pressure was the same as systemic blood pressure [e.g. mean
arterial pressure = 93 = (120 · 0.33) / 80 · 0.66)]. However, pial artery
pressure may approximate 60% of systemic arterial pressure (Shapiro et
al., 1971). Therefore, we have re-plotted the wall stress to diameter
relationship for 60% of systemic arterial pressure (red-line). Further
consideration of how pressure drops across the pial circulation is also
required. Using the regression equation for pressure versus pial artery
diameter from (Shapiro et al., 1971), we have re-plotted the data taking
into consideration the pressure drop across the pial circulation while
aligning the pressure for the larger 1000μm on the right side of panel C.
This is represented by the blue line where this reduction in pressure
across the pial circulation leads to greater drop in wall stress. We
acknowledge that applying regression equation derived in animals to
human data may not be robust; however, it provides general insight into
how walls tress is altered across the cerebral circulation. Data digitized
and adapted from (Bevan et al., 1999).
2.3.2

CEREBRAL BLOOD FLOW AND BLOOD VISCOSITY

Whole blood viscosity is determined by plasma viscosity, hematocrit (HCT)t, and
mechanical properties (e.g. deformability) of the red blood cell. Blood is a suspension of
cells in a relatively homogenous fluid (plasma) and therefore non-Newtonian.
Consequently, the behavior of blood with respects to apparent viscosity depends on several
factors such as vessel diameter and blood flow velocity. Blood is subject to shear thinning,
which is a reduction in viscosity concomitant to increased shear rates, or flow velocity
(Bayliss, 1959; Amin & Sirs, 1985). This is due to increased axial migration of red blood
cells at increasing blood flow velocities (Bayliss, 1959; Secomb & Pries, 2013). The plasma
layer, even if thin (e.g. 1μm) can lead to a large reduction in apparent viscosity, as the
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viscosity at the adluminal surface of the vessel wall, or glycocalyx, is the location where
viscous energy is primarily dissipated (Secomb & Pries, 2013). Decreasing HCT leads to
an increase in the thickness of this marginal cell-free layer and thus reduced blood
viscosity. As with laminar flow, velocity across the vessel lumen is parabolic, with velocity
highest in the center and lowest (effectively static) at the vessel wall. This increasing
velocity from the vessel wall to lumen center underscores the axial drift of red blood cells
due to increased speed of flow effectively “pulling” red blood cells towards the center of
the vessel (Toksvang & Berg, 2013).

In addition to blood flow velocity as described above, vessel diameter, via the Fåhræus–
Lindqvist effect, leads to altered blood viscosity throughout the cerebral circulation
(Fåhræus & Lindqvist, 1931). As a tube, or blood vessel, diameter drops below 0.3mm
(300μm) HCT is reduced with this effect underlying the variable viscosity observed in
microvessels (Fåhræus & Lindqvist, 1931; Pries et al., 1992). This has implications for
understanding localized flow distributions and in accordance with the conclusion of
Fåhræus and Lindqvist in 1931, “The law of Poiseuille does not apply to the flow of blood
in capillary tubes of a diameter below about 0.3mm” (Fåhræus & Lindqvist, 1931). Indeed,
cerebrovascular viscosity is variable (Calamante et al., 2016), does not necessarily match
the typically assumed 85% of large vessel HCT (Lammertsma et al., 1984), and decreases
with increased blood velocity as occurs during hypoxia and hypercapnia (Sakai et al.,
1985). The functional significance of the blood flow velocity and diameter dependence of
viscosity is that reduced viscosity and related resistive forces in smaller vessels reduces the
pressure requirement to maintain adequate tissue perfusion.

Given the physical principles outlined above one would expect changes in viscosity to
inversely and proportionately effect changes in flow as per Poiseuille’s Law – at least flows
measured in vessels >0.3mm in diameter. However, human studies addressing this
phenomenon in the cerebral circulation at rest have demonstrated this to not be the case
(Brown & Marshall, 1982, 1985). Importantly, changes in viscosity will elicit
commensurate changes in shear stress (i.e., decreases in viscosity lead to decreases in shear
stress). Shear stress leads to upregulation of endothelial nitric oxide synthase and
consequent nitric oxide mediated vasodilation [(Pohl et al., 1986; Rubanyi et al., 1986)
explained later in more detail; see section “Hypercapnia and shear stress”]. Thus, the end
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effect may be determined by the consequent balance between the viscosity dependent
reduction in resistance, and the potential for reduced NO bioavailability induced increases
in resistance. Animal studies have demonstrated that altering this balance between shear
and viscosity can even lead to pial vessel constriction (Hudak et al., 1989), although as per
previous mentioned studies this effect likely does not occur in humans. As recent evidence
indicates that shear stress plays a role in regulating vascular tone of cerebral conduit vessels
[e.g., ICA (Carter et al., 2016a; Hoiland et al., 2017c; Smith et al., 2017) (see section
“Appendix A”)], and arterioles (Koller & Toth, 2012), it stands to reason that the
countervailing influences of reduced viscosity (causing decreased resistance) and reduced
shear and consequent constrictor influences (causing increased resistance) balance out for
a negligible net effect on CBF at rest in humans. This seems to be the case in instances
where viscosity is manipulated independent of CaO2 and PaCO2 by plasmapheresis (Brown
& Marshall, 1982, 1985). One final consideration is that altering large vessel whole blood
viscosity by, for example, isovolumic hemodilution (reduced red cell concentration) has
been demonstrated to reduce capillary HCT in animals (Todd et al., 1992); however, there
is work demonstrating no effect (Hudetz et al., 1999). Therefore it is unknown how
influencing large vessel HCT would alter resistive forces at the capillary segment of the
vascular network. Whether or not this influence also occurs in small pre-capillary arterioles
and/or resistance vessels is less clear, although animal data (Todd et al., 1992) and MRI
study in humans indicates that the ratio of tissue to large vessel HCT is reduced with lower
large vessel HCT values (e.g. ante-cubital vein versus brain tissue) (Calamante et al., 2016).
2.3.3 CEREBRAL BLOOD FLOW AND CRITICAL CLOSING PRESSURE

The discussion of cerebrovascular resistance and CPP as they relate to CBF regulation has
thus far been fairly simple. While not erroneous in nature, defining cerebrovascular
resistance as CPP/CBF (Equation 2.6) and CPP as MAP-ICP (Equation 2.2) has been
called into question (Panerai, 2003) and may not fully reflect the complexities of the
interplay between input pressure, output pressure, vasomotor tone, parenchymal pressure,
ICP, cerebrovascular resistance, and their collective influence on CBF. To this effect, there
is support in the literature for the use of critical closing pressure (CrCP) as an index of the
pressure required to produce forward flow of blood (Dewey et al., 1974). In humans CrCP
is derived as the y-intercept (Abscissa = flow; Ordinate = pressure) of linear regression
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between CBF and MAP. However, this overestimates CrCP given the relationship becomes
non-linear below physiological MAP values limiting the utility of this metric for discerning
the state of the cerebral vasculature (Panerai, 2003). Given this limitation it is not often
used and will not be considered throughout this thesis. In its place is the use of
cerebrovascular conductance or resistance, as well as co-varying for perfusion pressure
statistically, such as with linear mixed modelling.
2.3.4 CEREBRAL BLOOD FLOW AND ARTERIAL BLOOD GASES

Changes in arterial blood gases primarily induce changes in CBF through the vasomotor
consequences of altered CaO2 and PaCO2 (Figure 2.10). Changes in cerebrovascular
resistance were noted in the early human studies by Kety & Schmidt [e.g.(Kety & Schmidt,
1948b)], and directly visualized even earlier in invasive animal studies (Wolff & Lennox,
1930). Importantly, changes in arterial blood gases also lead to chemoreflex mediated
increases in sympathetic nervous activity (SNA) (Xie et al., 2001; Pitsikoulis et al., 2008;
Querido et al., 2010) and blood pressure (Willie et al., 2012; Regan et al., 2014) that
influence the resulting change in CBF (Przybyłowski et al., 2003; Ainslie et al., 2012;
Peebles et al., 2012). Therefore, CBF is the product of cerebral vasomotor tone and
systemic reflexes. The same holds true for CBF regulation during alterations in MAP.
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Figure 2.10. Basic regulation of cerebral blood flow by oxygen,
carbon dioxide, and cerebral perfusion pressure.
The dashed line is representative of resting normative values, with the xaxis variables increasing in the right direction, and decreasing to the left.
As the partial pressure of arterial oxygen (PaO2) decreases CBF
increases; however, this response is not linear. Indeed, CBF does not
increase appreciably until PaO2 drops to approximately 55-60mmHg, the
point at which reductions in PaO2 lead to appreciable reductions in SaO2
and CaO2. When CBF is indexed against changes in CaO2 the response
is generally linear, with reductions in CaO2 leading to increases in CBF.
The right portion of the CaO2/CBF relationship is truncated given the
inability to significantly increase CaO2 above resting values (e.g., 20mL
· dL-1) under physiological conditions. During hyperoxia, where CaO2
can be increased by pure oxygen breathing or hyperbaria, the relationship
between CaO2 and CBF is less clear (Brugniaux et al., 2018). CBF is
related to CPP and, when autoregulation is intact, consists of three
distinct and adjoining linear components. Within a small range of altered
CPP there is no alteration in CBF due to cerebral autoregulation;
however, when cerebral autoregulatory mechanisms are exhausted either
in a hypo- or hyper- tensive manner, CBF changes linearly with CPP.
2.3.5 CEREBRAL BLOOD FLOW AND OXYGEN
In the context of oxygen’s influence on CBF, the majority of work has investigated how
CBF increases in order to maintain CDO2. Thus, it has been well established that in a
normal healthy human, increases in CBF are commensurate in magnitude to the reductions
in PaO2, SaO2, and CaO2 associated with arterial hypoxemia (Ainslie & Subudhi, 2014;
Hoiland et al., 2016a; Bailey et al., 2017). The CaO2 is primarily dependent on hemoglobin
concentration ([Hb]) and SaO2 as per Equation 2.9:
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Equation 2.9: Arterial oxygen content

CaO2 (mL/dL) = 1.34 · [Hb] · (%SaO2/100) + 0.003 · PaO2

Where 1.34 is the Hüfner-number, or binding capacity of oxygen to hemoglobin, and 0.003
x PaO2 accounts for the net solubility of O2 per dL of blood (vs. plasma) as a function of
PaO2.

The CDO2 is then calculated as (Equation 2.10):

Equation 2.10: Cerebral oxygen delivery

CDO2 (mL/min) = gCBF (mL/min) · CaO2 (mL/dL) / 100

In experimental paradigms that allow for the sampling of trans-cerebral arterial blood
gases, the CMRO2 can be calculated using the Fick equation as per (Equation 2.11).

Equation 2.11. The Fick Equation
CMRO2 (mL/min) = gCBF (mL/min) · [CaO2 (mL/dL) – CvO2 (mL/dL)] / 100

Where CvO2 represents the cerebral venous content of oxygen, and CaO2 - CvO2 represents
the arterial-venous difference in oxygen content (mL/dL).

The relationship between CaO2, CBF, and CDO2 is illustrated by the changes in CBF that
occur during exposure to, and prolonged stay at, HA (Ainslie & Subudhi, 2014; Hoiland et
al., 2018a). Increases in minute ventilation (VE) resulting from acid-base compensation
increase PaO2 (and the partial pressure of alveolar oxygen) as well as the O2 binding
capacity of hemoglobin (Balaban et al., 2013) (i.e., shift the oxyhemoglobin curve to the
left) throughout acclimatization. Additionally, erythropoietin mediated increases in [Hb]
also occur, and these factors collectively leading to a progressive increase in CaO 2. This
leads to a reduction in CBF following the zenith observed at altitude in a very tightly
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coupled manner. The result is maintained CDO2 across acclimatization (Ainslie & Subudhi,
2014).
2.3.6 CEREBRAL BLOOD FLOW AND CARBON DIOXIDE

Increases and decreases in PaCO2 lead to increases and decreases respectively in CBF
(Kety & Schmidt, 1948c; Sato et al., 2012a; Willie et al., 2012; Smith et al., 2014) (Figure
2.11). Alterations in PaCO2 mediate changes in extracellular pH (Lambertsen et al., 1961;
Harper & Bell, 1963; Kontos et al., 1977b, 1977a) within cerebral vessels and hence the
regulation of CBF. Changes in PaCO2 further influence pH of the cerebrospinal fluid
bathing the ventrolateral medulla, which is important in ventilatory control (Ainslie &
Duffin, 2009) and mitigating deviation from acid-base homeostasis (Hoiland et al., 2018a).

The magnitude of the increase in CBF per unit change in PaCO2 (mmHg), is termed
cerebrovascular reactivity (CVR). This CVR represents the slope relationship between
PaCO2 and CBF, and can be represented as both the absolute (cm/s or mL/min) and relative
percent (%) change in CBF per unit change in PaCO2. The use of absolute or relative
reactivity is typically dependent on the research question and/or hypothesis (Ainslie &
Duffin, 2009).
Measures of CVR are used to index the ‘responsiveness’ of the cerebral vasculature, and
often targeted experimentally as an index of cerebrovascular health. Indeed, CVR has long
been used as an indicator of the hemodynamic significance of stenotic arterial lesions and
as a predictor for risk of stroke in related clinical populations (Ringelstein et al., 1988;
Kleiser & Widdern, 1992; Markus & Cullinane, 2001; Gupta et al., 2012; Reinhard et al.,
2014). Importantly, and often overlooked, however, is the fact that CO2 reactivity has yet
to provide any utility for the prediction of stroke risk in apparently healthy cohorts
(Portegies et al., 2014). Therefore, more research is needed to determine the feasibility of
classifying stroke risk with CO2 reactivity in individuals without any pre-existing
cerebrovascular disease.
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Figure 2.11. Cerebral blood flow reactivity to changes in arterial
carbon dioxide.
Changes in blood flow (ICA & VA) and blood velocity (MCA & PCA)
are plotted during alterations in the partial pressure of arterial carbon
dioxide (PaCO2). When comparing the ICA and VA to their upstream
intra-cranial vessel (MCA and PCA, respectively) it is apparent that flow
reactivity assessed in the ICA and VA with duplex ultrasound is
approximately 50% greater than that assessed in the MCA and PCA with
transcranial Doppler ultrasound. The reasons underlying this difference
have been discussed in sections “Transcranial Doppler Ultrasound” and
“Duplex Ultrasound” and Figure 4 legend. Changes in flow/velocity in
response to hypercapnia (PaCO2 >40mmHg) lead to approximately 100%
change in flow than that which occurs during hypocapnia (PaCO2
<40mmHg) for a matched change in PaCO2 (e.g. +10mmHg vs. 10mmHg). The presented data are mean ± standard deviation.
Reproduced from (Willie et al., 2012) with permission. © 2012 The
Authors. The Journal of Physiology © 2012 The Physiological Society.
2.3.7 CEREBRAL BLOOD FLOW AND PERFUSION PRESSURE

As described above, CPP is a primary determinant of CBF in all scenarios, and while it
regulates CBF in an independent manner (Figure 2.10 & Figure 2.12), CPP often changes
during physiological perturbations and is therefore highly relevant when considering the
integration of various regulatory factors. Classic dogma has long posited that CBF remains
constant during alterations in MAP due to counter-regulatory or ‘auto-regulatory’
mechanisms consisting of adjustments in cerebrovascular resistance. A seminal review
published by Lassen in 1959 described the notion that CBF remains constant in an MAP
range of 60 to 150 mmHg (Lassen, 1959). This relationship, or cerebral autoregulation
(CA) curve, was notably formulated from 7 different studies with 11 different subject
groups. The subject groups’ CBF was measured at a single MAP value and was not
observed throughout a range in MAP. Furthermore, these subjects had a pathological
condition and/or were taking pharmaceuticals. This classic report has often been
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misconstrued to depict a mean curve for intra-subject CA relationships collected over a
range of MAP values versus its true representation of connected individual inter-subject
data points. Indeed, fixing a line through several singular subject MAP/CBF relationships
ignores the potential of varying MAP/CBF relationships in different pathologies (Nobili et
al., 1993; Warnert et al., 2016). Upon closer examination of the response for CBF (or a
related index of CBF) to a change in MAP, recent studies have revealed that this
relationship appears to be more pressure passive than previously described (Numan et al.,
2014). In other words, changes in MAP lead to directionally consistent changes in CBF.
Consequently, contemporary understanding now holds that the autoregulatory plateau is
much narrower than previously thought, and may encompass a mere 5-10mmHg range in
healthy humans (Lucas et al., 2010; Tan, 2012; Numan et al., 2014; Tzeng & Ainslie, 2014)
(Figure 2.12).

Figure 2.12. The classical (left) and contemporary (right) cerebral
autoregulation curves.
Changes in cerebral perfusion pressure are buffered by intrinsic vascular
mechanisms (Fog, 1937, 1939). Following the review paper published by
Lassen in 1959 (Lassen, 1959), it was thought that CBF remained
constant between an arterial blood pressure of 50 to 150 mmHg (left
panel). However, at least within-subjects, it has now been well
established that this autoregulation mechanism does not maintain
constant perfusion over as wide of a range in arterial blood pressure (Tan,
2012; Numan et al., 2014; Hori et al., 2017). Reproduced from (Willie et
al., 2014b) with permission. © 2014 The Authors. The Journal of
Physiology © 2014 The Physiological Society.
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2.3.8 CEREBRAL BLOOD FLOW AND NEUROVASCULAR COUPLING

Increases in cerebral metabolic demand necessitate increases in substrate and oxygen
delivery as originally demonstrated in the classic works by Mosso (Mosso, 1880) and Roy
and Sherrington (Roy & Sherrington, 1890). Complex processes that may involve both feed
forward and feedback mechanisms match CBF to metabolic demand, with this response
termed neurovascular coupling (NVC) (Attwell et al., 2010; Phillips et al., 2016; Wei et
al., 2016). Regulation of NVC occurs at the neurovascular unit, which is made up of three
components that allow for spatial and temporal matching of flow to metabolic demand: 1)
the blood vessel or vascular smooth muscle, 2) the astrocyte, and 3) the neuron. Together
these three components form the structural unit responsible for coupling CBF to metabolic
demand. Extensive details on the mechanisms that mediate NVC and the related clinical
implications have been recently outlined elsewhere (Iadecola, 2017); however, given the
use of NVC in Study 4, a few aspects are outlined here for clarity.

Both feed forward and feedback mechanisms are thought to underly the NVC response.
Feed forward mechanisms are related to increased glutamatergic signaling (from increased
neural activity) (Figure 2.13). These processes are as follows: 1) Activation of postsynaptic N-methyl-D-aspartate receptors leads to an increase in the intracellular
concentration of neuronal Ca2+ (Attwell et al., 2010). This stimulates the increased
production of prostaglandins (PG) and NO related to the Ca2+ dependence of their
enzymatic production. 2) Binding of metabotropic glutamate receptors on astrocytes leads
to an increase in there intracellular [Ca2+]. These mechanisms have been primarily
investigated following stimulation of neurons and/or astrocytes with exogenous glutamate
(Gordon et al., 2008), photolytic uncaging of intracellular Ca2+ (Gordon et al., 2008), and/or
utilization of the whisker-barrel cortex reflex (Adachi et al., 1994; Liu et al., 2012a). Feed
back mechanisms are related to drops in tissue PO2 and the related build up of metabolic
byproducts [e.g. CO2 (Howarth et al., 2017)] in addition to direct influences of the red
blood cell (Wei et al., 2016). Overall, these two mechanisms lead to vasodilation occurring
from the level of the capillaries (Hall et al., 2014) through to pial vessels, with the vast
locale of this response governed by retrograde propagation of vasodilatory signals
[reviewed in: (Iadecola, 2017).
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While mechanistic delineation of NVC has taken place primarily in animal models, some
researchers have begun to turn their focus to the investigation of NVC in humans (Phillips
et al., 2016). Here it has been demonstrated that PaCO2 influences NVC (Szabo et al.,
2011), but whether or not there is an influence of O2 on NVC is less clear (Caldwell et al.,
2017, 2018). However, in clinical populations where vascular dysfunction is manifest, the
NVC response is reduced [reviewed in: (Phillips et al., 2016)].

Figure 2.13. Feed forward mechanisms in neurovascular coupling.
Feed forward control of blood flow during localized increases in cerebral
metabolic activity and oxygen demand are due to glutamatergic
signaling. Glutamate acts on both neurons and astrocytes to increase the
production of vasodilators. See text for details. From (Attwell et al.,
2010) with permission. 20-HETE, 20-hydroxyeicosatetraenoic acid; AA,
arachidonic acid; Ca2+, calcium; EET, epoxyeicosatrienoic acids; gK(Ca),
calcium gated potassium channels; K+, potassium, mGLUR,
metabotropic glutamate receptor; NMDAR, N-methyl-D-aspartate
receptor; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; PG,
prostaglandin; PLA2, phospholipase 2. Reproduced from (Attwell et al.,
2010) with permission.
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2.3.9 CEREBRAL BLOOD FLOW AND CELLULAR REGULATION OF VASCULAR SMOOTH
MUSCLE TONE

Fundamentally, there are two primary ways in which smooth muscle tone is regulated: 1)
through changes in intracellular calcium concentration or calcium influx, and 2) through
changes in vascular smooth muscle cell calcium sensitivity. Calcium entry into cells is
governed largely by voltage-gated calcium channels. Hyperpolarization of the vascular
smooth muscle cells by potassium efflux will downregulate calcium channel activity,
making potassium channel conductance another highly relevant factor in the regulation of
smooth muscle tone (Nelson et al., 1990a). Calcium sensitivity is dependent upon the
phosphorylation (activation) of myosin, by myosin light chain kinase (MLCK), which itself
is dependent on cyclic nucleotide (cyclic adenosine and guanosine monophosphate, cAMP
& cGMP) activity (Adelstein et al., 1978).

Increased conductance of potassium channels effluxes potassium, hyperpolarizes cells,
decreases membrane potential and ultimately inhibits activity of voltage-gated calcium
channels (Nelson et al., 1990a; Faraci & Sobey, 1998). Several vasoactive factors affect
potassium channel conductance. Adenosine, through binding of smooth muscle A2A
receptors, and vasodilator PGs [e.g., prostacyclin (PGI2) and prostaglandin E2 (PGE2)]
through binding of smooth muscle IP and EP receptors (Davis et al., 2004), increase
intracellular cAMP concentrations (Narumiya et al., 1999; Hein et al., 2013), which results
in increased potassium channel conductance. Moreover, epoxyeicosatrienoic acids (EETs)
(Gebremedhin et al., 1992) and NO (Bolotina et al., 1994) may mediate cerebrovascular
dilation through modulation of calcium-activated potassium channel conductance.

Cyclic nucleotides (cAMP and cGMP) exert vasodilatory effects (Triner et al., 1971)
primarily via two pathways; 1) by increasing conductance through potassium channels
(Song & Simard, 1995), and 2) by decreasing vascular smooth muscle cell calcium
sensitivity. Cyclic nucleotides reduce smooth muscle cell calcium sensitivity by increasing
cAMP- and cGMP-dependent protein kinase-mediated phosphorylation of myosin light
chain kinase, which leads to its deactivation, and a consequent reduced myosin-actin
binding (Adelstein et al., 1978; Kerrick & Hoar, 1981). Several vasoactive signaling
molecules may mediate vasodilation through increased cyclic nucleotide activity. For
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example, ATP degradation to adenosine, through subsequent binding of adenosine A2A
receptors (Kalaria & Harik, 1988; Hein et al., 2013), increases cAMP levels (Sattin & Rall,
1970; Nordstrom et al., 1977). In addition, PG binding of IP and EP receptors (Davis et al.,
2004) leads to increased intracellular cAMP (Narumiya et al., 1999), while NO upregulates
cGMP production (Pearce et al., 1990).
2.4

C EREBRAL

BLOOD FLOW REGULATION IN HYPOXIA

Here, and throughout this thesis, hypoxia is defined as a scenario in which tissue hypoxia
will manifest. Under this umbrella term, there are four specific types of hypoxia that may
occur: hypoxemia, anemia, stagnant hypoxia, and histotoxic hypoxia. This thesis focuses
on hypoxemia and anemia. Herein hypoxemia (or hypoxemic hypoxia) is defined here as a
reduction in the amount of oxygen in the blood (↓PaO2) whereby hemoglobin desaturation
ensues (↓SaO2). Anemia (or anemic hypoxia or hemodilution) is defined here as a reduction
in hemoglobin concentration that reduces the oxygen carrying capacity of the blood
(↓[Hb]). This thesis will simply refer to hypoxia, unless experimental nuances require the
specific mention of hypoxemia or anemia (hemodilution).

Relative to other species, the human brain has evolved to be approximately three times
larger than expected for body size due to increases in the frontal lobe, temporal lobe, and
cerebellum (Schoenemann, 2006). The increase in brain volume occurred during the early
evolution of the genus Homo and was especially pronounced in Homo erectus likely due
to selection pressures associated with greater social complexity, enhanced ecological
demands on cognition and increased physical activity (Holloway, 2008; Sherwood et al.,
2008; Raichlen & Polk, 2013). As a consequence, the brain has evolved into a highly
oxidative organ accounting for a disproportionate 20% of the basal oxygen demand which
is 10 times higher than what would be expected from its weight (Raichle & Gusnard, 2002).
The ability to process large amounts of O2 over a relatively small tissue mass is required to
support the high rate of ATP production needed to maintain an electrically active state for
the continual transmission of neuronal signals [reviewed in: (Bailey et al., 2009a)].
However, this obligatory high rate of CMRO2 is associated with a commensurately high
‘‘vulnerability for failure’’. In light of this vulnerability, adequate CDO2 via precise
regulation of CBF is vital to maintain optimal function and avoid cellular damage and/or
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death. Describing the influence of O2 availability on CBF and brain metabolism is an
essential step towards a better understanding of brain energy homeostasis and associated
clinical implications.

An appropriate and commonly employed model to investigate the acute and chronic
cerebrovascular effects of reduced O2 availability involves exposure to normobaric hypoxia
or ascent to HA (over 3,000m above sea level). It has been well documented that CBF
increases in response to the severity of hypoxic stimuli in humans via cerebral vasodilation
(Severinghaus et al., 1966a; Ainslie & Poulin, 2004; Ainslie & Ogoh, 2010; Willie et al.,
2012, 2014c; Ainslie et al., 2014; Ainslie & Subudhi, 2014). These compensatory increases
in CBF upon exposure to normo- and hypo- baric (sea level and HA, respectively) hypoxia
are adequate to maintain CDO2 [reviewed in: (Ainslie & Subudhi, 2014)]. The mechanisms
underlying the influence of hypoxia upon CBF are complex and involve interactions of
many physiological, metabolic and biochemical processes. For example, potential
mechanisms of cerebrovascular dilation likely change depending on the magnitude and
duration of exposure to hypoxia, the degree of acid-base adjustment, intrinsic cerebral
reactivity to changes in O2, CO2, and pH, as well as release of local vasoactive factors [e.g.,
NO (Van Mil et al., 2002a) and adenosine (Bowton et al., 1988; Nishimura et al., 1993) to
name but a few].

The PaO2 dissolved in the plasma contributes little to the total CaO2 as previously described
(see section “Cerebral Blood Flow and oxygen” and Figure 2.14); however, because the
partial pressure gradient between arterial blood and tissue facilitates diffusion of O2 into
the cell, PaO2 is often presumed to be the cerebral vascular stimulus during hypoxia. Yet,
blood flow to contracting skeletal muscles is regulated by CaO2, not PaO2 (Roach et al.,
1999; González-Alonso et al., 2001), with deoxyhemoglobin being both the primary O2
sensor and upstream response effector; there are data in humans indicating the same might
be true for CBF regulation. Moreover, in clinical and environmental conditions where CaO2
is elevated, there is evidence that CBF is reduced (Milledge & Sorensen, 1972; Humphrey
et al., 1980b).
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Figure 2.14. Diagram of the relationship between oxygen content and
the partial pressure of oxygen.
Reduced hemoglobin (Hb) concentration during anemia or following
hemodilution (lower dotted curve) decreases CaO2. Increased
hemoglobin as would occur in polycythemia (upper dashed curve)
increases CaO2. The middle solid line denotes normal resting values.
Figure derived from equation (3) CaO2 (mL · dL-1) = [Hb] · 1.36 ·
(%SaO2/100) + 0.003 · PaO2. Reproduced from (Hoiland et al., 2016a),
permission not required.
Herein, for both physiological and to a lesser extent pathophysiological settings, this
section (Cerebral blood flow regulation in hypoxia) reviews the current knowledge of CBF
regulation with changes in PaO2 and/or CaO2. Emerging evidence suggests that
deoxyhemoglobin is the primary biological regulator of CBF, and therefore consequently
CDO2 and brain tissue oxygenation, during changes in CaO2 originating from alterations
in O2 tension (i.e., hypoxemic hypoxia), hemodilution, and anemia. First, an overview of
how CBF is regulated under acute (seconds to hours), chronic (days to years) and lifetime
conditions of hypoxemic hypoxia, is provided with the evidence supporting the sufficient
maintenance of CDO2 highlighted. Second, this section reviews the studies to date that
have examined (directly or indirectly) the relationship between CaO2 and CBF in the
absence of changes in PaO2 (hemodilution), and contrast the CBF response with those
where PaO2 is reduced (hypoxemic hypoxia). Further, we consider the varying levels of
deoxyhemoglobin produced between these different experimental paradigms. Finally, we
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provide an overview of the molecular underpinnings that regulate CBF during hypoxemia
or during independent changes in CaO2.
2.4.1 RESPONSE CHARACTERISTICS OF CEREBRAL BLOOD FLOW TO HYPOXEMIC
HYPOXIA

It is well established that inhalation of hypoxic gas mixtures causes dilation of the pial
vessels, a reduction in cerebral vascular resistance, and increases CBF in humans (Kety &
Schmidt, 1948c; Cohen et al., 1967). However, while hypoxia per se is a cerebral
vasodilator, reflected in a rise in CBF in proportion to the severity of isocapnic hypoxia
[reviewed in; (Willie et al., 2014c; Ainslie & Subudhi, 2014)], in normal conditions the
hypoxia-induced activation of peripheral chemoreceptor activity leads to hyperventilatoryinduced lowering of PaCO2 and subsequent cerebral vasoconstriction.

Over time,

metabolic compensation occurs in response to the respiratory alkalosis and CBF is
normalized to the lowered PaCO2 (Willie et al., 2015a). Although often viewed in isolation,
the interaction between PaCO2 and PaO2 dramatically alters the CBF response, and varies
with exposure time.

2.4.1.1 ACUTE HYPOXEMIC HYPOXIA (SECONDS TO HOURS)
The cerebral vasculature is responsive to hypoxia, but only below a PaO2 of ~50-60mmHg.
This response is dependent on the prevailing PaCO2 – hypercapnia increases and
hypocapnia decreases the vasodilatory response to a hypoxic stimulus (Mardimae et al.,
2012) due to the independent vasoactive effects of PaCO2 / pH on CBF (Willie et al.,
2014c). For a given severity of isocapnic hypoxia, studies incorporating a range of
techniques to quantify CBF report a 0.5 to 2.5% increase in CBF per percent reduction in
SaO2 (Cohen et al., 1967; Shapiro et al., 1970; Jensen et al., 1996; Querido et al., 2008;
Reichmuth et al., 2009; Willie et al., 2012; Querido et al., 2013; Hoiland et al., 2015).
However, this response is not uniform across the brain. For example, for a given severity
of isocapnic hypoxia, blood flow to the brain stem increases more than that to the middle
and anterior regions, as assessed by flow through the VA and ICA, respectfully (Willie et
al., 2012; Ogoh et al., 2013a; Lewis et al., 2014b; Hoiland et al., 2015). Data collected
using congruous positron emission tomography scans during isocapnic hypoxia also
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indicate that cortical blood flow is less responsive to hypoxia than phylogenetically older
areas of the brain (Binks et al., 2008). Although the cerebral areas responsible for increased
blood flow to hypoxia were traditionally thought to fall exclusively at the small pial vessels
(Wolff & Lennox, 1930), recent data now indicates that cerebral vasodilation also occurs
at the larger intra-cranial cerebral (e.g., MCA) (Wilson et al., 2011; Imray et al., 2014;
Willie et al., 2014a) and extra-cranial cerebral vessels (e.g., ICA & VA) (Lewis et al.,
2014b). This dilation has been observed when SaO2 falls to ~80% for both the large intra(Imray et al., 2014) and extra- (Lewis et al., 2014b) cranial cerebral vessels.
Although the underlying mechanisms have not been fully elucidated in awake humans (see
section “Signaling pathways in the regulation of cerebral blood flow during hypoxia”),
upon re-analysis of the key studies to date (see Figure 2.15), the elevation in CBF in
response to acute hypoxemic hypoxia seems to be entirely appropriate to maintain CDO2.
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Figure 2.15. Cerebral blood flow and oxygen delivery during acute
hypoxemic hypoxia in humans.
Data taken from five studies during hypoxemic hypoxia with concurrent
measures of CBF and arterial blood gases. As exceptions we used data
from (Shapiro et al., 1970; Hoiland et al., 2015), where Equation 2.9 was
used to calculate CaO2 with SaO2 estimated using the Severinghaus
equation (Severinghaus, 1979b). Data from 55 healthy subjects are
depicted; i.e., n = seven (Kety & Schmidt, 1948c), ten (Ainslie et al.,
2014), six (Shapiro et al., 1970), nine (Cohen et al., 1967), ten (Willie et
al., 2012), nine (Willie et al., 2015a), and four (Hoiland et al., 2015). The
mean lines for both CBF and CDO2 have been calculated as the linear
slope from the mean data of each study weighted for sample size. All
studies were conducted under isocapnic conditions except for (Kety &
Schmidt, 1948c), where PaCO2 was reduced by 4mmHg during the
hypoxic exposure. Reproduced from (Hoiland et al., 2016a), permission
not required.
While global CDO2 is maintained during hypoxemic hypoxia, there appears to be a
moderately heterogeneous response throughout the brain, related to regional disparities in
CBF and hypoxic reactivity (Figure 2.16) and an overall drop in the tissue’s partial
pressure of oxygen (PO2; as inferred from jugular venous PO2, PjvO2 ) (Ainslie et al., 2014).
These disparities in the maintenance of CDO2, and thus specific regional variations in tissue
PO2, in concert with selective vulnerability of specific regions (i.e., selective neuronal
vulnerability) to hypoxia (Pulsinelli, 1985) are likely implicated in cerebral dysfunction
(e.g., reduced cognitive capacity). Additionally, independent of CDO2, tissue PO2 levels
can directly regulate neuronal ion channel function (Jiang & Haddad, 1994) and alter
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neurotransmitter production (e.g., glutamate, serotonin, acetylcholine) due to a low kM for
oxygen (Gibson et al., 1981; Hackett, 1999). Cerebral dysfunction in hypoxia has been
reviewed in detail elsewhere (Gibson et al., 1981; Bailey et al., 2009a).

Figure 2.16. Regional disparities in cerebral oxygen delivery relative
to the whole brain during isocapnic hypoxia.
The top panel depicts regional cerebral blood flow during normoxia
(circles) and hypoxia (FIO2 = 0.10; squares) in phylogenetically new
(open symbols) and old (closed symbols) brain regions as measured by
positron emission tomography. These values can be compared to their
respective whole brain flow values (half-filled symbols). The lower panel
highlights the heterogeneous changes in CDO2 relative to the whole brain
(half-filled circle), and a trend for CDO2 of newer brain regions to be less
impacted by hypoxia then phylogenetically older regions. CDO2 was
calculated assuming a uniform [Hb] of 15g/dL and O2 affinity of 1.34.
Data adapted from (Binks et al., 2008). Reproduced from (Hoiland et al.,
2016a), permission not required.
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2.4.1.2 CHRONIC HYPOXEMIC HYPOXIA (DAYS TO YEARS) – EVIDENCE FROM STUDIES
AT HIGH-ALTITUDE

The influence of CaO2 on CBF is contingent on the balance between the degree and
duration of hypoxia and ensuing hypocapnia. In turn, the extent to which the cerebral
vasculature responds to HA hypoxia is dependent upon four key integrated reflexes: 1)
hypoxic cerebral vasodilation; 2) hypocapnic cerebral vasoconstriction; 3) the hypoxic
ventilatory response; and, 4) the hypercapnic ventilatory response [reviewed in: (Ainslie &
Subudhi, 2014; Hoiland et al., 2018a)]. Indeed, because pH and CaO2 change throughout
the acclimatization process to hypoxia (i.e., metabolic compensation for the respiratory
alkalosis, which returns pH towards baseline, and progressive increases CaO2 from
hemoconcentration), the CBF response to hypoxia will follow accordingly.

At least eight studies have measured CBF during acclimatization to HA (> 3400 m) using
a variety of techniques (e.g., Kety Schmidt, Xe133, vascular ultrasound, transcranial, and
transcranial color coded Doppler; for review of measurement techniques see section
“Modern measurement techniques”) to identify consistent increases in CBF following
exposure to HA; however, the degree of hypoxia and duration of time at altitude is
inconsistent and variable (Severinghaus et al., 1966a; Huang et al., 1987; Jensen et al.,
1990; Baumgartner et al., 1994; Lucas et al., 2011; Rupp et al., 2014; Subudhi et al., 2014b;
Willie et al., 2014a). What is noteworthy, as illustrated in Figure 2.17, is that the ~20-60%
increase in CBF in each of the cited studies is closely matched to the reduction in CaO2 in
a reciprocal manner; CDO2 is therefore well maintained across acclimatization.
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Figure 2.17. Cerebral blood flow and oxygen delivery at highaltitude.
Following initial exposure to high-altitude, arterial oxygen content
(CaO2) is reduced and cerebral blood flow (CBF) is commensurately
increased. Increases and decreases in CaO2 and CBF, respectively, then
mirror each other throughout acclimatization and maintain constant
cerebral oxygen delivery (CDO2). Alternating vertical bars represent
individual days at altitude. Data are labelled based on their corresponding
study. 1: (Severinghaus et al., 1966b), 2: (Huang et al., 1987), 3: (Jensen
et al., 1990), 4: (Baumgartner et al., 1994), 5: (Lucas et al., 2011), 6:
(Willie et al., 2014a), 7: (Willie et al., 2014a), 8: (Subudhi et al., 2014b).
From (Hoiland et al., 2018a) with permission.
An important factor that has been largely ignored in the regulation of CBF at HA is changes
in CaO2 and blood viscosity (see section “cerebral blood flow and blood viscosity” for
discussion of blood viscosity and CBF regulation). As outlined in Figure 2.17, CaO2 is
progressively increased after approximately the first week at HA due to ventilatory
acclimatization, hemoconcentration and acid-base changes. Over the first few weeks at
altitude HCT is increased by 10-15% (Lucas et al., 2011) and therefore, due to the
consequent elevation in CaO2, also tends to lower CBF. The magnitude by which HCT and
PaO2 affect CaO2, and thereby would be expected to influence CBF at altitude is depicted
in Figure 2.18. Experimental evidence from our group indicate that following 1 week at
5050m, hemoconcentration does indeed contribute to ~75% of the change (i.e. decrease) in
CBF during acclimatization (Howe et al., n.d.).

54

Figure 2.18. Contribution of changes in partial pressure of oxygen
and hemoglobin concentration in the increase in arterial oxygen
content during acclimatization at high-altitude.
Upon exposure to altitude, PaO2 is reduced, thereby reducing SaO2 and
CaO2. Hyperventilation mitigates but does not alleviate this drop in PaO2.
Ventilatory acclimatization to high-altitude contributes to progressive
increases in VE and leads to elevations in PaO2, SaO2, and CaO2.
Respiratory alkalosis induced diuresis leads to the early increase in [Hb],
with erythropoiesis contributing to later increases in [Hb], both aiding in
the increase of CaO2 across acclimatization. The red dots denote CaO2
across acclimatization, with the white and grey bars representing the
influence of PaO2 and [Hb] on CaO2, respectively. Given the linear
relationship between CaO2 and CBF, it is inferred that the % contribution
of PaO2 and [Hb] to CaO2 during acclimatization possess the same %
contribution to changes in CBF. Determined using data from (Lucas et
al., 2011). From (Hoiland et al., 2018a) with permission.
Acute changes in blood viscosity may also affect endothelial functioning via changes in
shear stress, and research has indeed shown that the cerebral vasculature exhibits a degree
of autoregulation in response to both acute increases and decreases in plasma viscosity
(Muizelaar et al., 1986). The magnitude and direction of the change in viscosity may
therefore affect the capacity of the blood vessel to respond to further changes in CaO2.
Alternatively, in conditions where viscosity is chronically increased (e.g. chronic mountain
sickness, sickle cell disease), endothelial functioning is often blunted as increases in shear
stress are offset by secondary complications such as heightened SNA and systemic
inflammation (Bailey et al., 2013b). Irrespective of potential influences on endothelial
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function, viscosity is likely to have little to no effect on CBF at altitude based on current
evidence in humans (see section “cerebral blood flow and blood viscosity ”).

Alterations in cerebral vascular reactivity to both O2 and CO2 may also be implicated in
CBF regulation at HA (Lucas et al., 2011). Both increases (Lucas et al., 2011; Flück et al.,
2015) and no change (Rupp et al., 2014; Willie et al., 2015a) in hypocapnic cerebral
vasoconstriction have been demonstrated upon ascent to and acclimatization at altitude.
Therefore, given methodological (technical & logistical) differences between studies,
physiological differences (e.g., acid-base balance) and the consequent inconsistency of
results, it remains relatively unclear how altered hypocapnic vasoconstriction may
contribute to the progressively reduced CBF throughout acclimatization. Relative to
cerebral sensitivity to O2, one study to date has conducted repeated measures indicating
that hypoxic cerebral vasodilation is increased at altitude (Jensen et al., 1996), which is
corroborated by more well-controlled laboratory studies (Poulin et al., 2002). Yet, changes
in hypoxic vasodilation with acclimatization have not been examined using volumetric
measures of CBF, necessitating judicious interpretation of the currently available data.
Nonetheless, the observed increase in hypoxic cerebral vasodilation may counteract the
vasoconstrictor stimulus consequent to reduced PaCO2 and underscore, in part, the net
vasodilatory stimulus and maintained CDO2 observed upon exposure to HA. Collectively,
gCBF at altitude mirrors changes in CaO2 and although PaCO2/pH is a very potent regulator
of tone, following initial exposure to altitude, arterial pH is minimally altered (Figure
2.19). Therefore, it appears that a change in CaO2, in the absence of altered pH, is the
primary factor governing the pattern by which gCBF changes following initial exposure to
HA. Potential alterations in reactivity at altitude may further “fine tune” the observed
changes in CBF.
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Figure

2.19.

Integrative

physiological

changes

during

acclimatization to very high-altitude (~5000m).
Ascent to altitude stimulates a multitude of physiological adaptations.
The immediate response to hypoxia involves a brisk increase in
ventilation (VE) (red line) and cerebral blood flow (CBF) (dark blue line),
with a concurrent drop in PaCO2 (light blue line). Hypoxic ventilatory
decline ensues leading to a small attenuation of the drop in PaCO2.
Throughout acclimatization, VE and CBF begin to progressively increase
and decrease, respectively. Due to the respiratory alkalosis that follows
the hypoxic ventilatory response, arterial and CSF pH (denoted by
vertical grey bars) is increased; however, renal bicarbonate (HCO3-,
purple line) excretion increases progressively leading to a stabilization of
pH, and potential mitigation of respiratory alkalosis as acclimatization
progresses. Finally, hematocrit (HCT) increases following ascent to
altitude and throughout acclimatization. This figure represents general
trends based on data from: (Lucas et al., 2011; Ainslie et al., 2013; Ryan
et al., 2014; Subudhi et al., 2014a; Willie et al., 2014a; Ainslie &
Subudhi, 2014). Reproduced with permission from (Hoiland et al.,
2018a).
Although global changes in CBF have been shown to maintain CDO2 in hypobaric hypoxia
throughout ascent and stay at HA, regional differences in the flow response to altitude have
been demonstrated (Subudhi et al., 2014b; Hoiland et al., 2017b). These altitude studies,
and those conducted in well controlled laboratory settings (Binks et al., 2008; Subudhi et
al., 2014b; Hoiland et al., 2017b; Lawley et al., 2017) display preferential blood flow
distribution to the posterior circulation, which perfuses brain regions such as the brainstem,
hypothalamus, thalamus and cerebellum (Binks et al., 2008). Despite no relationship
between gCBF and AMS (Ainslie & Subudhi, 2014) and failure of globally maintained
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CDO2 to explain cognitive deficits in hypoxia, the aforementioned regionalization of CBF
is suggested to be responsible for AMS (Feddersen et al., 2015) as well as cognitive
impairment (Lawley et al., 2017) at altitude. However, given the number of inconsistent
studies (Ainslie & Subudhi, 2014; Liu et al., 2017), sufficient data is still lacking with
regard to the intricacies of regionalized CBF regulation and its consequent impact(s).
Nevertheless, regionally differential distribution of CBF likely occurs as a survival
mechanism to prioritize delivery to the posterior areas of the brain responsible for
controlling functional and homeostatic processes while consequently reducing delivery to
areas responsible for higher cognitive function. Although this section intentionally focuses
on CBF (i.e., inflow), it should be noted that a mismatch between cerebral inflow and
venous outflow is critical in the pathophysiological of AMS (Wilson & Imray, 2016) and
potentially cerebral edema (Sagoo et al., 2016). In the latter landmark study, it was reported
that CDO2 was maintained via increased arterial inflow (i.e., CBF) and this preceded the
development of cerebral edema thus implicating venous outflow restriction as a key
mechanism (Sagoo et al., 2016).

Technological advancements in imaging modalities have greatly improved the
quantification of CBF (e.g., MRI), yet difficulties persist with regards to the portability and
feasibility of such equipment during HA studies. As such, transcranial Doppler and portable
duplex ultrasound devices remain standard tools for assessment of CBF during HA
expeditions. Although the latter approach can be quite accurate and effective (Willie et al.,
2014a; Thomas et al., 2015; Hoiland et al., 2017b), the former fails to provide a complete
assessment of CBF (Kellawan et al., 2016; Sagoo et al., 2016). Thus, changes in flow as
reported through changes in blood velocity using transcranial Doppler ultrasound
measurements should be interpreted cautiously in hypoxic environments. This discrepancy
between imaging techniques largely underlies the methodological differences that make
comparing HA studies difficult.

2.4.1.3 CHRONIC ADAPTATION TO HIGH-ALTITUDE:
Although hypoxia is a major physiological stress, several human populations have survived
for millennia at HA, suggesting they have adapted to hypoxic conditions. Three primary
patterns of human adaptation to HA hypoxia have been documented (Beall, 2006): Andean
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(i.e., erythrocytosis with arterial hypoxemia) (Beall, 2007); Tibetan (i.e., marginally
elevated venous hemoglobin concentration with arterial hypoxemia) (Beall, 2006); and the
recently identified Ethiopian - Amhara highlanders living at ~3500m - pattern (i.e., normal
venous hemoglobin concentration and arterial oxygen saturation within the normal range
of sea level populations (Beall, 2006). Of note, the Amhara pattern of adaptation exhibits
higher O2 saturation and less erythrocytosis than their Omotic Ethiopian counterparts
(Simonson, 2015).
Early studies have reported that native Andeans living at HA (~4200m) have 20% lower
CBF values compared to sea-level natives [reviewed in: (Ainslie & Subudhi, 2014)]. The
main mechanism underpinning the ~20% lower CBF of HA residents is the reported
elevation in HCT and consequently increased CaO2. These conclusions are largely based
on the inverse relationship between CaO2 and CBF that has been demonstrated at rest and
with carbon monoxide exposure or hemodilution (Paulson et al., 1973; Brown et al., 1985)
(see section “Arterial oxygen content and cerebral blood flow: hypoxemic hypoxia versus
hemodilution”). The lower CBF in HA residents may also be attributed to the passive
changes in blood viscosity associated with increased HCT (Milledge & Sorensen, 1972)
and active cerebral vasoconstriction (Rebel et al., 2001, 2003), although as previously
mentioned the likelihood of this playing a significant role is very small. The cerebral
arterio-venous oxygen content difference is approximately proportional to the HCT level
in HA natives (Milledge & Sorensen, 1972), but this may simply represent the relationship
between flow (inferred from oxygen extraction) and CaO2 (inferred from HCT). However,
via theoretical corrections in CBF for the elevations in HCT, it was calculated by Jansen &
Basnyat that CBF is still ~5% lower in HA Andean natives (Jansen & Basnyat, 2011). The
mechanism underlying this as of yet experimentally demonstrated, and thus completely
speculative difference has yet to be resolved. Nevertheless, it appears, at least at sea level,
that blood viscosity does not affect CBF and that the observed reductions are simply due
to the corresponding elevation in CaO2 (see section “Arterial oxygen content and cerebral
blood flow: hypoxemic hypoxia versus hemodilution”). Therefore, increased CaO2 is likely
the primary factor governing the reduction in CBF noted in HA natives.
Although CBF in Tibetan HA residents at ~4200m seems 5-10% lower than lowlanders,
these data are limited and based on blood velocity indices of the middle cerebral artery
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(MCA) (Jansen et al., 1999, 2000, 2007). Jansen and Basnyat 2011 (Jansen & Basnyat,
2011) contended that velocities in the ICA and MCA were 11.7% and 3.4% (mean 6.2%)
higher, respectively, compared to lowlanders, yet still within the range of expected
variation at sea level reported by others (Scheel et al., 2000a, 2000b). Also, HCT and CaO2
in Tibetan (Sherpa) HA residents (Winslow et al., 1989) is slightly increased compared to
sea-level (by roughly 10%) but comparable to well-acclimatized lowlanders (Rahn & Otis,
1949; Fan et al., 2010a; Lucas et al., 2011; Foster et al., 2014). Despite the need for
experimental evidence, an increased NO bioavailability in Himalayans has been speculated
to explain differences in CBF between Tibetan and Andean populations (Droma et al.,
2006; Beall et al., 2012). Likewise, although the cerebral circulation of Ethiopian HA
dwellers seems to be insensitive to hypoxia and may represent a positive adaptation (unlike
Andean HA dwellers), this is also solely based on MCA velocity (Claydon et al., 2008).
Since the MCA has been demonstrated to dilate in hypoxia (Wilson et al., 2011; Imray et
al., 2014; Willie et al., 2014a), past indices of CBF at altitude based on MCA velocity need
to be interpreted with caution. Investigation of cerebral vascular regulation in Tibetan
descendant – the Sherpa – forms the basis of the third experimental chapter of this thesis
(see section “Chapter 4: UBC-nepal expedition: reduced cerebral blood flow and oxygen
delivery in Sherpa compared to lowlanders upon ascent to high-altitude”).
2.4.2 ARTERIAL OXYGEN CONTENT AND CEREBRAL BLOOD FLOW: HYPOXEMIC
HYPOXIA VERSUS HEMODILUTION

As has been well established thus far, the magnitude of the CBF response is proportional
to the severity of hypoxic stimuli and is appropriate to maintain CDO2 and hence offset the
hypoxemic hypoxia-induced reductions in CaO2 (Severinghaus et al., 1966a; Ainslie &
Poulin, 2004; Ainslie & Ogoh, 2010; Willie et al., 2012, 2014c; Ainslie et al., 2014; Ainslie
& Subudhi, 2014). However, an important prevailing question in human cerebrovascular
physiology is whether the primary regulator of CBF is the total amount of O2 (i.e., CaO2)
or the O2 dissolved in plasma (i.e., PaO2). The amount of oxygen bound to hemoglobin and
PaO2 determine CaO2, as per Equation 2.9.

Although PaO2 (dissolved O2) only minimally contributes to the total CaO2 when breathing
room air, because it facilitates diffusion of oxygen into the cell, PaO2 is often presumed to
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be the cerebral vascular stimulus. Yet, as previously discussed, CBF does not decrease
until a PaO2 of ~50-60mmHg, the point whereby the reduction in CaO2 (and SaO2)
accelerates with further decreases in PaO2 (Figure 2.14). Reductions in CaO2 with
maintained PaO2 resulting from either carbon monoxide exposure (Paulson et al., 1973),
acute or chronic anemia (Brown et al., 1985; Hare, 2004), and hemodilution (Paulson et
al., 1973), all increase CBF. Moreover, CBF varies inversely with HCT in many species in
both acute (e.g., acute anemia) and chronic experimental conditions (e.g., erythropoiesis /
polycythemia). While all three of these experimental paradigms (anemia, hemodilution, &
carbon monoxide exposure) highlight the coupling of CBF to CaO2, it is important to
consider their biological differences. For example, carbon monoxide is a cerebral
vasodilator independent of inhibiting the formation of oxyhemoglobin (Leffler et al., 2006),
and elicits a greater increase in CBF for a given reduction in CaO2 than hemodilution
(Paulson et al., 1973). Therefore, comparing the differences in vasodilation mediated by
hypoxemic hypoxia (i.e., ↓PaO2) and isovolumic hemodilution (simulated acute anemic
hypoxia) represents a more robust model, than using carbon monoxide. As the underlying
mechanism(s) remain largely theoretical, it has been speculated that; (1) the hemorheologic
consequences of reductions in blood viscosity (which is derived from plasma viscosity,
HCT, and mechanical properties of red blood cells) mediate the increases in CBF noted
during hemodilution [e.g., (Thomas et al., 1977a, 1977b)] – although this is unlikely; and
(2) reductions in CaO2 elicit vasodilatory responses in order to maintain CDO2 [e.g.,
(Brown & Marshall, 1985; Brown et al., 1985)].

The majority of animal studies have indicated that viscosity is an important regulator of
CBF during hemodilution (Hudak et al., 1986; Korosue & Heros, 1992; Tomiyama et al.,
1999b); however, this is not a universal finding (Waschke et al., 1994). Moreover, studies
in humans provide evidence against an appreciable role of viscosity. Indeed, despite the
initial few human studies supporting that viscosity is a primary regulator of CBF during
changes in HCT (Thomas et al., 1977b; Humphrey et al., 1979, 1980b; Grotta et al., 1982),
the potential implications of changes in CaO2, and its consequent effects on CDO2 were
ignored. To partition the influence of blood viscosity independently of HCT and CaO2,
Humphrey et al., (Humphrey et al., 1980a) investigated the difference in CBF between
paraproteinemic (patients with high plasma protein concentration and elevated plasma
viscosity) and non-paraproteinemic patients (Humphrey et al., 1980a). However, both HCT
61

and PaCO2 differed between groups. If the average CBF difference between
paraproteinemic and non-paraproteinemic groups are corrected for the differences in HCT
(assumed to be indicative of differences in CaO2), and PaCO2 [using the linear slope
presented in Figure 2.20 and the known ~7% increase in volumetric CBF per mmHg
change in PaCO2 above eupneic levels (Kety & Schmidt, 1948c; Willie et al., 2012),
respectively], the observed difference in CBF is abolished. The limitations of this study
were addressed in a later study by Brown & Marshall in 1985 (Brown & Marshall, 1985);
here, changes in viscosity failed to alter CBF when CaO2 and PaCO2 remained constant. In
turn, the authors suggested that independently viscosity is an insignificant factor in CBF
regulation after accounting for changes in CaO2 (Brown et al., 1985). This finding has been
replicated in other clinical populations possessing intact cerebrovascular function and
normal HCT during isovolumic conditions (Brown & Marshall, 1982) as well as during
hemodilution mediated hypoxia in animals using high and low viscosity replacement fluids
(Waschke et al., 1994). Therefore, it seems the impact of viscosity may be negligible in the
hypoxic brain at rest, and relative to hypoxic CBF reactivity where the vascular bed
becomes vasodilated. Nevertheless, theoretically, Poiseuille’s Law demonstrates that
changes in viscosity will have pronounced effects on flow, as per Equation 2.3 .
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Figure 2.20. Cerebral blood flow and oxygen delivery during
hemodilution in humans.
Data taken from five studies utilizing hemodilution and concurrent
measures of CBF and arterial blood gases. The subject samples include
20 anesthetized tumor resection patients prior to surgery (filled circle)
(Daif et al., 2012), eight patients with vasospasm following aneurysmal
subarachnoid hemorrhage (filled square) (Ekelund et al., 2002), eight
young healthy volunteers (upwards triangle) (Hino et al., 1992), five
patients with unilateral internal carotid artery occlusion in addition to
previous stroke or transient ischemic attacks (downwards triangle)
(Yamauchi et al., 1993), and 11 healthy young volunteers (filled
diamond) (Mühling et al., 1999), totally 47 subjects. As all of the data
collected in clinical patients, except for that of (Yamauchi et al., 1993)
(circled data point), followed the same trend as the studies using healthy
patients, the data from (Yamauchi et al., 1993) has been excluded from
our representation of mean data. Indeed, the unilateral internal carotid
artery occlusion would have influenced CBF regulation and in turn likely
explains the larger increase in CBF (on the patent side). The mean lines
for both the CBF and CDO2 graphs have been calculated as the linear
slope from the mean data of each study weighted for sample size.
Reproduced from (Hoiland et al., 2016a), permission not required.
Indeed, according to Poiseuille’s Law, viscosity is directly and inversely related to flow.
The disparity between physiological conditions (turbulent flow and non-Newtonian fluid)
and those that define Poiseuille’s Law likely explain the negative findings regarding an
effect of viscosity on CBF during hemodilution, and hypoxia in humans (Brown et al.,
1985). Moreover, if viscosity was the primary factor regulating CBF during hemodilution,
one might expect that blood flow to all organs would increase to the same magnitude. The
greater blood flow increase to the cerebral circulation relative to other organs indicates a
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selective active regulation (van Bommel et al., 2002), which is further supported by data
demonstrating increased cerebral blood volume during hemodilution – interpreted to
indicate increased vascular cross–sectional area due to vasodilation (Todd et al., 1992).
Collectively, analysis of 20 studies shows that CaO2 is inversely related to CBF (Figure
2.21).
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Figure 2.21. The relationship between arterial oxygen content,
cerebral Blood flow, and cerebral oxygen delivery in anemic,
hematologicaly normal, and polycythemic humans.
Data were collated from 20 separate studies to highlight the relationship
between CaO2 and CBF. A. Across studies there appears to be a relatively
linear inverse relationship between CaO2 and CBF, with higher CaO2
concomitant to a reduced CBF, and lower CaO2 concomitant to increased
CBF. B. Despite reductions in CaO2, the CBF increase is adequate to
maintain CDO2. Across the presented studies there appears to be
variability in CDO2 at any given CaO2; however, there is no distinct
relationship between changes in CaO2 and CDO2. Thus, it seems that
CDO2 is preserved in anemic hypoxia, and maintains a normal level
during polycythemia due to a reduced CBF. Data are collated from
(Heyman et al., 1952; Thomas et al., 1977b, 1977a, Humphrey et al.,
1979, 1980a, 1980b, Wade et al., 1980, 1981; Grotta et al., 1982; Wade,
1983; Brown & Marshall, 1985; Korosue et al., 1988; Brass et al., 1991;
Vorstrup et al., 1992; Hino et al., 1992; Tu & Liu, 1996; Mühling et al.,
1999; Kuwabara et al., 2002; Ekelund et al., 2002; Ibaraki et al., 2010)
with the number corresponding to the specific study as noted in (Hoiland
et al., 2016a). Reproduced from (Hoiland et al., 2016a), permission not
required.
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The CBF response during hemodilution and hypoxemic hypoxia is tightly coupled to
reductions in CaO2 for isovolumic hemodilution [e.g., (Hino et al., 1992; Yamauchi et al.,
1993; Mühling et al., 1999; Ekelund et al., 2002; Daif et al., 2012)]; and for hypoxemic
hypoxia; see Figure 2.15 & Figure 2.20 (Kety & Schmidt, 1948c; Cohen et al., 1967;
Willie et al., 2012; Ainslie et al., 2014). Thus, in both otherwise healthy individuals and
those with pathology (e.g., polycythemia, paraproteinemic), with normal (Brown &
Marshall, 1985) or high HCT (Humphrey et al., 1980b), isovolumic hemodilution leads to
an increase in CBF. The key point here though, is that the slope increase in CBF during
isovolumic hemodilution is markedly (3-fold) reduced compared to during hypoxemic
hypoxia (Figure 2.22). The mean slope increase in CBF during isovolumic hemodilution
is 0.66%CBF · -%CaO2-1, whereas the mean slope increase in CBF during hypoxemic
hypoxia is 1.85%CBF · -%CaO2-1 (see Figure 2.15 & Figure 2.20 legends for explanation
of calculations). The blunted cerebrovascular response to hemodilution compared to
hypoxemic hypoxia results in a lowered CDO2 (Figure 2.22). When assessing the longterm influence of CaO2 from altered hemoglobin mass in anemia and polycythemia, it is
apparent that CDO2 is not impaired (Figure 2.21). Indeed, patients with anemia possess a
relatively high CBF that maintains CDO2 despite reduced CaO2, and the reduction in CBF
that is typical of polycythemic patients is not large enough to reduce CDO2, which appears
to remain normal in these patients. This indicates compensation by via other signaling
pathways during chronic changes in [Hb].
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Figure 2.22. Change in cerebral blood flow and oxygen delivery
during reductions in arterial oxygen content induced by hypoxemic
hypoxia and hemodilution.
The mean slope increase in CBF is 0.66%CBF · -%CaO2-1 during
hemodilution and 1.85%CBF · -%CaO2-1 during hypoxemic hypoxia.
During hypoxemic hypoxia CDO2 is maintained with a 0.24%CDO2 · %CaO2-1 slope response, whereas during hemodilution, CDO2 is
compromised with a -0.47%CDO2 · -%CaO2-1 slope decrease with
reduced CaO2. Error bars represent standard deviation of the mean slopes
from each study used in Figure 2.15 and Figure 2.20. Reproduced from
(Hoiland et al., 2016a), permission not required.
In the study by Daif et al., (Daif et al., 2012) where jugular venous samples were collected,
an approximate 10% reduction in CMRO2 during hemodilution was estimated (Daif et al.,
2012). This is in contrast to the multiple studies assessing CMRO2 during hypoxemic
hypoxia, where a ≤35% reduction in CaO2 does not result in an altered CMRO2 (Kety &
Schmidt, 1948c; Cohen et al., 1967; Ainslie et al., 2014). Whether the reduction in
estimated CMRO2 calculated by Daif et al., (Daif et al., 2012) is due to the impaired CDO2
following hemodilution, or simply confounded by the concurrent anesthesia, is unknown
(Oshima et al., 2002). The remainder of human (Paulson et al., 1973; Hino et al., 1992),
and animal (Todd et al., 1994) data indicate that CMRO2 remains unchanged during
hemodilution despite a CaO2 reduction of ≤30%, due to a compensatory increase in cerebral
O2 extraction (Hino et al., 1992; Todd et al., 1994).

While within subject manipulation of CaO2 through various methods (e.g. hemodilution vs.
hypoxemic hypoxia) to assess cerebral vascular regulation to hypoxia has yet to be done in
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healthy human subjects, we speculate that the supposed differential response between
hemodilution and hypoxemic hypoxia (that is, greater CBF increase with hypoxemic
hypoxia compared to hemodilution) is due to the fundamental mechanisms governing
hypoxic cerebral vasodilation.
2.4.3 SIGNALING PATHWAYS IN THE REGULATION OF CEREBRAL BLOOD FLOW DURING
HYPOXIA

Although the cerebrovascular responses to acute and chronic hypoxia during both
normobaria and hypobaria have been well characterized in humans, there remains a paucity
of data related to the cellular mechanisms that govern it. Ultimately, it seems that
hemoglobin in the erythrocyte functions as the primary O2 sensor and upstream response
effector governing the regulation of vascular tone in hypoxia. Three principle mechanisms
have been proposed for erythrocyte-dependent hypoxic vasodilation and include: 1) ATP
release and subsequent activation of endothelial nitric oxide synthase (eNOS); 2) nitrite
reduction to NO by deoxyhemoglobin, and 3) S-nitrosohemoglobin (SNO-Hb) mediated
bioactivity, which are all dependent on transition of hemoglobin from the relaxed (R) state
to tense (T) state. These processes have direct vasomotor effects and influence release
and/or formation of specific signaling molecules that are integral to the vasodilatory
response. Candidate mechanisms (see Figure 2.23) responsible for vasodilation
downstream of deoxyhemoglobin include: NO, adenosine, PGs, and EETs.
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Figure 2.23. Putative pathways regulating cerebral blood flow
during hypoxia.
Increased temperature, erythrocyte deformation, and the conformational
change concomitant to transition of oxy- to deoxy-hemoglobin all signal
erythrocyte mediated release of ATP (Bergfeld & Forrester, 1992;
Ellsworth et al., 1995; Sprague et al., 1998; Kalsi & González-Alonso,
2012). Released ATP can then bind to the erythrocyte P2X7 receptor in
an autocrine fashion to induce erythrocyte mediated EET release (Jiang
et al., 2007), which will increase vascular smooth muscle cell K+ channel
conductance (Gebremedhin et al., 1992). The released ATP also binds
endothelial P2Y2 receptors to initiate a signal cascade involving NO and
potentially PGs (You et al., 1997). Moreover, ATP will breakdown into
AMP and subsequently adenosine (Fuentes & Palomo, 2015) that will
also exert a vasodilatory effect on vascular smooth muscle through
binding adenosine A2A receptors (Kalaria & Harik, 1988; Hein et al.,
2013), increasing cAMP levels (Sattin & Rall, 1970; Nordstrom et al.,
1977) and also through increasing inward rectify potassium channel
conductance (Hein et al., 2013). Prostaglandins, if implicated, bind IP
and EP receptors (Davis et al., 2004) which increases intracellular cAMP
(Narumiya et al., 1999). NO, derived from the endothelium, through the
nitrite reductase activity of erythrocytes (Cosby et al., 2003), and snitrosohemoglobin (Stamler et al., 1997a; Lima et al., 2010) will lead to
increased guanylate cyclase activity and cGMP (Pearce et al., 1990) as
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well as directly increase K+ channel conductance (Bolotina et al., 1994).
Cyclic nucleotides will upregulate cAMP dependent protein kinase
(PKA) and cGMP dependent protein kinase (PKG) activity, which act to
inhibit myosin light chain kinase (MLCK; 1), and therefore, reduce
smooth muscle tone (Kerrick & Hoar, 1981). Cyclic nucleotides will also
increase potassium channel conductance (Song & Simard, 1995), with
increased potassium efflux hyperpolarizing cells and reducing activity of
voltage gated Ca2+ channels (Nelson et al., 1990b). Overall, ATP leads
to vasodilation that can be conducted through gap junctions (Dietrich et
al., 1996; Kajita et al., 1996). Green arrows represent activation of a
downstream factor, and red arrows represent inhibition of downstream
factors. Reproduced from (Hoiland et al., 2016a), permission not
required.
The site of hemoglobin deoxygenation (R → T allosteric shift) is not exclusive to the
capillaries as over 66% of blood oxygen may be removed in the upstream cerebral arterial
circulation prior to reaching the capillaries (Duling & Berne, 1970; Tsai et al., 2003). This
highlights that erythrocyte release of ATP, SNO, and NO2 reductase activity can mediate
dilation throughout the cerebral arterial tree. Moreover, these signals can be propagated
(Ellsworth et al., 1995; Dietrich et al., 1996, 2008; Kajita et al., 1996), and therefore, likely
impact further upstream resistance vessels that only see oxygenated blood. Indeed,
hypoxemia has been shown to dilate the MCA (Wilson et al., 2011; Imray et al., 2013;
Willie et al., 2014a), ICA (Lewis et al., 2014b), and VA (Lewis et al., 2014b) in humans.

The following sections aim to outline the key concepts underlying erythrocyte mediated
signaling. The S-nitrosohemoglobin pathway, nitrite reductase pathways, and erythrocyte
released ATP pathway are considered. Following this, other downstream molecules and
their contribution to hypoxic vasodilation are outlined. While mechanistic data is derived
primarily from ex vivo or animal models, these studies form the basis of each topic;
however, the relevance for human physiology, and consideration of human data, if
available is noted.

2.4.3.1 DEOXYHEMOGLOBIN MEDIATED SIGNAL TRANSDUCTION PATHWAYS

2.4.3.1.1 S- NITROSOHEMOGLOBIN RELEASE FROM ERYTHROCYTES DURING HYPOXIA

Transport to, and release of NO in the microvasculature is achieved in part through Snitrosylation of hemoglobin. Formation of S-nitrosohemoglobin (SNO-Hb) in the lung
70

occurs due to covalent bonding of NO with the β-chain of hemoglobin on the β93 cysteine
residue (Cys β93) (Jia et al., 1996). S-nitrosylation of Hb to form S-nitrosohemoglobin
occurs most effectively in the R-state and allows for transport of vasoactive NO to the
cerebral vasculature, where s-nitrosothiols (RSNO) are released upon deoxygenation of
hemoglobin and transition to the T-state (Stamler et al., 1997a). When released, RSNOs
provide the chemical stability required for NO to reach the endothelium as free NO would
be scavenged too quickly to elicit vasodilation (Tsoukias, 2008). The presence of a negative
arterial to jugular venous RSNO gradient indicates its transport and release in the rat brain
(Jia et al., 1996). Moreover, it seems that the oxygenation state of cerebral tissue PO2
affects the vasodilatory influence of RSNO (Stamler et al., 1997a), and regulates its role
across physiological oxygen gradients.

2.4.3.1.2 NITRITE REDUCTION VIA HEMOGLOBIN

As NO is quickly scavenged, NO2 acts as a valuable storage pool of NO. There is
accumulating evidence that its reduction by deoxyhemoglobin during hypoxia is an integral
component of NO mediated vasodilation (Doyle et al., 1981; Cosby et al., 2003). The time
course for NO2 reduction by hemoglobin is in the order of seconds to minutes (Doyle et al.,
1981), and thus likely contributes primarily to steady state CBF versus that of the initial
upslope upon hypoxic exposure. In humans, after nine hours of passive exposure to
normobaric hypoxia, the arterial delivery of NO2 to the brain was reduced indicating that it
was either reduced by deoxyhemoglobin to increase circulating NO, reapportioned towards
erythrocyte bound species that also display bioactivity (NO2, Hb-SNO, or HbNO), and/or
in part scavenged by oxidizing free radical species (Bailey et al., 2009b). Similar responses
have been observed in extreme apnea (Bain et al., 2017b), but given how little data exists
on this mechanism in intact humans, its involvement remains equivocal. Of note,
circulating nitrite anions may also participate in direct vasodilation (Demoncheaux et al.,
2002). However the specific role of direct cerebral vasodilation from circulating nitrite in
hypoxia remains undetermined.
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2.4.3.1.3 ADENOSINE TRIPHOSPHATE LIBERATION FROM ERYTHROCYTES DURING HYPOXIA

Hypoxia induces ATP release from the erythrocyte (Bergfeld & Forrester, 1992; Ellsworth
et al., 1995, 2009). In isolated single cerebral arterioles, reduction of tissue PO2 in the
presence of erythrocytes results in both vessel dilation and marked increases in effluent
[ATP]; however, hypoxia without the presence of erythrocytes possesses no dilatory effect,
while effluent [ATP] remains unchanged (Dietrich et al., 2000). The importance of
deoxyhemoglobin in this response is further highlighted in that the presence of
oxyhemoglobin in isolated rat penetrating arterioles significantly inhibits both dilation to
low dose [ATP] in a tissue bath, and the propagated dilation to intraluminally applied ATP
(Kajita et al., 1996). Moreover, hypoxia induced via carbon monoxide inhalation, which
precludes the conformational change associated with offloading O2, does not change ATP
levels (Jagger et al., 2001). Yet, data assessing cerebral efflux of ATP during hypoxia are
scarce, and collectively difficult to interpret.

2.4.3.2 DOWNSTREAM SIGNALING MOLECULES

2.4.3.2.1 HYPOXIA AND ADENOSINE TRI-PHOSPHATE

ATP is a potent cerebral vasodilator. Intraluminal ATP dilates the MCA of rats in vitro
(You et al., 1997, 1999; Horiuchi et al., 2001; Crossland et al., 2013), while in vivo intracarotid infusion of ATP increases pial vessel diameter in cats and global CBF in baboons
(Forrester et al., 1979). This ATP mediated dilation is endothelium dependent (You et al.,
1997, 1999) through binding of P2Y2 purinoceptors (Martin et al., 1985; Dietrich et al.,
2008), is capable of retrograde propagation (Dietrich et al., 1996; Kajita et al., 1996), and
acts through initiating downstream signal cascades. The candidate downstream signals
responsible for ATP mediated changes in vascular tone include NO (You et al., 1997),
adenosine (Fuentes & Palomo, 2015), EETs (Jiang et al., 2007; Dietrich et al., 2008), and
PGs (McCalden et al., 1984; Leffler & Parfenova, 1997). Collectively, these vasoactive
factors increase K+ channel conductance (Ikeuchi & Nishizaki, 1995; Horiuchi et al., 2003),
hyperpolarize the vascular smooth muscle (Kajita et al., 1996; You et al., 1999; Dietrich et
al., 2008), and/or decrease smooth muscle cell calcium sensitivity (Adelstein et al., 1978;
Kerrick & Hoar, 1981). Evidence for an important role of these factors downstream of ATP
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binding to endothelial P2Y2 receptors, which we propose as one of the initial steps
mediating the CBF response to hypoxia (see section “Adenosine triphosphate liberation
from erythrocytes during hypoxia”) is discussed, with particular focus on data in humans.

2.4.3.2.2 HYPOXIA AND ADENOSINE

Extravascular adenosine application leads to in vitro dilation of animal (Dietrich et al.,
1996) and human (Toda, 1974b) cerebral vessels and in vivo (Berne et al., 1974; Wahl &
Kuschinsky, 1976; Morii et al., 1987a) dilation of animal cerebral vessels. This dilatory
response is capable of retrograde propagation (Kajita et al., 1996) and is mediated in part
through increases in NO, inward rectifying potassium channel conductance (Hein et al.,
2013), and increased cAMP levels (Sattin & Rall, 1970; Nordstrom et al., 1977).

Hypoxia leads to an increase in the endogenous cerebral production of adenosine (Berne et
al., 1974; Winn et al., 1979, 1981b; Phillis et al., 1993). Production of adenosine in cerebral
tissue is vital as negligible amounts of adenosine are thought to cross the blood brain barrier
and thus intravascular adenosine likely plays a limited role in CBF regulation during
hypoxia (Berne et al., 1974). Administration of adenosine receptor antagonists (e.g.,
theophylline) abolishes the CBF increase to moderate hypoxia (i.e., PaO2 = 40-50 mmHg)
and all but one study in animals, albeit CBF was still moderately reduced (Pinard et al.,
1989), indicate a reduced CBF increase to severe hypoxia (i.e., PaO2 = 20-30 mmHg) by
~50% (Emerson & Raymond, 1981; Hoffman et al., 1984a; Morii et al., 1987a). This
effect of attenuating CBF during hypoxia by adenosine receptor antagonism is reflected in
reductions of pial arteriolar dilation to hypoxia subsequent to administration of adenosine
deaminase (Armstead, 1997) and theophylline (Pelligrino et al., 1995a; Armstead, 1997).
However, this latter finding is not universal (Haller & Kuschinsky, 1987) and may depend
on the severity of hypoxia. Adenosine A2A receptor knock out mice possess a markedly
attenuated CBF response to acute hypoxia (Miekisiak et al., 2008), while A2B receptor
antagonism has no effect on CBF, highlighting the predominant role of A2A receptors in
mediating hypoxic vasodilation by adenosine (Liu et al., 2015). Adenosine mediated
regulation of CBF in humans is also likely mediated by A2 receptors (Kalaria & Harik,
1988); however, a distinction between A2A and A2B receptors in mediating this response is
still vague.
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In keeping with animal data, aminophylline – an adenosine receptor antagonist – reduces
CBF both at rest (Wechsler et al., 1950; Gottstein & Paulson, 1972; Magnussen & HoedtRasmussen, 1977) and during hypoxia in humans; however, the slope of the CBF response
to hypoxia does not seem to differ pre and post aminophylline infusion (Bowton et al.,
1988; Nishimura et al., 1993). This would suggest there is no effect of adenosine on the
cerebrovascular response to hypoxia in humans, yet the methodological limitations of the
xenon-133 technique (Obrist et al., 1975) used by Bowton et al., 1988 and indirect
quantification of CBF by Nishimura et al., 1993 precludes a definitive conclusion. In
summary, it remains possible, yet unconfirmed in humans, that adenosine contributes to
the hypoxic cerebrovascular response.

2.4.3.2.3 HYPOXIA AND NITRIC OXIDE

The potent vasodilatory and cardiovascular properties of NO are well documented (Bohlen,
2015), and likely extend into hypoxic CBF regulation. Increased NO levels induce
vasodilation through increases in cGMP (Pearce et al., 1990) and directly mediated
increases in K+ channel conductance (Bolotina et al., 1994). Notionally, hypoxia increases
neuronal nitric oxide synthase activity (nNOS) (Hudetz et al., 1998; Santizo et al., 2000;
Bauser-Heaton & Bohlen, 2007), releases NO from NO2 (Cosby et al., 2003) and SNO-Hb
(Lima et al., 2010) (discussed in previous sections), and leads to endothelial NO release
downstream of ATP signaling (You et al., 1997). In turn, NO is consistently involved with
in vivo and in vitro animal cerebral hypoxic vasodilation (Pearce et al., 1989; Koźniewska
et al., 1992; Pelligrino et al., 1995a; Takuwa et al., 2010). In awake humans, intravenous
infusion of NG-monomethyl-L-arginine (L-NMMA), a NOS inhibitor, reduces the hypoxic
CBF response, as assessed via MRI (Van Mil et al., 2002a). In contrast, Ide et al., 2007
(Ide et al., 2007) reported that NOS inhibition with L-NMMA does not influence the CBF
response to acute hypoxia, as assessed by MCA velocity measures. The latter finding,
however, is confounded by recent MRI and ultrasound evidence demonstrating that the
MCA dilates in normobaric hypoxia (Wilson et al., 2011; Imray et al., 2014). As previously
highlighted in Equation 2.3, even the slightest changes in MCA diameter will have a
profound effect on flow, due to their exponential relationship. Increases in shear stress via
increased velocity through cerebral vessels during hypoxia likely provide an additional
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stimulus to upregulate endothelial NOS (Dimmeler et al., 1999) and modulate NO signaling
(see section Appendix A). Experiments implementing pharmacological blockade of NOS
(e.g., via L-NMMA) do not however provide a complete indication of the vasoactive
influence of NO from Hb-SNO and NO2 reduction, which retain some bioavailability.
Indeed, data in rabbits (Stamler et al., 1992) and rats (Jia et al., 1996) indicate that LNMMA infusion reduces circulating RSNOs by ~80%. The relevance of this remaining
20% of RSNOs to hypoxic vasodilation in NOS blockade studies is not clear.

2.4.3.2.4 HYPOXIA AND PROSTAGLANDINS

Indomethacin, a non-steroidal anti-inflammatory drug that non-selectively and reversibly
inhibits cyclooxygenase (COX) activity, and consequently PG synthesis, has no effect on
the CBF response to severe hypoxia (PaO2 = 25mmHg) in vivo in rats (Sakabe & Siesjö,
1979) and newborn pigs (Coyle et al., 1993; Leffler & Parfenova, 1997), despite abolishing
hypoxic dilation in vitro (Fredricks et al., 1994). Further evidence highlights that PGs are
not one of the endothelium derived hyperpolarizing factors released downstream of ATP
binding P2Y2 receptors (Horiuchi et al., 2003; Dietrich et al., 2008). However, hypoxia
increases cerebral 6-keto-PGF1α (a stable prostacyclin metabolite), which is indicative of
increased PG production (McCalden et al., 1984; Leffler & Parfenova, 1997).

In humans, one study (Hoiland et al., 2015), but not all (Fan et al., 2011; Harrell & Schrage,
2014) report that indomethacin reduces MCA velocity reactivity to hypoxia. However,
volumetric flow reactivity of the ICA during hypoxia is unaffected (Hoiland et al., 2015).
In contrast, hypoxic reactivity seems to be reduced in the posterior circulation, assessed by
QVA, following COX inhibition with indomethacin (Hoiland et al., 2015). While these data
indicate that COX may be selectively mediating hypoxic dilation in the posterior cerebral
circulation, they are not conclusive. For example, indomethacin selectively reduces
cerebral reactivity to hypercapnia (elevated arterial CO2) whereas other COX inhibitors
such as Aspirin and Naproxen have no effect (Eriksson et al., 1983; Markus et al., 1994).
These findings suggest indomethacin may influence CBF responses via a PG independent
mechanism. Indeed, indomethacin inhibits cAMP dependent protein kinase activity
(Kantor & Hampton, 1978; Goueli & Ahmed, 1980), which will directly impact smooth
muscle tone (Adelstein et al., 1978; Kerrick & Hoar, 1981) (see section “Cerebral blood
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flow and Cellular Regulation of Vascular Smooth Muscle Tone”). More work is required
to establish a role (if any) of PGs in the cerebral hypoxic vasodilatory response in humans.

2.4.3.2.5 HYPOXIA AND EPOXYEICOSATRIENOIC ACIDS

Epoxyeicosatrienoic acids dilate cerebral blood vessels (Gebremedhin et al., 1992) and are
released from erythrocytes both spontaneously (Jiang et al., 2005) and by ATP binding of
P2X7 receptors (Jiang et al., 2007). Notably, this ATP binding also inhibits erythrocyte
release of the vasoconstrictor 20-hydroxyeicosatrienoic acid (Jiang et al., 2007, 2010).
During hypoxia, both inhibition of EET synthesis and EET antagonism markedly reduces
the CBF response to hypoxia in rats (Liu et al., 2015) and newborn pigs (Leffler et al.,
1997). While EETs may represent an endothelium derived hyperpolarizing factor that is a
relevant regulator of CBF during hypoxia, this has not been verified in humans.
2.4.4 SYNOPSIS OF CEREBRAL BLOOD FLOW REGULATION IN HYPOXIA

During hypoxemic hypoxia at both sea-level and HA in healthy humans, elevations in CBF
are intimately matched to reductions in CaO2 in order to maintain CDO2. Studies employing
hemodilution, and those of patients with anemia and polycythemia, support the notion that
CaO2 has an independent influence on CBF; yet, in the majority of cases when CaO2 is
reduced by hemodilution, CDO2 is compromised. The mechanisms regulating CBF during
changes in CaO2 are multifactorial but primarily triggered by deoxygenation of hemoglobin
(R → T allosteric shift) and consequent erythrocyte release of ATP and SNO, and
deoxyhemoglobin nitrite reductase activity. Downstream of this initial process, additional
chemical mediators include adenosine, nitric oxide, and epoxyeicosatrienoic acids. The
relatively lower CBF increase with hemodilution compared to hypoxemic hypoxia (due to
↓[Hb] and higher jugular venous O2 saturation) provides strong evidence for the role of
deoxyhemoglobin as the primary regulator of CBF in hypoxia. Although studies to date
support the role of CaO2 as a biological regulator of CBF, due to the dependence of key
regulatory mechanisms on the oxygenation state of hemoglobin, maintenance of O2
delivery via CBF is better established during hypoxemic hypoxia, compared to
hemodilution.
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2.5

R EGULATION

OF CEREBRAL BLOOD FLOW BY CARBON DIOXIDE

While this thesis is focused on CBF regulation in instances of altered CaO2, in a free-living
scenario, CaO2 and PaCO2 often change simultaneously. Therefore, cerebrovascular
regulation by PaCO2 is important to properly understand the cerebrovascular response to
hypoxia and will be reviewed hereafter.

During wakefulness in otherwise healthy and normoxic humans, PaCO2 is the most potent
regulator of cerebrovascular tone. The cerebral vascular response to CO2 is characterized
as the unit (i.e., mL/min), or percent, change in CBF per unit change in either the partial
pressure of end-tidal CO2 (PETCO2) or PaCO2. When discussing the vasomotor action of
PaCO2, two important factors require consideration: 1) in a general sense, how is CO2
eliciting its effect? 2) What is the site(s) of action/sensitivity for CO2?

Changes in PCO2 mediate alterations in CBF locally via changes in perivascular pH (Wahl
et al., 1970; Betz et al., 1973; Kontos et al., 1977b; Liu et al., 2012b), evidenced
experimentally by the vascular reactions to acidic and alkaline superfusates delivered with
the cranial window technique. Acidic hypercapnic and acidic isocapnic superfusates lead
to a similar magnitude of vasodilation in cat pial arteriole cranial window preps in vivo
(Kontos et al., 1977a) while isolated changes in intraluminal CO2 (Kontos et al., 1977b) or
pH (Lambertsen et al., 1961; Harper & Bell, 1963) do not influence vessel tone as a result
of unchanged pH within the vascular wall. For example, modulation of arterial pH in the
presence of unchanged PaCO2 produces no change in CBF in humans (Lambertsen et al.,
1961) or animals (Harper & Bell, 1963), while application of minute volumes of
acidic/alkalotic fluid into the perivascular space leads to highly localized changes in pial
arteriolar diameter (Wahl et al., 1970). Further, pretreatment of artificial CSF with sodium
bicarbonate to maintain normal pH abolishes pial vessel dilation in response to intraluminal
hypercapnia (Kontos et al., 1977b; Koehler & Traystman, 1982). Indeed, if superfusate is
euhydric, no vasomotor response will occur irrespective of local changes in PCO 2 (Wahl
et al., 1970; Kontos et al., 1977b, 1977a).

The importance of perivascular pH has been further delineated in in vitro animal models,
whereby acidosis reduces L-type Ca2+ channel conductance (Klöckner & Isenberg, 1994a),
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intracellular calcium concentration [Ca2+]i (Boedtkjer et al., 2016), and induces
vasodilation of isolated cerebral arterioles (Peng et al., 1998) independent of CO2 and
bicarbonate HCO3-. The magnitude of contraction following membrane depolarization
(Boedtkjer et al., 2016) or calcium channel activation (Dabertrand et al., 2012) is also
reduced in acidosis independent of CO2 and HCO3-. Similar to in vivo studies, acidic
hypercapnic and acidic isocapnic superfusate leads to similar vasodilation in isolated
arterioles in vitro (You et al., 1994; Tian et al., 1995; Peng et al., 1998). Conversely,
increases in CO2 without alterations in pH or [HCO3-], or euhydric hypercapnia, does not
induce vasodilation in vitro (Nakahata et al., 2003). Although there is a small amount of
evidence for an independent role of PCO2 on cerebrovascular CO2 reactivity (Harder &
Madden, 1985; Yoon et al., 2012), such as a modest persistence of vasorelaxation in
isolated vessels during transition from severe hypercapnia to euhydric hypercapnia (Toda
et al., 1989), these data have recently come under criticism (Boedtkjer, 2017). Given the
inevitable interconversion between CO2, H+, and HCO3- (i.e., CO2 + H2O ⇌ H2CO3 ⇌
HCO3- + H+), it has been argued that the aforementioned studies may not have appropriately
isolated PCO2. Recent use of out of equilibrium superfusion, which hypothetically
circumvents this issue of interconversion, indicates that changes in PCO2 while [HCO3-]o
and pHo are held constant at normal values does not affect resting tone or sensitivity to
vasoconstrictor stimuli (Boedtkjer et al., 2016), corroborating the notion that perivascular
pH is the regulator of cerebrovascular tone downstream of alterations in PaCO2.

Therefore, the overarching insight gained from these studies is that movement of CO2
through the vessel wall and consequent alteration of perivascular pH is necessary to
stimulate alterations in vasomotor tone (Kontos et al., 1977b, 1977a; Tian et al., 1995). It
is important to note, however, that this represents a slightly generalized overview of
PaCO2-mediated vasodilation. Indeed, separate and integrated roles of vascular smooth
muscle cell intracellular (pHi) and extracellular (pHo) pH may be operational within the
vascular wall. These details have been recently reviewed (Boedtkjer, 2017); therefore, this
review will only provide a brief summary.

Animal models have demonstrated that alterations in pHi (Klöckner & Isenberg, 1994b;
Schubert et al., 2001) and pHo (West et al., 1992; Klöckner & Isenberg, 1994a) may
influence ion channel conductance of vascular smooth muscle (e.g., potassium & calcium
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channels) as well as enzymatic function (e.g. NOS activity) within vascular smooth muscle
and endothelial cells (Fleming et al., 1994; Boedtkjer et al., 2011). Further, alterations in
Ca2+ sensitivity (Boedtkjer et al., 2016) and contractile function (Gardner & Diecke, 1988)
are also influenced by alterations in pHi and pHo, respectively with independent influences
of HCO3- also apparent (Boedtkjer et al., 2016). Determining the specific components of
CO2 related cerebrovascular regulation is inherently difficult and as such some hypotheses
are based in part upon data in peripheral VSMCs, and cerebral specific regulation has yet
to be fully delineated [reviewed in: (Boedtkjer, 2017)]. However, several inferences may
be drawn from the data collected in cerebral specific models: 1) in vitro changes in VSMC
pHi, pHo, and extracellular HCO3- possess independent influences on cerebral vascular tone
(Boedtkjer et al., 2016), although a role for pHi remains a topic of contention (Tian et al.,
1995); 2) VSMC pHi does not decrease as much as pHo during acidosis (Boedtkjer et al.,
2016); 3) in the more complex in vivo setting, altered pH in cranial window superfusate
alters cerebral vascular tone irrespective of superfusate CO2 or HCO3- levels indicating a
lack of direct effects of CO2 (Kontos et al., 1977a); 4) manipulation of intraluminal arterial
pH produces no vascular effect when CO2 is constant in in vivo animal (Kontos et al.,
1977a) and human models (Lambertsen et al., 1961), indicating CO2 must be altered,
diffuse across the vascular wall, and then change pH within the extra- and potentially intracellular domains. It is also important to consider the influence of endothelial pHi (versus
that of VSMC pHi), which is implicated in the regulation of NOS activity – NOS activity
in cultured human endothelial cells is greatest at a pHi of 7.5 (Fleming et al., 1994).
However, while VSMC pHi will decrease in hypercapnia (or normocapnic acidosis),
endothelial pHi would be expected to increase as occurs with endothelial stimulation with
bradykinin (Fleming et al., 1994). Resolution of the in vitro and in vivo data has yet to be
achieved, with the current differences potentially a result of varying experimental
techniques, more robust isolation in vitro, and/or a lack of an appreciable independent
effect of HCO3- and CO2 in vivo due to the inherent complexity of a living organism.

In light of the complexities of CO2 dependent influences on the cerebral vasculature, this
thesis will for the purpose of simplicity commonly refer to PaCO2 as the response effector
given it is the variable often manipulated experimentally, at least in human studies. In
instances where PaCO2 is no longer as simply related to the pH stimulus [e.g. during
chronic acid-base balance changes in disease or at HA (Willie et al., 2015a)] this thesis
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will re-address the relationship between PaCO2 and pH. This influence of PaCO2/pH on
CBF regulation is unique and distinctly different from that of the peripheral circulation
(Lennox & Gibbs, 1932; Ainslie et al., 2005) where there is a limited influence of PaCO2
on vasomotor tone in humans.
2.5.1 CEREBROVASCULAR CO2 REACTIVITY

Cerebrovascular CO2 reactivity is a relatively linear response during both hypo and
hypercapnia (Harper & Glass, 1965b; Shapiro et al., 1966; Willie et al., 2012; Skow et al.,
2013a). However, this relationship deviates from linearity at the limits of vasoconstrictive
and vasodilator capacity, whereby further changes in PaCO2 no longer induce changes in
vasomotor tone and CBF, resulting in a sigmoidal relationship. Reaching these limits
requires considerable alterations in PaCO2, which are difficult to tolerate by awake research
subjects. Between these extremes, the relationship is effectively linear. Increases and
decreases in CBF with hyper- and hypo- capnia, respectively are due to both alterations in
blood vessel diameter and blood velocity, indicated by changes in cerebral blood volume
and transit times (Ito et al., 2003a). Furthermore, there is evidence of a modest hysteresis
in the CBF response to altered PaCO2, whereby transitioning from a low to high PaCO2
produces greater changes in flow compared to transitioning from a high PaCO2 to lower
PaCO2 (Ide et al., 2003).

When comparing reactivity in the hyper- versus hypo- capnic ranges volumetric blood flow
reactivity during hypercapnia is near double that during hypocapnia (i.e., hypercapnia ~
Δ6-8% CBF/mmHg PaCO2 vs. hypocapnia ~ Δ3-4%CBF/mmHg PaCO2) as assessed by
the Kety & Schmidt technique (Kety & Schmidt, 1948c), duplex ultrasound (Willie et al.,
2012), MRI (Coverdale et al., 2014)], and PET (Ramsay et al., 1993; Ito et al., 2000, 2003a)
(see Figure 2.11). This pattern of vasoreactivity appears unaltered with anesthesia (Grüne
et al., 2015). Indexing reactivity with TCD shows an approximate 50% underestimation of
volumetric reactivity (Willie et al., 2012; Coverdale et al., 2014; Hoiland et al., 2015,
2016b), although the difference between hypercapnic and hypocapnic reactivity remains
(TCD:

hypercapnia

~

Δ3-4%

CBF/mmHgPaCO2

vs.

hypocapnia

~

Δ2%CBF/mmHgPaCO2) (Ide et al., 2003). While these reactivity values are standard for
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healthy populations, reactivity is largely variable across disease populations [e.g. (Markus
& Cullinane, 2001; Lavi, 2006; Warnert et al., 2016)].

Regional differences in the magnitude of reactivity between the anterior and posterior
circulation (Skow et al., 2013b) as well as between grey and white matter (Ramsay et al.,
1993) are evident. The posterior circulation possesses an approximately 50% reduced
absolute reactivity (cm · s-1 · mmHg PaCO2-1) compared to the anterior circulation (Willie
et al., 2012; Hoiland et al., 2015); however, this difference is minimized or eliminated
when reactivity is scaled to resting blood flow and/or velocity and represented as a %
change from baseline (Sato et al., 2012b; Willie et al., 2012; Hoiland et al., 2015). Relative
reactivity is also similar between the MCA and BA (Park et al., 2003). Although there is
near-unanimous support for the notion that the anterior circulation has a higher absolute
reactivity than that of the posterior circulation including that from both TCD as well as
volumetric CBF studies, similar MCAv and PCAv reactivity has been observed during endtidal forcing through an extreme range of changes in PaCO2 [i.e. 15-65mmHg; (Willie et
al., 2012)] and during hyperventilation and changes in fractional inspired CO2 (Ogawa et
al., 1988). Differences between studies may also be due to differences in statistical power
(i.e., sample size), or analytical techniques such as non-linear analysis versus linear
regression (Ogawa et al., 1988; Willie et al., 2012; Skow et al., 2013a). Relative to grey
and white matter comparisons, reactivity of the insular cortex (grey matter) possesses an
apparent 2 to 3-fold greater absolute CO2 reactivity compared to the centrum semiovale
(white matter) when measured with PET (Ramsay et al., 1993). Similar findings are evident
in studies utilizing BOLD sequences (Thomas et al., 2014; Bhogal et al., 2015).
2.5.2 STANDARDIZATION AND UTILITY OF CEREBROVASCULAR REACTIVITY

Cerebrovascular reactivity represents the slope relationship between the stimulus and the
change in flow. As the acquisition of PaCO2 measures, which necessitates an arterial
puncture or catheterization for repeat measures, was thought to be an invasive measure,
noninvasive surrogates have been employed widely: the concentration of inspired CO2
[See: (Fisher, 2016) for discussion]; the duration of a breath-hold (Kastrup et al., 1999b).
However, it had been noted by Swenson et al,. in 1994 (Swenson et al., 1994) that endinspiratory PCO2 equalized the PCO2 between arterial and end-tidal gas, allowing the latter
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to be used as a measure of the former. This has been validated in animals with pneumonia
(Fierstra et al., 2011) and in humans (Ito et al., 2008) and used to apply precise PaCO2
targeting as a vasoactive stimulation (Fierstra et al., 2013). As CBF is difficult to measure
non-invasively [although possible via ASL or duplex ultrasound (see Table 2.1)] other noninvasive measures are predominantly surrogates leaving measures as a relative percent (%)
change in CBF. The use of absolute or relative reactivity is typically dependent on the
research question and/or hypothesis (Ainslie & Duffin, 2009).

For example, if CBF increased from 750mL/min to 1012.5mL/min following an increase
in PaCO2 from 40mmHg to 45mmHg, cerebrovascular CO2 reactivity would be calculated
as follows:
Absolute (mL/min/mmHg) CO2 reactivity

= (1012.5-750) / (45-40)
= 262.5 / 5
= 52.5mL/min/mmHg

Relative (%) CO2 reactivity

= (((1012.5-750)/750)*100) / (45-40)
= 35 / 5
= 7%/mmHg

Such determination of reactivity as noted above is simple, but applicable, and commonly
utilized with global measures of CBF, such as duplex ultrasound. While the experimental
chapters of this thesis (Chapters 3-6) use ultrasonography to quantify CBF, the utilization
of BOLD imaging provides in-depth data on regional reactivity, and locally specific
cerebrovascular disease and is therefore outlined here.

Standardization of CVR, across a variety of vasoactive stimuli and surrogate measures of
regional blood flow, is not feasible. For a given flow measuring method, say BOLD
imaging, the stimulus must also be consistent in type, magnitude, duration, and pattern.
The various vasoactive stimuli that are used, typically consisting of intravenous drugs
(usually acetazolamide) or CO2 in the form of hypercapnia are not compatible and thus not
comparable.

Even with a constant injected dose normalized for body weight,

acetazolamide produces variable blood concentration levels, possesses an unknown time
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course, and an unknown subject susceptibility to side effects [see: (Fierstra et al., 2013)].
Similarly, there are challenges associated with controlling/standardizing CO2 as well. With
breath-holds, PaCO2 levels may not rise, are constantly changing and the time course of
PaCO2 changes and peak response are unknown; furthermore, it is accompanied by hypoxia
which also confounds the stimulus effect [see: (Fierstra et al., 2013) for review and
discussion]. Administering a fixed inspired concentration of CO2 is intuitively attractive,
but does not result in a predictable, fixed, or even known PaCO2 (Fisher, 2016). Even if
invasive arterial cannulation is performed to directly measure the PaCO2 stimulus, it still
cannot be fixed or predicted and remains highly variable within and between subjects.
Indeed, repeatedly and accurately targeting PaCO2 across subjects and within subjects over
time is not a trivial undertaking and has required a new conceptual framework for blood
gas control (Slessarev et al., 2007; Fierstra et al., 2013; Fisher et al., 2016) and
computerized gas control to execute effectively (Tymko et al., 2015, 2016a; Fisher, 2016).
In its technical embodiment, it can be used to implement precise PaCO2 targeting as
vasoactive stimulation for measuring CVR [see: (Fierstra et al., 2013) for review].

Even so, changes in a flow signal (i.e., BOLD) need to be normalized for signal size and
anatomical location. As the BOLD response is not a linear function of PaCO 2, the
simplification of ΔBOLD/ΔPaCO2 is inconsistent at different PaCO2 ranges and stimulus
sizes. As discussed above, the relationship between PaCO2 and BOLD signal also depends
on the absolute values of PaCO2 (hypocapnic, hypercapnic), direction (from hypocapnic to
hypercapnic or vice versa) as well as its range (i.e., ΔPaCO2). All of these need to be
standardized to generate comparable data.
2.5.3 INTRACRANIAL HEMODYNAMICS ASSESSED WITH BOLD

Localized differences in regional reactivity can often be compensated during normal
activity of everyday life by autoregulation, which modulates the resistance in vessels with
upstream flow limitations or reductions in perfusion pressure. The modulations are in the
direction of maintaining constant blood perfusion. Autoregulation would thus obscure any
indication of flow limitation when CBF is measured at rest. Therefore, a provocative
vasoactive stimulus is required to perturb this equilibrium to reveal any occult flow
limitations (Sobczyk et al., 2014). This is explained by reference to the model illustrated
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in Figure 2.24. While this steal phenomenon was demonstrated experimentally in animal
models as early as 50 years ago (Brawely, 1968; Symon, 1968), it has recently been revived
and applied to humans using precise, characterizable vasoactive stimuli and a non-invasive
high temporal and spatial resolution surrogate measure of CBF, BOLD imaging (Sobczyk
et al., 2014). The simple single vessel models of Brawley and Symon (Brawely, 1968;
Symon, 1968) have been expanded to account for changes in flow signal throughout the
brain. A global cerebral vasodilatory stimulus induces a strong distal vasodilatory stimulus
(e.g., at the pial vessels) that exceeds the inflow capacity (through a shared conduit) and
thus reduces the perfusion pressure distal to the carotid arteries and at each branch.
Perfusion is determined by the ability of distal vessels to vasodilate by autoregulation.
Vessels distal to a stenosis have encroached on their vasodilatory reserve, as they vasodilate
in resting conditions to maintain adequate flow. Therefore, they have a limited capacity to
dilate in response to a stimulus and in turn a reduction in perfusion pressure results in a
reduction in flow (Figure 2.24, blue coloration of the axial slices in the upper left panel).
In the lower panel the CVR is normalized despite the same fully occluded vessel. The
lower right panel shows the mechanism for normalization being the presence of collateral
blood flow.
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Figure 2.24. The brain vascular stress test to identify the extent of
collateralization in the presence of steno-occlusive vascular disease.
Left panel shows angiograms from two patients with near occluded
carotid arteries (red arrow). Next to each, are axial slices from the CVR
test. The CVR for each voxel is color coded according to the color
scheme shown, and mapped onto the corresponding voxel of the
anatomical scan. The upper panel shows steal physiology due to lack of
collateral blood flow, and the lower one shows near compensatory
collateral blood flow. The mechanism is shown in the schematic diagram
to the right of each. Further discussion of the mechanism is in the text.
Reproduced with permission from Fisher et al. Stroke 2018.
With reference to the model shown in Figure 2.24, progressive increases in PaCO2, result
in progressive reductions in cerebrovascular resistance, even in the presence of upstream
resistance and encroachment on the cerebrovascular vasodilatory reserve. The same
principle applies in vascular beds compromised by localized cerebrovascular disease.
Figure 2.24 shows that despite a global vasoactive stimulus, asymmetrical vasodilatory
reserves or responses result in an increase in flow in some distal vessels and reductions in
others. Indeed, there is an interaction between the two resistances (Faraci & Heistad, 1990),
such that any increase in flow to these two regions produces a decrease in their shared
perfusion pressure. An extreme example of this regional interaction can occur, where one
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region cannot vasodilate to maintain flow in the face of the perfusion pressure reduction
driven mainly by the other region, resulting in its decreased flow: the steal phenomenon.
2.5.4 CO2: SITE(S) OF VASCULAR REGULATION

While previously a contentious matter (Serrador et al., 2000; Giller, 2003), evidence
continues to emerge supporting the theory that alterations in PaCO2 lead to vasomotor
changes throughout the entire cerebral circulation implicating both large cerebral arteries
through to pial, penetrating, and micro vessels in the regulation of cerebrovascular
resistance during PaCO2 perturbations (Wolff & Lennox, 1930; Willie et al., 2012; Verbree
et al., 2014; Coverdale et al., 2014, 2015; Howarth et al., 2017) (Figure 2.25). Previous
animal data corroborates this recent paradigm shift in human cerebrovascular regulation
(Heistad et al., 1978; Faraci & Heistad, 1990). This multi-segment response is, however,
likely not uniform and has been show to vary between small and large pial vessels in
animals (Morii et al., 1986). In keeping, the underlying mechanism(s) governing changes
in arterial/arteriole caliber throughout the vasculature are also unlikely to be uniform
(Faraci & Heistad, 1990). Pial vessels demonstrate an intrinsic sensitivity to pH, whereby
changes in PaCO2 lead to immediate changes in vessel diameter. This tight temporal
relationship between PaCO2 and smaller arteries/arterioles (e.g. pial vessels) has been
demonstrated in animal studies (Wolff & Lennox, 1930) and is demonstrated by a near
immediate increase in MCAv and BOLD in humans (Poulin et al., 1996; Poublanc et al.,
2015) due to the preceding reductions in downstream resistance. However, larger
intracranial cerebral arteries (e.g. MCA) and extracranial cerebral conduit arteries (e.g.
internal carotid artery) display a delayed vasomotor response to PaCO2, which are likely
unrelated to direct pH sensitivity and may be due to changes in shear stress subsequent to
altered pial vessel resistance (Carter et al., 2016a; Hoiland et al., 2017c). Indeed,
vasomotor changes of both the MCA (Coverdale et al., 2015) and ICA (Carter et al., 2016a;
Hoiland et al., 2017c) occur in similar temporal fashion (e.g. 30-60s onset delay) as
endothelium-dependent shear stress-mediated dilation of peripheral blood vessels (Thijssen
et al., 2011). As the specific signaling pathway(s) regulating large intracranial and cerebral
conduit artery vasodilation have received little attention to date, further research is needed
to determine their regulation, and overall contribution to PaCO2 mediated cerebral vascular
reactivity.
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Figure 2.25. Carbon dioxide mediated alterations in cerebrovascular
diameter occurs throughout the entire cerebrovascular tree.
A. Classic data from Wolff & Lennox (Wolff & Lennox, 1930) depicting
hypercapnic vasodilation of pial arterioles in anesthetized cats. Two
vessels can be seen; the one on the left is an image during craniotomy in
the resting state, while the one on the right is during hypercapnia. The
difference in diameter can be visualized by the addition of the dotted line
to the diameter of the vessel in the right image. These data, along with
extrapolation from others (Serrador et al., 2000), led to the belief that
CBF regulation during changes in PaCO2 was mediated solely by pial
arteries / arterioles. Adapted from Wolff & Lennox, 1930 with
permission. B. Changes in diameter of the MCA as assessed by high
resolution (3T) MRI in humans during changes in end-tidal carbon
dioxide (PETCO2). Reproduced from Coverdale et al., 2014 with
permission C. Data depicting changes in diameter of the internal carotid
artery (ICA) in humans throughout a wide range of PaCO2. It is now,
therefore, established that changes in diameter of large intra- and extracranial cerebral arteries occurs in response to changes in PaCO2 along
with changes at the pial artery and arteriolar level. Reproduced from
Willie et al., 2012 with permission.
As previously mentioned, cerebral vessels are unique to those in the periphery in regard to
their intrinsic sensitivity to chemical changes (e.g. PaCO2). However, where this transition
between vessels intrinsically sensitive to pH occurs is unknown in humans. It is also
unknown if this transition is definitive at one point, or occurs across a gradual continuum.
While animal data indicates this “transition site” may occur abruptly and near the distal end
of the vertebral artery and internal carotid artery (Bevan, 1979), human data may be
inferred to suggest that the transition site occurs distal to the large arteries originating from
the Circle of Willis given the vasomotor delay following alterations in PaCO2. For example,
the MCA does not seem to be intrinsically sensitive to pH changes given the lack of
temporal coupling between MCA vasodilation and PaCO2 changes.
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2.5.5 FACTORS INFLUENCING CEREBROVASCULAR CO2 REACTIVITY.

Cerebrovascular CO2 reactivity is subject to between test and between subject variability
and can be altered by a myriad of potential concurrent physiological effectors.
Consideration of potential interactions with other primary regulators of CBF (hypoxia,
neuronal activity, blood pressure, and autonomic inputs) is pivotal in fully understanding
CO2 induced changes in vasomotor tone. Further consideration of factors such as altered
acid-base balance, age and sex, are also important.

2.5.5.1 CO2 REACTIVITY AND HYPOXIA
It has been previously demonstrated that alterations in PaO2 will interact with PaCO2
perturbations to collectively dictate cerebrovascular reactivity. Specifically, hypoxia will
elevate CBF across a wide range of PaCO2 in both the hypo and hypercapnic CO2 range
(Ainslie & Poulin, 2004; Mardimae et al., 2012). In instances of severe hypoxia (i.e., PaO2
≈ 40mmHg), CBF remains above baseline despite pronounced hypocapnia (Mardimae et
al., 2012). The interaction between hypoxia and CO2 on CBF has been demonstrated as a
simple additive effect (Poulin et al., 1996; Ainslie & Burgess, 2008) where CO2 reactivity
is unaltered, or a synergistic effect (Mardimae et al., 2012), with between study differences
being potentially due to analytical methods. Regardless, no study has assessed this
interactive nature of hypoxia and CO2 on CBF regulation using volumetric measures of
CBF – this is requisite to provide confirmatory evidence for either above mentioned theory.
Indeed, while CO2 (see section “CO2: site(s) of vascular regulation”) and O2 (Giller et al.,
1993; Wilson et al., 2011; Imray et al., 2014; Kellawan et al., 2016; Sagoo et al., 2016;
Hoiland et al., 2017b) possess individual influences on arterial diameter throughout the
cerebral circulation, their combined influences on vascular diameter has yet to be
comprehensively examined, and possesses obvious implications for the use of TCD.

In addition to the acute influences of hypoxia, the acid base changes associated with
prolonged hypoxia, such as ascent to and stay at altitude are implicated in the regulation of
cerebrovascular CO2 reactivity [reviewed in: (Hoiland et al., 2018a)]. For example, one to
two weeks leads to significant excretion of HCO3- subsequent to respiratory alkalosis,
which steepens the [H+]/PaCO2 relationship (Willie et al., 2015a) (Figure 2.26). As
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outlined above, perivascular pH is the stimulus for CO2 mediated alterations in vasomotor
tone; thus, this altered [H+]/PaCO2 relationship has obvious implications for cerebral
vascular control. Indeed, hypercapnic CO2 reactivity, when indexed against PaCO2 is
elevated at HA (Ainslie et al., 2012; Willie et al., 2015a; Flück et al., 2015). This finding
consistent with a rebreathing study conducted at the same altitude (5050 m) (Fan et al.,
2010a). Yet, there are findings to the contrary (i.e., CO2 reactivity is reduced); however,
these studies are limited by concurrent hyperoxia (Ainslie et al., 2007; Ainslie & Burgess,
2008; Lucas et al., 2011), lack of iso-oxia (Jansen et al., 1999) and non-volumetric indices
of CBF (Jansen et al., 1999; Ainslie et al., 2007; Ainslie & Burgess, 2008; Lucas et al.,
2011; Rupp et al., 2014). Different altitudes may also underscore between study
differences.
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Figure 2.26. Relationship Between the Partial Pressure of Carbon
Dioxide and pH With Varying Bicarbonate Ion Concentration.
This figure highlights how, according to the Henderson-Hasselbalch
equation, the magnitude of pH changes with varying PCO2 are
augmented at altitude following renal compensation for respiratory
alkalosis (Panel A). At sea level, where [HCO3-] approximates 25 meq/L
(Willie et al., 2015a), an increase in resting PaCO2 from 40 to 41 mmHg
would lead to a reduction in pH of 0.01. Conversely, at altitude where
[HCO3-] may approximate 19 meq/L, an increase in resting PaCO2 from
20 to 21 mmHg would lead to a reduction in pH of 0.02. Panels B and C
indicate how the magnitude increase in CBF per increase in PaCO2 is
increased following acclimatization (Panel B), with the resulting CVR
values and their related arterial [HCO3-] concentrations in in Panel C.
Panel A was reproduced with permission from (Hoiland et al., 2018a).
Panels B and C created from the data of (Ainslie et al., 2012; Willie et
al., 2015b; Flück et al., 2015).
Both increases (Lucas et al., 2011; Flück et al., 2015), no change (Rupp et al., 2014; Willie
et al., 2015a) and decreases (Ainslie et al., 2007) in hypocapnic cerebral vasoconstriction
have been demonstrated upon ascent to and acclimatization at altitude. Therefore, given
methodological (technical & logistical) differences between studies, physiological
differences (e.g., acid-base balance) and the resultant inconsistency of results, it remains
relatively unclear how altered hypocapnic vasoconstriction may contribute to the
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progressively reduced CBF throughout acclimatization. Importantly, the study by Willie et
al., 2015 was conducted under iso-oxic conditions (Willie et al., 2015a). In studies where
PaO2 was not purposefully controlled, the hyperventilation necessary to reduce PaCO2
leads to concomitant increases in PaO2. This point holds relevance for the assessment of
hypocapnic CO2 reactivity at altitude given it may ‘withdraw’ some of the hypoxic
vasodilatory stimulus (Møller, 2010), and thus an overestimation of the vasoconstrictive
effect of hypocapnia may occur.

2.5.5.2 CO2 REACTIVITY AND BLOOD PRESSURE
Blood pressure regulation is relevant for the regulation of CO2 reactivity in two contexts:
1) the relationship between resting, or steady state, MAP and CO2 reactivity, and 2) the
influence of the CO2 induced vasopressor response on CO2 reactivity.

A seminal study conducted in 1965 by Harper & Glass, showed that progressive decreases
in MAP up to a reduction of 66% below baseline, causes marked reductions in
cerebrovascular CO2 reactivity to hypo and hypercapnia (Harper & Glass, 1965a) (Figure
2.27). Indeed, progressive hypotension leads to graded reductions in CBF during
hypercapnia, where at extreme hypotension there is no apparent hypercapnia related
elevation in CBF (Iwabuchi et al., 1973). Collectively, these studies indicate that in the
instance of severe hypotension, autoregulatory vasodilation is of a magnitude that
appreciably exhausts the vasodilatory reserve of the cerebral vasculature rendering it
incapable to further dilate in response to acidosis. Conversely, hypotension induced dilation
also appears to counteract the vasoconstrictive stimulus of hypocapnia, reducing and/or
abolishing the normally expected reductions in flow.
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Figure 2.27. Effect of a progressive loss of vasodilatory reserve on the
response to changes in arterial carbon dioxide.
Results redrawn from experiments in dogs by Harper and Glass (1965;
Figs. A, B, and C) showing the effects of reducing perfusion pressure on
the CBF response to CO2. A) Normotensive; B) Hypotensive; C)
Extreme hypotension; D) An overlay of the fitted responses in A and B
drawn to the same scale; E) The fitted responses presented as the % of
maximum vasodilation. Reproduced from (Sobczyk et al., 2014) with
permission.
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Elevations in PaCO2 result in concomitant increases in blood pressure due to increased
SNA (Ainslie et al., 2005). When the elevations in blood pressure are sustained, they are
generally related to the magnitude of the flow response to hypercapnia (Figure 2.28)
(Willie et al., 2012; Regan et al., 2014). Thus, it is important to consider the influence of
systemic blood pressure in the cerebrovascular response to CO2. If flow is considered in
isolation, than an individual with an exaggerated vasopressor response to CO2 may be
mistaken as possessing a high CO2 reactivity. Therefore, the relationship between
cerebrovascular conductance (mL · min-1 · mmHg-1) and/or cerebrovascular resistance
(mmHg-1 · mL-1 · min-1) and changes in PaCO2 are commonly assessed to provide further
insight into vasomotor changes occurring independent of changes in MAP.

Figure 2.28. Increased blood pressure during hypercapnia is related
to cerebrovascular reactivity.
Panel A depicts the changes in mean arterial pressure (MAP) that occur
during hypercapnia (highlighted by the box). Panel B shows the
relationship between changes in MAP from baseline (rest) and changes
in internal carotid (ICA) and vertebral artery (VA) flow during
hypercapnia. As depicted, there is a linear relationship whereby increases
in MAP are related to the increase in flow (ICA & VA) and thus
important to consider when measuring cerebrovascular reactivity. Figure
reproduced from (Willie et al., 2012) with permission. © 2012 The
Authors. The Journal of Physiology © 2012 The Physiological Society.
Importantly, when considering the influence of MAP on CO2 reactivity, is the potential for
concurrent changes in CPP (i.e. MAP-ICP) alongside a vasopressor response. Hypercapnia
increases, while hypocapnia decreases cerebral blood volume (Ito et al., 2003a) with
implications for alterations in ICP. Indeed, hypocapnia reduces ICP (Steiner et al., 2005),
but does not seem to appreciably alter MAP, even with extreme hypocapnia (e.g. 15mmHg
PaCO2) (Willie et al., 2012). This may lead to over estimation of hypocapnic reactivity if
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the hydraulic pressure head is slightly reduced. Conversely, hypercapnia increases ICP,
with inhalation of 5%cCO2 (5% FICO2; 21% FIO2; N2 balance) demonstrated to increase
ICP by as much as 20 mmHg (Asgari et al., 2011). Therefore, careful consideration must
be given as to how blood pressure influences CO2 reactivity, with further consideration of
how MAP and ICP are concurrently changing and collectively determining CPP.

2.5.5.3 CO2 REACTIVITY AND SYMPATHETIC NERVOUS ACTIVITY
Chemoreflex activation via acidosis increases SNA (Steinback et al., 2009, 2010b, 2010a)
and may, therefore, be implicated in modulating cerebrovascular CO2 reactivity. Increasing
SNA through various techniques such as handgrip exercise (Ainslie et al., 2005) and lower
body negative pressure (LeMarbre et al., 2003) does not alter reactivity in either the hyper
and hypocapnic range; however, pharmacological blockade of SNA has been reported to
reduce both hypocapnic (Peebles et al., 2012) and hypercapnic (Przybyłowski et al., 2003)
reactivity. A reduction in hypercapnic reactivity via pharmacological SNA blockade is
likely mediated by an abolished pressor response (Przybyłowski et al., 2003; Ainslie et al.,
2012) which, as mentioned, normally contributes to the flow response (Willie et al., 2012;
Regan et al., 2014). There is, however, data indicating that the CVR is augmented by
ganglionic blockade (Jordan et al., 2000) although it is still strongly related to the
magnitude of change in MAP. Overall it appears that SNA activity contributes to CO2
reactivity, particularly in the hypercapnic range, by eliciting a pressor response, versus
possessing a limiting effect through vascular ‘constraint’. However, given increased
muscle SNA is related to increased resistance of larger cerebral arteries proximal to, and at
the level of, the Circle of Willis (Warnert et al., 2015; Verbree et al., 2017), these
inferences, which are based on velocity, but not flow measurements, (i.e. TCD) may require
future reconsideration. A recent study that elicited sympathoexcitation, with unaltered
MAP, using lower body negative pressure demonstrated this had no influence on the
increase in cerebrovascular conductance associate with hypercapnia (Iwamoto et al., 2018).
Notably, this is the first study to investigate the role of SNA on CO2 reactivity with
volumetric CBF measures (duplex ultrasound) (Iwamoto et al., 2018).
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2.5.5.4 CO2 REACTIVITY AND AGING
Population based study has demonstrated in ~1700 people that hypercapnic CO2 reactivity
is progressively reduced with aging past 65 years (Bakker et al., 2004). Many smaller
studies corroborate this notion across the entire adult lifespan, with cerebral vascular CO2
reactivity to hypercapnia impaired in elderly compared to young individuals (Reich &
Rusinek, 1989; Ito et al., 2002a; Lu et al., 2011; Barnes et al., 2012; Bailey et al., 2013a;
Thomas et al., 2013; Flück et al., 2014; Jaruchart et al., 2016) with reductions in reactivity
potentially more pronounced in females than males (Kastrup et al., 1998). Reductions in
the vasodilatory response of the MCA to hypercapnia in old versus young has also been
demonstrated (Coverdale et al., 2016). The significance of this latter finding is two-fold:
1) reductions in reactivity with aging occur in part in large arteries distal to the Circle of
Willis, and 2) transcranial Doppler determination of reduced CO2 reactivity with aging will
under-estimate the true magnitude of differences given the change in MCA diameter that
is not accounted for with this technique. When grey matter and white matter are considered
separately, there appears to be a reduced grey matter reactivity in older individuals (Thomas
et al., 2014; Leoni et al., 2017), although this may be a function of reduced grey matter
volume (Coverdale et al., 2016), while white matter reactivity may conversely be greater
in old versus young (Thomas et al., 2014). Contrary to these recent MRI studies, cortical
and white matter CO2 reactivity have been shown to similarly decrease with age when
measured with the xenon-133 technique (Reich & Rusinek, 1989).

Despite the large amount of data demonstrating that normal aging reduces CO2 reactivity,
there are studies to the contrary, demonstrating unaltered (Galvin et al., 2010; OudegeestSander et al., 2014; Madureira et al., 2017) or even higher (Zhu et al., 2013) reactivity with
aging. While some have attributed this difference to the method of CO2 administration or
measurement of CBF (e.g., TCD vs BOLD) (Tarumi & Zhang, 2017), differences in the
proportion of male and female participants (Kastrup et al., 1998) or arterial stiffness (Flück
et al., 2014; Jaruchart et al., 2016), the reasons underlying these divergent findings remains
unknown.
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2.5.5.5 CO2 REACTIVITY AND SEX DIFFERENCES
Premenopausal women, at least as assessed using transcranial Doppler, have higher CO2
reactivity then similarly aged men (Kastrup et al., 1997, 1999a; Matteis et al., 1998).
Women also appear to have higher cerebrovascular reactivity (Karnik et al., 1996) in
response to acetazolamide infusion, although this sex difference is small or negligible when
relative (%) reactivity is considered (Nirkko & Baumgartner, 1996). In the hypocapnic
range, cerebrovascular CO2 reactivity appears similar between sexes (Vriens et al., 1989).
Notably, these aforementioned studies did not specify any standardization of menstrual
phase for reactivity testing. This could have implications for reactivity given the
fluctuations in estrogen across the menstrual cycle of premenopausal women (Marsh et al.,
2011). Increased CO2 reactivity in women would potentially be due to a role of estrogen in
increasing NO related signaling (Hisamoto et al., 2001; Florian et al., 2004) or an increase
in the ratio of vasodilator to vasoconstrictor PGs (Ospina et al., 2003) although contrary to
this point a lack of change in CO2 reactivity across the menstrual cycle has been reported
(Peltonen et al., 2016). Given this was a small study that utilized TCD, not a measure of
volumetric flow, more data is needed to firmly conclude how CO2 reactivity may be altered
across the menstrual cycle and how this contributes to potential sex differences. If sex
differences in CO2 reactivity are present, however, it is more likely that differences would
be attributable to NO than PGs (see section “Signaling pathways regulation cerebrovascular
CO2 reactivity”). Notably, if testing in women is standardized to take place in the early
follicular phase, where estrogen levels are the lowest (Marsh et al., 2011) and comparable
to men (Peltonen et al., 2015), there is no detectable sex differences for CO2 reactivity
(Willie et al., 2012; Peltonen et al., 2015). In older adults there is conflicting data as to
whether cerebrovascular CO2 reactivity is higher in men (Matteis et al., 1998; Bakker et
al., 2004) or women (Deegan et al., 2011).
2.5.6 SIGNALING PATHWAYS REGULATING CEREBROVASCULAR CO2 REACTIVITY

Regulation of CBF at the cellular level in response to varying stimuli is a multifaceted and
complex process. See Figure 2.29 for a generalized overview of cerebrovascular smooth
muscle cell regulation by CO2. Overall, potassium channels, calcium channels and
vasoactive factors such as adenosine, NO, EETs, PGs, and reactive oxygen species (ROS)
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may all potentially mediate cerebral vasomotor changes in response to alterations in PaCO2.
While the role of any of these candidate molecules in CO2 reactivity could be the topic of
their own dedicated review, this thesis comprehensively but also concisely outlines their
individual roles below.
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Figure 2.29. Potential pathways regulating cerebrovascular reactivity to carbon dioxide.
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Hypercapnia leads to an increase in intra- and extracellular hydrogen ion concentration ([H+]o and [H+]i, respectively) (Boedtkjer,
2017). While all the depicted cellular processes act to induce smooth muscle cell relaxation, these processes initiate in various
locales. In the vessel lumen, the red blood cell can release adenosine triphosphate (ATP) following deformation (or shear) (Wan
et al., 2008), which through binding of purinergic (P2Y2) receptors leads to endothelial nitric oxide synthase (eNOS) activation
(Sprague et al., 1996), in addition to shear dependent serine threonine specific protein kinase (Akt) activation of eNOS (Dimmeler
et al., 1998, 1999; Fulton et al., 1999). Further, acidosis itself stimulates ATP release from red blood cells (Bergfeld & Forrester,
1992; Ellsworth et al., 1995). Finally, within the lumen, acidic disproportionation (note: non-enzymatic production) of nitrite
(NO2-) into NO can occur (Zweier et al., 1995; Modin et al., 2001). Within endothelial cells (EC), NO production occurs as a
result of the aforementioned shear and ATP mechanisms. In addition, activation of phospholipase-A2 (PLA2) hydrolyzes
arachidonic acid (AA) from membrane phospholipids which is then, via cyclooxygenase, converted into prostaglandins (PGs),
with the relevant vasodilator prostaglandins being PGE2 and PGI2. Increased PG synthesis also occurs in astrocytes in response
to hypercapnia (Howarth et al., 2017). Prostaglandin production leads to concurrent reactive oxygen species (ROS) production
(Kontos et al., 1980, 1985) which may influence CO2 reactivity by direct vasodilator effects (Rosenblum, 1983b) or NO
scavenging (Thomas et al., 2008), although experimental evidence for this is lacking (see text). At the level of the vascular
smooth muscle cells (VSMC), increased adenosine levels (Phillis & O’Regan, 2003; Dulla et al., 2005) leads to binding of A2A
receptors and consequent adenylate cyclase activation. Activation of EP and IP prostaglandin receptors on the VSMC (Narumiya
et al., 1999; Davis et al., 2004) also contribute to adenylate cyclase activation. Adenylate cyclase activation leads to upregulation
of cyclic adenosine monophosphate (cAMP) activity. This cAMP acts via activation of cAMP dependent protein kinase, also
termed protein kinase-A (PKA), as well as by increasing potassium (K+) channel conductance (Song & Simard, 1995). Soluble
guanylate cyclase (sGC) activation occurs downstream of NO production (Arnold et al., 1977; Miki et al., 1977), from both the
endothelial cells (eNOS derived) and from neurons [neuronal NOS (nNOS) derived] (Wang et al., 1995; Iadecola & Zhang,
1996; Okamoto et al., 1997). This leads to upregulation of cyclic guanosine monophosphate (cGMP) and consequent activation
of cGMP dependent protein kinase, also termed protein kinase-G (PKG) (Rapoport & Murad, 1983; Rapoport et al., 1983). Cross
talk between cGMP and cAMP should also be considered (see text). Both NO (Bolotina et al., 1994) and cGMP (Archer et al.,
1994; Han et al., 2001; Chai et al., 2011) also increase K+ channel conductance. Overall, the increases in K+ channel conductance
may lead to VSMC hyperpolarization, inhibiting calcium (Ca2+) influx through voltage dependent Ca2+ channels while both PKA
and PKG phosphorylate and deactivate myosin light chain kinase (MLCK) leading to reduced calcium sensitivity of the VSMC
and vasodilation (relaxation) (Adelstein et al., 1978; Kerrick & Hoar, 1981).
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2.5.6.1 HYPERCAPNIA AND ADENOSINE
Purinergic P1 receptors that respond to adenosine are located on vascular smooth muscle
cells, with their stimulation leading to vasodilation (Hardebo et al., 1987). Adenosine A2A
receptors are the main class of P1 receptors that transduce the vasodilatory signal of
adenosine (Ngai et al., 2001) and are expressed on human cerebral blood vessels (Kalaria
& Harik, 1988). Their stimulation occurs both on the extracellular surface and
intracellularly as demonstrated in feline, but not human pial arterioles (Hardebo et al.,
1987). Increased adenosine and A2A stimulation leads to the activation of adenylate cyclase
(Anand-Srivastava et al., 1982) and therefore cAMP.

Increases in CO2 have been demonstrated to increase cerebral adenosine levels in vitro
(Dulla et al., 2005) and in vivo (Phillis & O’Regan, 2003). In vivo adenosine receptor
antagonism (Phillis & DeLong, 1987; Estevez & Phillis, 1997) and application of adenosine
deaminase (Simpson & Phillis, 1991) both reduce CBF or pial arteriolar dilation to
hypercapnia in animals. Moreover, the response to hypercapnia is potentiated by the
administration of dipyridamole and adenosine deaminase inhibitors, which both increase
adenosine concentrations (Phillis & DeLong, 1987). While some studies do not provide
experimental support for a role of adenosine in hypercapnic vasodilation (Morii et al.,
1987b; Pelligrino et al., 1995b; Meno et al., 2001; Phillis & O’Regan, 2003), the production
of adenosine during hypercapnia (Phillis & O’Regan, 2003) in addition to the low
concentrations of adenosine required to induce vasodilation, at least in animal models
(Morii et al., 1986), strongly support the notion that adenosine is implicated in hypercapnic
CBF regulation.
The rat model has demonstrated a high sensitivity to adenosine, with a 10-8M adenosine
superfusate dilating pial arterioles (Morii et al., 1986) with other species also demonstrating
dilation to adenosine (Joshi et al., 2002). However, despite dilation of in vitro human pial
arterioles to ~10-5M adenosine, cerebral blood concentrations of approximately 10-6 to 105

M secondary to intracarotid adenosine infusion do not alter CBF in living, albeit

anesthetized (fentanyl, midazolam, droperidol & propofol), humans (Joshi et al., 1998). In
keeping with the different cerebrovascular sensitivities to adenosine between rat and
humans, the role of adenosine in hypercapnic vasodilation observed in animals does not
appear operational in humans. Although findings regarding basal CBF and increases (e.g.,
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dipyridamole) or decreases (e.g., caffeine) in adenosine mediated signal transduction are
highly variable – likely due to poorly managed MAP and/or PaCO2 (Cameron et al., 1990;
Ito et al., 1999, 2002b; Kruuse et al., 2000; Blaha et al., 2007; Xu et al., 2015) – the
available studies indicate CO2 reactivity is unaltered following adenosine receptor
antagonism (Blaha et al., 2007; Chen & Parrish, 2009). It is, however, important to consider
the washout time for caffeine prior to these studies in humans. For example, as the half-life
of caffeine is approximately 5.5hours (Statland & Demas, 1980), and subjects in the study
by Blaha et al., were only asked to refrain from caffeine containing beverages for 6 hours,
pre-existing caffeine may have contaminated baseline recordings making it difficult to
draw strong conclusions (Blaha et al., 2007). Further, the animal studies demonstrating
increased adenosine concentration with hypercapnia utilized a 10% CO2 stimulus, whereas
the human studies conducted to date have utilized 5% (Chen & Parrish, 2009) and 6%
(Blaha et al., 2007) CO2 challenges. A greater severity of hypercapnia is required to
determine if the role of adenosine in CO2 reactivity is negligible as current data suggest, or
rather severity dependent. Researchers investigating the role of adenosine in human
cerebrovascular CO2 reactivity must also consider the complexities associated with using
non-selective antagonists (Chen et al., 2013). Further, methylxanthines (e.g. caffeine &
theophylline) also inhibit phosphodiesterase (PDE) activity (Poison et al., 1978; Beavo,
1995). This has obvious implications for VSMC tone, given PDE inhibition related
reductions in the enzymatic degradation of cGMP and cAMP (Rybalkin et al., 2003; Bubb
et al., 2014), which may increase CBF (Yu et al., 2000).

2.5.6.2 HYPERCAPNIA AND ARACHIDONIC ACID METABOLITES
Prostaglandins are produced from arachidonic acid (Weksler et al., 1977) downstream of
phospholipase activity (Kunze & Vogt, 1971). It is important to also consider that
lipoxygenase and epoxygenase utilize arachidonic acid as substrate to produce 20hydroxyeicosatetraenoic acid and epoxyeicosatrienoic acids, respectively. The potential
roles of these two eicosanoids will be briefly discussed following a focus on PGs.

Cyclooxygenase is one of two main enzymes involved in converting arachidonic acid to
PGs (Smith et al., 1991; Smith, 1992), thus the majority of studies investigating the role of
PGs in CO2 reactivity have implemented COX inhibition. As PGI2 has a relatively short
half-life (~30seconds) and the more stable PG’s are quickly metabolized, it is likely that
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PG’s primarily mediate effects localized to their production site, thus necessitating this
production via cerebral vessels (Narumiya et al., 1999).
The production of PG’s appears to occur in both endothelial (Weksler et al., 1977; Messina
et al., 1992; Hsu et al., 1993) and smooth muscle (Parfenova et al., 1995a) cells, with the
presence of PG synthases (Boullin et al., 1979) and PG production in the cerebral
circulation of animals (Hagen et al., 1979; Gecse et al., 1982; Parfenova et al., 1995b) and
humans (Boullin et al., 1979; Abdel-halim et al., 1980) demonstrated in vitro. More
recently, a role for astrocytic PGE2 production in response to hypercapnia has been
demonstrated as well (Howarth et al., 2017). Addition of exogenous PG’s to in vitro tissue
baths, such as PGE2, PGI2 and iloprost (a synthetic PGI2 analogue) dilate larger cerebral
arteries (e.g., VA, MCA and BA) in animals (Boullin et al., 1979; Paul et al., 1982; Whalley
et al., 1989; Parsons & Whalley, 1989) and humans (Boullin et al., 1979; Paul et al., 1982;
Parsons & Whalley, 1989; Davis et al., 2004) as well as the pial arterioles (Welch et al.,
1974; Ellis et al., 1979). This signal transduction occurs via stimulation of the EP and IP
prostaglandin receptors (Narumiya et al., 1999; Davis et al., 2004). However, the
vasodilatory effect of PGE2 appears exclusive to the anterior circulation as it dilates MCA
segments (Davis et al., 2004), but constricts BA segments (Toda & Miyazaki, 1978;
Parsons & Whalley, 1989). These regional differences may be due to differences in dish
preparation, pre-contractile agents, and concentrations of PGI2 (or related analogues) used
(Uski et al., 1983); such differences could also be indicative of regionally specific
cerebrovascular regulation by PG’s.
In vivo topical application of arachidonic acid (e.g., 200μg/mL in artificial cerebrospinal
fluid) stimulates increased cerebral PG production (Kontos et al., 1985; Ellis et al., 1990;
Leffler et al., 1993) and subsequent pial vessel dilation in various animal models (Wei et
al., 1980; Kontos et al., 1984; Ellis et al., 1990; Leffler et al., 1990, 1993), while
application of PGs themselves possesses the same effect (Wahl et al., 1973, 1989, Leffler
& Busija, 1985, 1987; Parfenova et al., 1995b). Similar to topical application of arachidonic
acid, hypercapnia increases cerebral PG synthesis in vivo (Leffler et al., 1993; Parfenova
et al., 1994) and in cultured endothelial cells (Parfenova & Leffler, 1996). Inhibition of PG
synthesis with the administration of indomethacin, a non-selective COX inhibitor results in
a marked reduction of cerebrovascular CO2 reactivity in animals (Pickard & MacKenzie,
1973; Wagerle & Mishra, 1988; Leffler et al., 1993, 1994). However, it seems
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indomethacin more consistently reduces CO2 reactivity than other COX inhibitors
(Chemtob et al., 1991; Parfenova et al., 1995b) with two studies also suggesting a specific
role of cyclooxygenase-1 (COX1) inhibition in reducing CO2 reactivity (Niwa et al., 2001;
Howarth et al., 2017). This unique influence of indomethacin in animal studies is in
accordance with human studies. Indeed, irrespective of the measurement technique used,
non-selective COX inhibition with indomethacin causes an approximate 20-30% reduction
in resting CBF. This has been exemplified in studies utilizing TCD (Markus et al., 1994;
Kastrup et al., 1999a; Xie et al., 2006a; Fan et al., 2010b), duplex ultrasound (Hoiland et
al., 2015, 2016b), the Kety & Schmidt technique (Eriksson et al., 1983; Wennmalm et al.,
1984), and various MRI techniques (Bruhn et al., 2001; St. Lawrence et al., 2002). Yet,
resting CBF is largely unaffected by a wide array of other COX inhibitors such as
acetylsalicate (Eriksson et al., 1983; Wennmalm et al., 1984; Markus et al., 1994; Bruhn
et al., 2001), naproxen (Eriksson et al., 1983; Wennmalm et al., 1984; Hoiland et al.,
2016b), sulindac (Markus et al., 1994), and ketorolac (Hoiland et al., 2016b) [See Table 1
in (Hoiland & Ainslie, 2017)]. One study to date has reported a reduction in baseline CBF
in response to Naproxen; however, this study used peak systolic MCAv as its index of flow,
which is a poor index of true volumetric flow (Szabo et al., 2014). Infusion of PGI2 counterintuitively causes a slight reduction in CBF in humans (~8%); however, it is likely that this
effect is due systemic vasodilation related reductions in MAP (Brown & Pickles, 1982;
Pickles et al., 1984).

Cerebrovascular CO2 reactivity is reduced by approximately 40-60% following
indomethacin (Eriksson et al., 1983; Wennmalm et al., 1984; Kastrup et al., 1999a; Xie et
al., 2006b; Hoiland et al., 2015, 2016b), with reductions apparently greater in grey matter
than white matter (St. Lawrence et al., 2002). Similar to the effect reported on resting CBF,
reductions in cerebrovascular CO2 reactivity following COX inhibition are exclusive to the
use of indomethacin, despite other drugs (i.e., aspirin & naproxen) effectively inhibiting
PG synthesis (Eriksson et al., 1983). Upon chronic use of indomethacin (e.g., three days)
CO2 reactivity is apparently restored to normal (Pickles et al., 1984). However, chronic
treatment with indomethacin for one week has been contrastingly shown to reduce CO2
reactivity (Eriksson et al., 1983). Whether this difference over time (i.e., three days versus
one week) is a result of methodological differences between studies or a time dependent
effect of indomethacin is unclear. Due to the unique ability of indomethacin to reduce CO2
reactivity it has been proposed - although not clearly established - that indomethacin
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induced impairments in resting CBF and CO2 reactivity are due to a mechanism
independent of PG synthesis inhibition (Eriksson et al., 1983; Markus et al., 1994; Hoiland
& Ainslie, 2016b, 2017; Hoiland et al., 2016b). This unique influence of indomethacin is
likely related to its inhibition of cAMP dependent protein kinase (Kantor & Hampton,
1978; Goueli & Ahmed, 1980). Indeed, as highlighted throughout this thesis, cAMP is an
integral component of many signaling pathways that are relevant for cerebrovascular
regulation.

As previously mentioned, flux through the arachidonic acid pathway produces three
potential end products; PG’s (via COX); 20-hydroxyeicosatetraenoic acid (20-HETE; via
lipoxygenases); and EET’s (via epoxygenases). There are multiple EETs (5,6-EET; 8,9EET; 11,12-EET; and 14,15-EET), all of which may confer vasodilatory responses (Leffler
& Fedinec, 1997), but there is evidence rather that 5,6-EET is the most, if not only,
vasoactive EET (Ellis et al., 1990). As EETs are formed downstream of arachidonic acid,
and phospholipase inhibition has been demonstrated to inhibit the CBF response to
hypercapnia, at least in newborn piglets, it stands to reason that EET dependent
mechanisms may be in part responsible for CO2 mediated cerebral vasodilation (Wagerle
& Mishra, 1988). 20-HETE is a vasoconstrictor eicosanoid. Inhibition of lipoxygenase,
which inhibits the production of 20-HETE augments CO2 reactivity in newborn piglets
(Wagerle & Mishra, 1988) indicating it may normally counteract a portion of CO2 induced
vasodilation. The influence of EETs and 20-HETE on cerebrovascular CO2 reactivity in
humans has yet to be investigated.

2.5.6.3 HYPERCAPNIA AND NITRIC OXIDE
Hypercapnia increases brain cGMP in vivo in rats, indicating a role for NO in mediating
the observed hypercapnic vasodilation (Irikura et al., 1994). Intravenous administration of
non-selective NOS inhibitors reduces pial vessel dilation and/or CBF in response to
hypercapnia in multiple in vivo animal models (Wang et al., 1992, 1994a, 1994b; Niwa et
al., 1993; Pelligrino et al., 1993; Bonvento et al., 1994; Faraci et al., 1994; Goadsby, 1994;
Horvath et al., 1994; Iadecola & Zhang, 1994, 1996; Sandor et al., 1994; Thompson et al.,
1996; Estevez & Phillis, 1997; Smith et al., 1997a, 1997b). This reduction in pial vessel
dilation occurs in concert with reduced brain cGMP levels (Irikura et al., 1994). The level
of contribution of NO to hypercapnic vasodilation appears to vary with the severity of
104

hypercapnia, with its influence decreasing as the level of hypercapnia increases (Faraci et
al., 1994; Iadecola & Zhang, 1994; Wang et al., 1994b). This may be related to upregulation
of other signaling pathways in response to severe acidosis. Independent of CO2 levels NOS
inhibition reduces pial vessel dilation to superfusion of acidic mock-CSF, indicating that
the effects of NOS inhibition are indeed related to blocking of pH mediated signal
transduction versus that of direct CO2 effects (Niwa et al., 1993). While the above studies
indicate a role of NO at the level of the pial vessels, the vasodilatory response of in vitro
excised cerebral parenchymal vessels appears unaffected by L-NAME, indicating the role
of NO may possess segmental variation (Dabertrand et al., 2012), methodological
differences acknowledged. Overall, in vivo animal studies indicate that NO is integral to
cerebral vasodilation during hypercapnia.

In studies where NO donors or cGMP analogues, but not NO independent vasodilators
(Iadecola et al., 1994), were administered to restore baseline flow and vessel tone in the
presence of NOS inhibition, the CBF response to hypercapnia was no longer impaired
(Iadecola et al., 1994; Sandor et al., 1994; Iadecola & Zhang, 1996; Smith et al., 1997b;
Wang et al., 1998). These findings lead to the hypothesis that the presence of NO is required
for normal hypercapnic vasodilation, but that NO may regulate cerebrovascular CO2
through permissive action rather than CO2/pH mediated NOS upregulation (Brian, 1998).
This permissive action may represent a downstream interaction with other signaling
pathways. However, an elegant study by Wang and colleagues in 1998 demonstrated that
potassium channel blockade does not reduce cerebral vasodilation during severe
hypercapnia under normal conditions, but in rats under systemic NOS blockade, potassium
channel blockade abolished the restored vasodilation associated with cGMP repletion and
hypercapnia (Wang et al., 1998). These findings indicate that the mechanistic control of
these two pathways (normal CO2 reactivity versus NOS blockade and cGMP replete
reactivity) possess differing regulation, or, both involve redundant overlap of NOS and
potassium channel regulation that is only unmasked following multiple blockades. Indeed,
nitric oxide (Bolotina et al., 1994) and cGMP dependent protein kinase (Archer et al., 1994;
Han et al., 2001; Chai et al., 2011) have been shown to directly affect calcium-dependent
potassium channel conductance.

Genetic knockout models have sought to further attribute the regulation of CO2 reactivity
to specific NOS isoforms, nNOS and eNOS, given most studies use non-selective NOS
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inhibitors (e.g., L-NMMA). In a nNOS genetic knockout model, non-selective NOS
inhibition has no effect on the CBF response to hypercapnia, despite causing marked
reductions in reactivity in wild-type mice expressing nNOS within cerebral arterioles,
which clearly demonstrates an integral role of nNOS in CO2 reactivity (Irikura et al., 1995).
In keeping, inhibition of cerebrovascular CO2 reactivity by selective nNOS inhibition has
been demonstrated in multiple studies (Wang et al., 1995; Iadecola & Zhang, 1996;
Okamoto et al., 1997). Studies demonstrating maintained hypercapnic reactivity following
endothelial injury (Wang et al., 1994a) or denudation (Toda et al., 1993) further support a
specific role for nNOS derived NO in cerebrovascular CO2 reactivity. Shortly after
systemic infusion of a non-selective NOS inhibitor (<15min), acetylcholine mediated
dilation is nearly abolished yet pial arteriolar dilation to hypercapnia is largely preserved
further supporting the notion eNOS derived NO may not be integral for hypercapnic CO2
reactivity (Irikura et al., 1994). The relevant nNOS for hypercapnic NO mediated
vasodilation is seemingly located throughout the parenchyma and mediated by central
pathways, as transection of perivascular nitrergic nerves originating from the
sphenopalatine ganglia does not influence hypercapnic CO2 reactivity, at least in rats
(Iadecola et al., 1993).

In vitro, hypercapnia has been demonstrated to increase NO in isolated human
cerebrovascular endothelial cells and astrocytes (Fathi et al., 2011). Few studies have been
conducted in humans examining the influence of NOS blockade on cerebrovascular CO2
reactivity. Intra-carotid infusion of L-NMMA reduces basal CBF as determined by the
Xe133 injection/scintillation technique in anesthetized patients (Joshi et al., 2000).
Cerebrovascular CO2 reactivity studies using TCD have produced conflicting results
demonstrating blunted CO2 reactivity following NOS blockade (Schmetterer et al., 1997)
or no affect (White et al., 1998; Ide et al., 2007). Further, no influence of NOS blockade
on acetazolamide stimulated CBF increases has also been reported (Lassen et al., 2005).
Notably, these aforementioned studies did not quantify changes in NO bioavailability or
the magnitude of their blockade following NOS inhibition, while animal studies indicate
>45% blockade of NOS activity is required to reduce CO2 reactivity (Irikura et al., 1994).
This latter point may be due to compensation via cyclic nucleotide cross talk (see section
“Cyclic nucleotide cross Talk”).
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Administration of NO donors (e.g. sodium nitroprusside) have been demonstrated to
increase (Jahshan et al., 2017) or not affect (Lavi et al., 2003) cerebral reactivity to
hypercapnia. While animal studies largely support the notion nNOS primarily regulates
NO-mediated hypercapnic vasodilation, classic work in animals as well as recent work in
humans indicates shear stress may be an important regulatory factor secondary to the initial
hypercapnic hyperemia implicating eNOS as an important CBF regulator for human
cerebrovascular CO2 reactivity (see following section “Hypercapnia and shear stress”).
Further, patients with impaired endothelial function also possess a reduced CO2 reactivity,
indicating an important role of the endothelium in this response (Lavi, 2006).

While the above animal evidence for the dependence of cerebrovascular CO2 reactivity on
nNOS mediated NO formation but lack of NO dependence in humans are difficult to
reconcile, other potential contributing “storage pools” of NO should be considered. Indeed,
acidic disproportionation of nitrite to NO (Zweier et al., 1995; Weitzberg & Lundberg,
1998) contributes to acidosis dependent vasorelaxation as demonstrated in vitro (Modin et
al., 2001). Increased plasma nitrite formation across the brain during hypercapnia has been
demonstrate in humans that underwent radial arterial and jugular venous catheterization
(Peebles et al., 2008). While not explicitly demonstrated in the cerebral circulation, forearm
blood flow studies in humans indicate that red blood cell bound and/or plasma nitrite (i.e.,
intravascular nitrite) contributes significantly to increases in blood flow during exercise,
even in the setting of NOS inhibition (Gladwin et al., 2000). Whether such compensation
via non-enzymatic NO production exists during the cerebrovascular challenge of
hypercapnia has yet to be determined in humans, but if present, may in part explain
unaltered CO2 reactivity following L-NMMA infusion in humans.

2.5.6.4 HYPERCAPNIA AND ERYTHROCYTE RELEASED ATP AND ENOS
Low pH (e.g. 7.0) settings, as would occur in hypercapnia, lead to release of ATP from
erythrocytes (Bergfeld & Forrester, 1992; Ellsworth et al., 1995). Further, increased
shear/deformation of erythrocytes, which would follow hypercapnia induced hyperemia,
also leads to ATP release from erythrocytes (Sprague et al., 1996; Sprung et al., 2002; Price
et al., 2004, 2006; Wan et al., 2008). These ATP molecules then bind to endothelial
purinergic receptors and upregulate eNOS activity and NO bioavailability (Sprague et al.,
1996). However, it should be noted that hypercapnia reduces the deformability of
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erythrocytes (Kikuchi, 1979), which has implications for the magnitude of deformation
induced erythrocyte release of ATP (Fischer et al., 2003), and makes the potential role of
this mechanism in hypercapnic cerebral vasodilation of humans unclear.

2.5.6.5 HYPERCAPNIA AND REACTIVE OXYGEN SPECIES
The role of ROS in the regulation of CVR-CO2 should be considered in two separate
contexts: 1) the role of ROS on cerebrovascular tone and the influence of free radical
scavenging during hypercapnia, and 2) influence of chronically elevated ROS levels and
how consequent reductions in endothelial function influence CVR-CO2. In animals, acute
increases in ROS levels have been demonstrated to dilate pial vessels (Rosenblum, 1983b);
however, cerebrovascular CO2 reactivity is unaffected in animals by superoxide dismutase
and/or catalase application (Rosenblum, 1983b; Kontos et al., 1984; Wagerle & Mishra,
1988; Leffler et al., 1991). This is in agreement with recently published data in healthy
humans where antioxidant loading has no influence on CO2 reactivity (Hansen et al., 2018).
When considering the chronic impact of ROS, it has been demonstrated that clinical
populations (e.g., diabetes & hypertension) with endothelial dysfunction possess reduced
CO2 reactivity (Lavi, 2006). This would seemingly be due, at least in part, to the NO
scavenging activity of free radicals, for example the scavenging of NO by superoxide (O2) to form peryoxynitrite (ONOO-) (i.e. O2- + NO  ONOO-) (Thomas et al., 2008). Indeed,
a recent study in COPD patients demonstrated using covariate analyses that ROS may
underscore the impaired CO2 reactivity in this population when compared to age matched
controls (Hartmann et al., 2012). Future studies that experimentally manipulate ROS, for
example by antioxidant supplementation, will provide further insight into the role of ROS
on CVR-CO2 impairments in clinical populations.

2.5.6.6 HYPERCAPNIA AND SHEAR STRESS
The investigation of shear-mediated regulation of the cerebral vasculature in humans has
received newfound attention (see section “Appendix A”). However, fifty years ago, it was
demonstrated that increases in CBF in response to hypercapnia take about 30-60 seconds
to complete and reach steady state (Shapiro et al., 1966), which may be a result of the time
needed for larger cerebral vessel dilation to occur and, therefore, indicate a role for
endothelial released NO. Such is the case in the large peripheral arteries (e.g., brachial),
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where shear stress mediated dilation takes ~30 seconds to occur (Black et al., 2008) and is
driven largely by NO (Green et al., 2014). Further, steady state elevations in CBF are
reported to have higher cerebral vascular reactivity than non-steady state tests [e.g.,
rebreathing (Pandit et al., 2003)]. This disparity in reactivity may be explained by the time
dependent nature of shear-mediated eNOS upregulation and consequent NO mediated
vasodilation, which may not be fully engaged at the termination of a progressive and
dynamic stimulus.

Since the study by Shapiro and Colleagues (Shapiro et al., 1966), in vivo and ex vivo studies
of cerebrovascular shear-mediated dilation have demonstrated disparate results (Koller &
Toth, 2012), with in vivo study demonstrating shear-mediated regulation of CBF, but ex
vivo study producing inconsistent results (i.e., dilation, constriction, biphasic responses).
Of note, there are two stark differences between ex vivo and in vivo preparations that will
impact shear-mediated responses. First, ex vivo preparations typically using physiological
salt solution do not simulate the viscosity of blood, and typically lack pulsatile flow pumps.
The only ex vivo studies demonstrating a role for shear-mediated CBF regulation used a
peristaltic pump (Drouin & Thorin, 2009; Drouin et al., 2011), which may have provided
adequate simulation of in vivo hemodynamics, although to what extent is unknown.
Second, relating ex vivo to in vivo preparations is further limited in that ex vivo responses
to increased intraluminal shear using physiological salt solution appear to be endothelium
independent (Garcia-Roldan & Bevan, 1991; Madden & Christman, 1999). This
endothelium independent response may be due to the low relative viscosity of physiological
salt solution compared to blood (~1 vs. 4, respectively) and consequent inability to
appropriately stimulate the endothelium. However, in vivo animal models have collectively
demonstrated cerebral shear-mediated dilation (Fujii et al., 1991, 1992; Paravicini et al.,
2006). Indeed, a more recent study, in a well-controlled mouse model, demonstrated that
the cerebrovascular endothelium optimally couples shear stress to eNOS-mediated dilation
under physiological pulse pressures, in contrast to static flow conditions (Raignault et al.,
2016). These findings strongly infer that changes in the diameter of cerebral arteries are
responsive to a pulsatile environment and that shear stress sensitivity and consequent
production of NO are optimized under in vivo conditions.

Recent experiments in humans from our group (Carter et al., 2016a; Hoiland et al., 2017c;
Smith et al., 2017) (Figure 2.30) and others (Iwamoto et al., 2018) provide preliminary
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evidence of shear-mediated regulation of CBF, as demonstrated in hypercapnia.
Importantly, in vitro study has demonstrated increased NO bioavailability in cerebral artery
endothelial cells exposed to shear stress (Mashour & Boock, 1999). While the importance
of shear-mediated dilation in CO2 reactivity has yet to demonstrated following
pharmacological NOS blockade, that vasodilatory responses of large cerebral arteries such
as the ICA (Carter et al., 2016a; Hoiland et al., 2017c) and MCA (Coverdale et al., 2015)
are delayed by ~60 seconds, and occur independent of sustained hypercapnia (Hoiland et
al., 2017c), indicate the potential of an endothelium dependent shear-mediated regulation
of cerebrovascular CO2 reactivity in these arteries. Notably, while SNA has been
demonstrated not to influence CVR (i.e., flow response; see section “CO2 reactivity and
sympathetic nervous activity”), it does possess an independent influence on vessel diameter
whereby sympathoexcitation from lower body negative pressure (-20mmHg) reduces shear
mediated dilation of the ICA (Iwamoto et al., 2018). Given the importance of larger
cerebral conduit arteries in cerebral vascular regulation and CO2 reactivity (See section
“CO2: site(s) of vascular regulation”), future research is imperative to fully understand the
contribution of shear-mediated dilation of large resistance vessels in the brain (see section
“Appendix A”).
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Figure 2.30. Transient increases in shear stress and internal carotid artery vasodilation.
Panel A. Via carbon dioxide manipulation, a transient (~30 second) increase in shear stress elicits vasodilation of the internal
carotid artery. This increase in internal carotid artery (ICA) diameter occurs following return of carbon dioxide and shear to
baseline levels, and follows similar temporal pattern to that of a brachial FMD test. (Thijssen et al., 2011) Panel B. In the transient
carbon dioxide test shown on the left, shear stress area under the curve (AUC) was positively correlated to the magnitude of
vasodilation (following removal of a statistical outlier — circled). This implicates shear as a potential regulator of cerebral
conduit artery vasomotor tone. This represents data recently published by our group. (Hoiland et al., 2017c). Reproduced with
permission.
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2.5.6.7 HYPERCAPNIA AND POTASSIUM CHANNELS
Potassium (K+) channels are present in cerebrovascular smooth muscle cells and their
impact on membrane potential is an important regulator of vascular tone (Faraci & Sobey,
1998; Rosenblum, 2003). Activation of K+ channels increases K+ conductance resulting in
efflux of K+ from vascular smooth muscle cells and consequent hyperpolarization and
relaxation. Inhibition of K+ channels contrastingly reduces K+ conductance resulting in
depolarization and constriction.

In vitro evidence, albeit from non-cerebral preparations, indicate that a reduction in pH
activates ATP sensitive potassium channels (KATP channels) (Davies, 1990; Wang et al.,
2003), which would lead to vasodilation. In keeping, outward K+ current of cerebral smooth
muscle cells is markedly increased following a reduction in pH (Bonnet et al., 1991) and
increased perivascular [K+] relaxes cerebral VSMCs (Kuschinsky et al., 1972). While some
studies suggest a negligible role of KATP channels in cerebral vascular regulation in vitro
(Dabertrand et al., 2012), KATP activation dilates cerebral arteries (Nagao et al., 1996) and
channel blockade has been demonstrated to completely abolish parenchymal arteriole
dilation to hypercapnia in rat brain slices (Nakahata et al., 2003). Importantly, acidosis
leads to increased activation of calcium sensitive potassium channels (BKCa) in isolated
parenchymal cerebral arteries (Dabertrand et al., 2012).

Looking at the in vivo model, pharmacological activation of KATP channels increases CBF
in eucapnic conditions, demonstrating the vasomotor influence of KATP channel
conductance (Reid et al., 1995). During acidosis, with, or without (Santa et al., 2003)
elevated PaCO2, KATP channel blockade reduces the vasodilatory response. However,
reductions in pial vessel dilation seemingly occur only during moderate hypercapnia (e.g.,
~55 mmHg) (Faraci et al., 1994; Kontos & Wei, 1996), with no effect at more severe levels
(e.g., ~65 mmHg) (Reid et al., 1993, 1995; Faraci et al., 1994). An attenuated CBF response
to severe hypercapnia (67mmHg) following KATP channel blockade has, however, been
demonstrated in cats (Kontos & Wei, 1996) suggesting KATP channel activation is
obligatory for hypercapnic vasodilation irrespective of the severity of hypercapnia. That
the role of potassium channel inhibition on the CBF response to hypercapnia is important,
but reduced at higher levels of PaCO2 is corroborated by in vitro studies on basilar artery
relaxation to acidosis (Kinoshita & Katusic, 1997).
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To our knowledge, only one study has assessed the role of KATP channels in the regulation
of CVR in healthy humans. The primary finding was that inhibition of KATP channels with
glibenclamide has no effect on the blood velocity response through the MCA during
hypercapnia (Bayerle-Eder et al., 2000); however, as KATP channels directly affect vascular
tone it is difficult to extrapolate velocity measures to represent volumetric CBF in this
instance.

Overall, potassium channels regulate cerebrovascular smooth muscle tone (at least in
animals) downstream of several vasoactive factors which are implicated in CO2 mediated
cerebrovascular vasodilation: NO [via cyclic guanosine monophosphate (cGMP)],
Adenosine, EETs, and PGs [via cyclic adenosine monophosphate (cAMP)].

2.5.6.8 HYPERCAPNIA AND BICARBONATE ION
There is some evidence that alterations in [HCO3-] may possess independent influences on
CO2 reactivity. For example, reductions in [HCO3-]o directly increases cerebral vascular
tone via a mechanism that requires receptor protein tyrosine phosphatase binding in isolated
rat BAs, which is an endothelium dependent response (Boedtkjer et al., 2016). In support
of this data is that HCO3- appears to stimulate soluble adenylate cyclase activity in a manner
independent of pH (Chen, 2000). In humans, arterial [HCO3-] increases modestly during a
hypercapnic challenge (↑1 meq/L) (unpublished observations), which would theoretically
facilitate CO2 reactivity when considering the aforementioned animal data. Given the
minimal numbers of studies investigating the independent influence of HCO3-, more studies
are required to determine if it plays an important role in CO2 reactivity, especially in
humans.
2.5.7 POTENTIAL SIGNALING PATHWAY INTERACTIONS

2.5.7.1 NITRIC OXIDE AND KATP CHANNELS
KATP channel blockade does not influence cerebral artery dilation to exogenous NO donors
or acetylcholine, indicating that KATP channel activation does not possess an obligatory
contribution to vasodilation following increased NO (Faraci et al., 1994; Kontos & Wei,
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1996; Kinoshita & Katusic, 1997) (see section “Hypercapnia and nitric oxide”). Yet, NOS
blockade abolishes pial arteriolar dilation to cromakalim, indicating increased KATP channel
conductance may be dependent upon increases in NO. In terms of hypercapnic reactivity,
following a blunting of the CBF response to CO2 by KATP channel blockade, nitro-Larginine (a NOS inhibitor) provides no additional attenuation of hypercapnic CO2 reactivity
(Kontos & Wei, 1996), further supporting the notion that KATP conductance may underlie,
at least in part, a component of NO mediated hypercapnic vasodilation. In line with this
notion, inhibition of NOS or soluble guanylate cyclase eliminates increases in KATP channel
conductance that occur subsequent to increased cGMP (Miyoshi et al., 1994). However, it
is unclear exactly how NO activates KATP channels, with the method of action (e.g., direct
NO effect, cGMP, or S-nitrosylation) variable depending on the prep used (Miyoshi et al.,
1994; Han et al., 2001, 2002; Lin et al., 2004; Kawano et al., 2009). Of note, the study by
Myoshi et al., demonstrating a reduced KATP channel conductance with soluble guanylate
cyclase inhibition was conducted in vascular smooth muscle cells (Miyoshi et al., 1994).
The importance of an additional mechanism(s) for NO mediated signal transduction is
highlighted in that inhibition of soluble guanylate cyclase does not reduce hypercapnic CO2
reactivity in cats or rats, indicating pathways apart from the prototypical NO/cGMP
pathway are acting (Kontos & Wei, 1996; Rosenblum et al., 2002). Thus increases in KATP
channel conductance may fill this ‘gap’, although this atypical action of NO may also be in
part related to increased conductance of BKCa channels (Robertson et al., 1993; Bolotina et
al., 1994). Indeed, blockade of calcium activated potassium channels reduces the
hypercapnic vasodilatory response to acidosis, with dilation to increased calcium activated
potassium channel conductance dependent on NO activity (Lindauer et al., 2003).

2.5.7.2 CYCLIC NUCLEOTIDE CROSS TALK
The potential for cyclic nucleotide interactions in VMSC control, or “cross talk”, in
regulating cerebrovascular regulation is important to consider when investigating pathways
that ostensibly regulate cAMP or cGMP levels in an independent manner. For example, as
both PG and NO formation are predominantly endothelium dependent they are commonly
thought to interact. While PGs lead to increased cAMP production (Leffler & Balabanova,
2001) and NO leads to increased cGMP production (Irikura et al., 1994), interpretation of
isolated blockade studies requires an understanding of how cerebral VSMC tone is
influenced when one of these cyclic nucleotides, cAMP or cGMP, remains operational
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(Pelligrino & Wang, 1998). The same is relevant for the potential interactions between
adenosine related signaling (↑cAMP) and NO signaling (↑cGMP) (Kurtz, 1987).

Phosphodiesterases (PDEs) hydrolyze cyclic nucleotides and provide an avenue by which
cyclic nucleotide cross talk may occur (Pelligrino & Wang, 1998). Different PDE isoforms
possess greater reaction constants for either cyclic nucleotide, cAMP or cGMP, enabling
diverse regulatory influences. Isoforms PDE-1 (Kakkar et al., 1999) and PDE-5 primarily
hydrolyze cGMP, while PDE-3 primarily hydrolyzes cAMP (Sharma, 1995). Conversely,
cyclic nucleotides are also able to influence PDE activity. Indeed, cGMP inhibits PDE-3
(Degerman et al., 1997) and PDE-4 (Willette et al., 1997) activity, while cAMP and cAMP
dependent protein kinase also reduce PDE activity (Sharma, 1995).

The importance of cyclic nucleotides and PDEs in cerebrovascular CO2 reactivity is
apparent in that hypercapnia leads to an increase in cAMP and cGMP concentrations
(Parfenova et al., 1993; Irikura et al., 1994), while inhibiting PDE mediated hydrolysis of
these cyclic nucleotides augments cerebrovascular CO2 reactivity (Parfenova et al., 1993).
The cross talk between these cyclic nucleotides is outlined hereafter. In anesthetized rats
with an installed cranial window, following nNOS blockade, superfusion of nonhydrolyzable cAMP or cGMP analogue restores CO2 reactivity to baseline values.
However, for example, independent superfusion of an adenylate cyclase activator (to
increase endogenous cAMP production) or a PDE-3 inhibitor, do not appreciable restore
CO2 reactivity, although combined infusion returns CO2 reactivity to near baseline values.
This indicates that while following nNOS blockade, CO2 reactivity is impaired to an extent
by reduced signal transduction through the prototypical cGMP pathway, the disinhibition
of PDE-3 following nNOS blockade and consequently increased hydrolysis of cAMP also
contributes to the impaired reactivity. In other words, both endogenous production of
cAMP, and reduced hydrolysis of this cAMP were required to elicit somewhat normal
vascular reactivity. Further, it has been shown that increasing cAMP levels leads to
increases in cGMP levels and pial vasodilation, but that this effect is minimized if tested
subsequent to inhibition of the cGMP selective PDE-5, indicating that cAMP also
influences cGMP mediated signal transduction via modulation of PDE-5 activity (Wright
et al., 1994). This latter point highlights the important of cyclic nucleotide “cross talk” in
the regulation of cerebrovascular CO2 reactivity. Additional avenues for cross talk is
evidenced in that both cGMP and cAMP can activate cGMP dependent protein kinase
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(Lincoln et al., 1990; Jiang et al., 1992; Francis & Corbin, 1994). Thus, there is a probable
interaction between NO (↑cGMP) and adenosine and/or PG (↑cAMP) as both influence
cGMP dependent protein kinase activation. This may explain why singular inhibition of
various pathways seems ineffective in human cerebrovascular models (Markus et al., 1994;
White et al., 1998; Bayerle-Eder et al., 2000; Ide et al., 2007; Hoiland et al., 2016b). In
support of this notion, following blockade of cGMP pathways (e.g., via NOS blockade)
cAMP dependent process would theoretically still operate via both cAMP dependent
protein kinase (Song & Simard, 1995) and cross-activation of cGMP dependent protein
kinase as mentioned above.

In animal models the magnitude of reduction in reactivity with sequential blockade of PKG
and PKA (in either order) is less following the second blockade than the first, indicating
that by eliminating one protein’s action you are in actuality reducing the function of both
through direct [↓ activation of target protein (e.g. cGMP dependent protein kinase)] and
indirect [↓disinhibition of the degradation of the other protein by PDE’s (e.g. PKA)]
influences (Figure 2.31). This leads to an attenuated reduction of CO2 reactivity following
the second blockade given much of the role of that target protein was previously diminished
in the first blockade (Pelligrino & Wang, 1998). An improved (Phillis & O’Regan, 2003)
or complete (Estevez & Phillis, 1997) blockade of CO2 reactivity is observed when both an
adenosine receptor antagonist (non-selective or A2A elective) and L-NAME are combined.
However, in human studies, independent administration of multiple different
pharmacological

enzyme

or

receptor

blockers

(e.g.,

L-NMMA,

aminophylline/theophylline, ibuprofen or naproxen) does not reduce reactivity. In this
context, perhaps, in contrast to the animal data, the un-targeted protein (e.g., cAMP
dependent protein kinase when L-NMMA is infused) is able to compensate by
upregulation. A potential explanation of this is modulation of phosphodiesterase
hydrolyzation of the untargeted protein (either cAMP or cGMP) or activation of cGMP
dependent protein kinase by cAMP (Lincoln et al., 1990; Jiang et al., 1992; Francis &
Corbin, 1994) as discussed above. While necessary to determine this speculative point,
signaling pathway interaction studies on human CBF regulation have not been conducted,
likely due to the typical use of systemic blockades and potential dangers of drug
interactions.
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Figure 2.31. Evidence for cyclic nucleotide cross talk in
cerebrovascular regulation.
This figure depicts the influence of cyclic nucleotide kinase blockers on
the pial arteriolar diameter increases accompanying topical applications
of the NO donor, SNAP and the adenylate cyclase activator, forskolin
(A,B) and exposure to hypercapnia (PaCO2 = 60mmHg) (C,D). KT5720, PKA-selective inhibitor; KT-5720, PKG selective inhibitor.
Reproduced from (Pelligrino & Wang, 1998) with permission.

2.5.7.3 ARACHIDONIC ACID PATHWAY AND REACTIVE OXYGEN SPECIES PRODUCTION
Increased PG production, induced via topical application of arachidonic acid within a
cranial window, leads to concomitant ROS production in cats (Kontos et al., 1980, 1985)
due to hydroperoxidase conversion of Prostaglandin-G to Prostaglandin-H (Kontos et al.,
1980; Kukreja et al., 1986). The production of ROS resulting from the application of
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arachidonic acid is inhibited to the same extent by superoxide dismutase and non-selective
COX inhibition with indomethacin, suggesting that the increase in ROS are mediated via
COX (or downstream enzyme, e.g. hydroperoxidase) activity (Kontos et al., 1985).
Superoxide dismutase greatly reduces (≥50%) the cerebral dilation response to topical
application of bradykinin (a peptide that causes downstream PG production and COX
activity), in normal mice (Rosenblum, 1987; Niwa et al., 2001), but not COX1 null mice
(Niwa et al., 2001). This suggests COX1 may responsible for ROS release during flux
through the arachidonic acid pathway (Niwa et al., 2001). In addition to their effects on
ROS production, superoxide dismutase and indomethacin equally block vasodilation to
both 5,6-EET and arachidonic acid (Ellis et al., 1990). The eicosanoid 5,6-EET is a COX
substrate providing further evidence that COX dependent ROS formation results in cerebral
vasodilation (Ellis et al., 1990). While the implications of concurrent ROS production
during PG synthesis in regulating cerebrovascular tone is unknown in humans, it has been
shown that ROS inhibition with superoxide dismutase and catalase nearly abolishes the
vasodilatory response to topical arachidonic acid application in cats (Kontos et al., 1984)
and rabbits (Ellis et al., 1990). Further, pial arterioles of cats (Wei et al., 1985), mice
(Rosenblum, 1983a) and newborn pigs (Leffler et al., 1990) dilate in response to increased
ROS production. Taken together, at least at rest in animals, these studies indicate that pial
vessel dilation in response to flux through the arachidonic acid pathway is largely due to
ROS production secondary to COX activity.

There is some (Leffler et al., 1991), albeit inconsistent (Ellis et al., 1980) evidence that
hypercapnia increases flux through the arachidonic acid pathway and consequent PG
synthesis (Leffler et al., 1991); Yet, contrary to topical administration of arachidonic acid,
combined superoxide dismutase and catalase do not attenuate the vasodilatory response to
increased PaCO2 in cats (Kontos et al., 1984), newborn pigs (Wagerle & Mishra, 1988;
Leffler et al., 1991) and mice (Rosenblum, 1983a). Interpretation of these inter-species data
is, however, difficult given hypercapnic vasodilation in cats and rabbits does not appear to
be related to PGs (Wei et al., 1980; Busija, 1983; Busija & Heistad, 1983). Despite these
species differences, reductions in hypercapnia mediated dilation following COX inhibition
are likely attributable to a reduction in PGs rather than COX mediated ROS production
(Leffler et al., 1991). These studies highlight that the effects of ROS on vascular tone
during increased PG synthesis at rest cannot be extrapolated to hypercapnic challenges, and
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an interaction between the eicosanoid production and ROS mediated dilation does not
appear relevant to hypercapnic vasodilation in animal models. This phenomenon remains
to be studied in humans, but is likely also not relevant given PG synthesis, and therefore
COX activity, do not appear obligatory for hypercapnic vasodilation (Eriksson et al., 1983;
Markus et al., 1994; Hoiland et al., 2016b; Hoiland & Ainslie, 2017) (see section
“Hypercapnia and arachidonic acid metabolites”).
2.5.8 SYNOPSIS OF CEREBRAL BLOOD FLOW REGULATION BY CARBON DIOXIDE

Even the slightest changes in PaCO2 lead to meaningful alterations in CBF, with PaCO2
the most potent regulator of CBF in healthy awake humans. Increases in PaCO2 lead to
elevations in CBF, while reductions in PaCO2 decrease CBF. The cerebral vasculature is
notably about twice as sensitive to increases in PaCO2 than decreases; however, as outlined,
multiple factors such as blood pressure influence reactivity and likely underlie this
difference in CVR to hyper- and hypo- capnia. As CVR is widely measured, comparisons
across laboratories are important for repeatability and accelerated development of
knowledge unhindered by methodological disparities. Volumetric flow analyses such as
duplex ultrasound, and high-spatial resolution techniques such as BOLD imaging are
attractive avenues for the development of standardized CVR tests when utilized in
conjunction with advanced gas control systems. While there is a relatively large amount of
data characterizing CVR responses in humans, the majority of our understanding on which
molecular pathways govern CVR is derived from animal studies. Human studies have to
date produced equivocal results. Future research is required in humans to better understand
the relevant signaling pathways underlying CVR.
2.6

S YNOPSIS

OF LITERATURE REVIEW

This literature review overviewed the history of cerebrovascular physiology and relevant
advancements in measurement techniques. Further, following an outline of fundamental
hemodynamic and vascular principles, CBF regulation in response to hypoxia and
alterations in PaCO2 were review in detail. Several patterns have hence emerged, and
underlie several key considerations:
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1) Cerebrovascular research is to a large extent limited by the inability to utilize direct
measures of CBF (at least intra-cranially). This has led to poor reproducibility and
difficulty in comparing results between studies, ultimately hindering forward
movement in the investigation of cerebrovascular regulation. Thus, contriving
suitable surrogate measures of CBF has been a constant focus of investigators.
2) The cerebral vasculature is exquisitely sensitive to changes in CaO2 and PaCO2,
with precise regulation in the face of arterial blood gas perturbations requisite for
optimal functioning.
3) The mechanisms governing CBF regulation are poorly understood in humans.
Despite clear mechanistic delineation in animal models, translation of these
findings into applicable human models has yet to materialize.

The experimental chapters herein contain experimental protocols designed with these three
points in mind. Rigorous measures, characterization of responses, and interrogation of
signaling pathways are utilized to further our knowledge on hypoxic cerebral vasodilation
in humans.
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3

CHAPTER 3: ADENOSINE RECEPTOR DEPENDENT SIGNALING IS NOT
OBLIGATORY FOR NORMOBARIC AND HYPOBARIC HYPOXIAINDUCED CEREBRAL VASODILATION IN HUMANS

Reductions in CaO2 invoke increases in CBF (Kety & Schmidt, 1948c; Cohen et al., 1967;
Shapiro et al., 1970; Hoiland et al., 2016a) in order to maintain CDO2 in normobaric (Willie
et al., 2012; Ainslie et al., 2014) and hypobaric hypoxia (Imray et al., 2014; Ainslie &
Subudhi, 2014). This increase in CBF occurs at a PaO2 of approximately 50-55 mmHg,
where reductions in PaO2 lead to appreciable reductions in CaO2 – i.e., upon descending
from the flat portion of the oxygen dissociation curve. For example, hypoxia leads to an
increase in blood velocity through the MCA and PCA (Willie et al., 2012; Ogoh et al.,
2013b; Hoiland et al., 2015), and an increase in blood flow through the ICA and VA thus
increasing gCBF (Lewis et al., 2014b); however, this has been previously demonstrated to
not occur until PaO2 has been reduced to a level below 60mmHg (Willie et al., 2012). At
HA, CBF is similarly increased, but compared to isocapnic sea-level conditions the
magnitude of vasodilation is contingent on individual variability of the hypoxic ventilatory
response, and consequent hypocapnic vasoconstriction (Ainslie & Subudhi, 2014). While
the regulation of hypoxic cerebral vasodilation is complex and undoubtedly involves a
multitude of signaling pathways [reviewed in: (Hoiland et al., 2016a)], several factors are
commonly recognized as the likely key mediators of this response. These include, but are
not limited to: nitric oxide (Van Mil et al., 2002b), adenosine triphosphate (Ellsworth et
al., 1995), and adenosine (Berne et al., 1974; Winn et al., 1981c).

Adenosine is vasoactive in the cerebral vasculature through binding of A2A receptors
(Miekisiak et al., 2008; Liu et al., 2015) secondary to endogenous production during
hypoxia (Berne et al., 1974; Winn et al., 1979, 1981a; Phillis et al., 1993) (Figure 3.1).
Extensive animal data has highlighted a prominent role of adenosine in the regulation of
hypoxic cerebral vascular vasodilation. For example, extravascular application of
adenosine dilates pial vessels in vivo (Berne et al., 1974; Wahl & Kuschinsky, 1976; Morii
et al., 1987a), while adenosine receptor antagonism markedly blunts the vasodilatory
response to moderate and severe hypoxia in dogs (Emerson & Raymond, 1981) and rats
(Hoffman et al., 1984a; Morii et al., 1987a). However, whether adenosine plays a
significant role in hypoxic cerebrovascular vasodilation in humans remains to be
determined.
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Figure 3.1. Adenosine signaling pathways in hypoxia.
Adenosine may lead to vasodilation (i.e., smooth muscle cell relaxation)
by binding to adenosine A2A receptors, or by increasing inward rectifying
potassium (KIR) channel conductance. A2A receptor binding activates ()
(cAMP), leading to up-regulation of cAMP dependent protein kinase and
subsequent inhibition (❘) of myosin light chain kinase (Adelstein et al.,
1978). By inhibiting this response, downstream phosphorylation of
myosin light chain and its consequent contribution to contraction does
not occur, resulting in smooth muscle cell relaxation, and/or vasodilation
(Kerrick & Hoar, 1981). Theophylline is a non-selective adenosine
receptor antagonist, and therefore, does not allow for insight into how
adenosines action on KIR channels may influence CBF regulation in
hypoxia. cAMP, cyclic adenosine monophosphate; KIR, inward rectifying
potassium channels. Reproduced from (Hoiland et al., 2017b),
permission not required.
In humans during normoxic rest, adenosine receptor antagonism (intravenous
aminophylline) reduces CBF (Wechsler et al., 1950; Gottstein & Paulson, 1972;
Magnussen & Hoedt-Rasmussen, 1977). Similarly, CBF is lowered by aminophylline
during acute normobaric hypoxia (Bowton et al., 1988), but reactivity (i.e., the magnitude
of the vasodilatory response per unit reduction in saturation) to hypoxia does not appear
altered (Bowton et al., 1988; Nishimura et al., 1993). However, due to methodological
limitations of the xenon-133 technique (Obrist et al., 1975) used Bowton et al., 1988
(Bowton et al., 1988) and indirect inference of changes in CBF by Nishimura et al., 1993
(Nishimura et al., 1993), the direct role of adenosine in hypoxic cerebral vasodilation in
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humans remains unclear in normobaric hypoxia. Moreover, the putative role of adenosine
in cerebral vasodilation has not been investigated in hypobaric conditions where the
magnitude of elevations in CBF can be markedly variable [reviewed in: (Ainslie &
Subudhi, 2014; Hoiland et al., 2016a)]. Although posterior cerebrovascular reactivity to
isocapnic hypoxia is reportedly greater than that of anterior cerebrovascular reactivity
(Willie et al., 2012) it has yet to be investigated if regional differences in CBF regulation
are attributable to adenosine.

Using a double blinded, randomized, placebo controlled and counter balanced design, the
primary purpose of this study was to determine the effect of non-selective adenosine
receptor antagonism with theophylline on the cerebral vascular response to normobaric
isocapnic hypoxia and during exposure to hypobaric hypoxia. We hypothesized that: 1)
normobaric isocapnic hypoxia would increase gCBF and induce vasodilation of the ICA &
VA, 2) that this response would be attenuated following theophylline, and 3) based upon
previous studies (Willie et al., 2012; Ogoh et al., 2013b; Lewis et al., 2014b) posterior
cerebral vascular reactivity (i.e., VA flow) would be greater than that of the anterior
circulation (i.e., QICA). To follow up our sea-level study, we examined the effect of
theophylline on cerebral vasodilation during acute exposure to hypobaric hypoxia
following a rapid ascent profile to 3800m. We further hypothesized that ICA and VA
diameter would increase upon exposure to HA, and that theophylline would again reduce
the magnitude of observed vasodilation.
3.1

S TUDY 2 -

METHODS

Twelve healthy young individuals (age: 26.0±5.6 years; body mass index: 22.9±2.3 kg/m2;
2 female) were recruited to participate in both the sea-level and HA component of this
study. The sea-level portion of the study preceded the HA experiment. All participants
provided written informed consent prior to arrival at the laboratory for a familiarization
session. Participants were screened to ensure that reliable ICA and VA ultrasound images
could be acquired and then familiarized with the remaining experimental equipment and
procedures. All participants were free of cardiovascular, respiratory & cerebrovascular
disease, were non-diabetic, and were not taking any prescription drugs (other than oral
contraceptives, n=1) at their time of participation, as determined by a screening
questionnaire. This study was approved by the University of British Columbia Clinical
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Research Ethics Board and conformed to standards set by the Declaration of Helsinki and
the Canadian Government Tri-Council Policy Statement for Integrity in Research.
3.1.1 STUDY 1 - EXPERIMENTAL MEASURES

Collection and analysis of all cardiorespiratory and cerebrovascular variables for the entire
study was completed while blinded to the specific protocols (e.g., placebo vs. theophylline).

3.1.1.1 CARDIORESPIRATORY MEASURES

3.1.1.1.1 SEA-LEVEL STUDY.

All cardiorespiratory variables were sampled continuously throughout the protocol at 1KHz
via an analogue-to-digital converter (Powerlab, 16/30; ADInstruments, Colorado Springs,
CO). A 3-lead electrocardiogram was used to measure HR (ADI bioamp ML132), and beatto-beat blood pressure was measured by finger photoplethysmography (Finometer PRO,
Finapres Medical Systems, Amsterdam, Netherlands). The Finometer reconstructed
brachial waveform was used for the calculation of MAP after values were back calibrated
to the average of three automated brachial blood pressure measurements made over fiveminutes at rest (Tango+; SunTech, Morrisville, NC). Both PETCO2 and PETO2 were sampled
at the mouth and recorded by a calibrated gas analyzer (ML206, ADInstruments, Colorado,
CO, USA), while respiratory flow and VE were measured by a pneumotachograph
(HR800L, HansRudolph, Shawnee, KS) connected in series to a bacteriological filter. Due
to the time delay associated with pulse-oximeter based estimation of arterial
oxyhemoglobin saturation (SaO2), and assuming a constant Pa-PETO2 gradient throughout
isocapnic hypoxia (Tymko et al., 2015), SaO2 was calculated from PETO2 using a
previously validated equation (Severinghaus, 1979a). This equation has been previously
demonstrated to have a maximum error of 0.55% SaO2 when pH is standardized
(Severinghaus, 1979a). Given that the experimental protocol was conducted under
isocapnic conditions (i.e., stable pH), this calculation should accurately represent changes
in SaO2. Measurements of CBF were conducted as describe below (see section “Study 1 Experimental measures”). Average values for the last minute of each stage were recorded
(see section “Study 1 - Experimental protocol”).

124

3.1.1.1.2 HIGH-ALTITUDE STUDY.

Cardiorespiratory variables were sampled continuously at 1KHz (Powerlab, 16/30;
ADInstruments). Respiratory flow was measured by a pneumotachograph (HR 800L,
HansRudolph, location), while PETO2 and PETCO2 were sampled continuously at the mouth
by a calibrated gas analyzer (ML206, ADInstruments). Similar to the sea-level study,
changes in SaO2 were estimated from PETO2 (Severinghaus, 1979a). The established
changes in pH at 3800m (Severinghaus et al., 1966b) were used to correct for PETO2 prior
to SaO2 calculation (Severinghaus, 1979a). An automated brachial blood pressure cuff was
used to measure HR and blood pressure (HEM-775CAN, Omron Healthcare, Illinois).
Measurements of CBF were conducted as describe below (see section “Cerebrovascular
measures”).

3.1.1.2 DYNAMIC END-TIDAL FORCING
The PETO2 and PETCO2 were controlled by a portable dynamic end-tidal forcing system.
This system has been described in detail elsewhere (Tymko et al., 2015, 2016b). End-tidal
steady-state for each stage (see section “Study 1 - Experimental protocol”) was determined
once values were within one-mmHg of the desired target point for at least three consecutive
breaths. Our end-tidal forcing system effectively controls end-tidal gases through wide
ranges of PETCO2 and PETO2, independent of VE at low (Tymko et al., 2015, 2016b), and
HA (Tymko et al., 2015).

3.1.1.3 CEREBROVASCULAR MEASURES
Blood velocity through the right MCA and left PCA was measured using a 2MHz TCD
(Spencer Technologies, Seattle, WA). The TCD probes were attached to a specialized
headband (model M600 bilateral head frame, Spencer Technologies), and secured in place.
Insonation was achieved through the trans-temporal window using previously described
location and standardization techniques (Willie et al., 2011). Based upon these guidelines
a satisfactory PCAv signal could not be acquired in one participant, rendering a sample size
of 11 for this metric.
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Blood velocity and vessel diameter of the ICA and VA were measured using a 10MHz
multi-frequency linear array duplex ultrasound (Terason T3200, Teratech, Burlington,
MA). Arterial diameter was measured with B-mode imaging while pulse-wave mode was
used to simultaneously measure peak blood velocity. Measures of QICA and QVA were made
ipsilateral to the MCA and PCA, respectively. The ICA diameter and velocity were
measured at least 1.5 cm distal to the common carotid bifurcation to eliminate recordings
of turbulent and retrograde flow, while VA diameter and velocity were measured between
C4-C5, C5-C6, or proximal to entry into the vertebral column. The location was determined
on an individual basis in an attempt to select the most reproducible measures, with the same
location repeated within participants and between trials. For all experimental sessions, upon
acquisition of the first ultrasound image there was no alteration of B-mode gain to avoid
any artificial changes in arterial wall brightness/thickness.

Ultrasound recordings were screen captured and stored as video files for offline analysis.
Concurrent measures of arterial diameter and peak blood velocity were acquired at 30Hz
using customized edge detection and wall tracking software designed to mitigate observer
bias (Woodman et al., 2001). No less than 12 consecutive cardiac cycles were used to
determine QICA or QVA. Volumetric blood flow was calculated using the following formula
(Equation 3.1):

Equation 3.1. Calculation of volumetric cerebral blood flow

QICA or QVA =

Peak Envelope Velocity
· [π(0.5 · Diameter)2 ]
2

Of note, half of peak envelope velocity equals mean blood velocity through a vessel (Evans,
1985; Secomb, 2016). To account for MAP in our analysis of the CBF responses, CVC was
subsequently calculated for both the ICA and VA (e.g., QICA/MAP) (Equation 3.2).

Equation 3.2. Cerebrovascular conductance.

CVC = CBF / MAP
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Due to the high VE associated with hypoxia and associated neck movement (particularly
during sea-level experimentation), acquisition of adequate quality images was not achieved
in all participants. The resulting sample sizes for QVA and gCBF at sea-level was 8
participants (out of 12), and at HA was 11 participants (out of 12), while all ICA images
(n=12) were used for both studies. We conducted our ultrasound scanning in accordance
with published guidelines (Thomas et al., 2015) and have previously reported a within and
between day coefficient of variation for extra-cranial artery scanning of 1.5 and 4.4%,
respectively (Hoiland et al., 2016b).
3.1.2 STUDY 1 - EXPERIMENTAL PROTOCOL

The sea-level portion of this study was carried out in the Centre for Heart, Lung and
Vascular Health at the University of British Columbia’s Okanagan Campus, Kelowna,
British Columbia, Canada (344 m) one month prior to the HA investigations. The HA
portion of this study was carried out upon arrival (day 1) to the Barcroft Station, located on
White Mountain, CA, USA (3800 m).

3.1.2.1 SEA-LEVEL STUDY
This study consisted of two laboratory visits: a placebo day and the drug intervention day,
which were counter balanced, and double blinded. Participants attended the laboratory
having abstained from exercise and alcohol for ≥24 hours and were fasted for a minimum
of two hours. Given the use of an adenosine receptor antagonist in the protocol, participants
were instructed to strictly abstain from methyl xanthine containing products (e.g., caffeine,
chocolate) for ≥48 hours prior to each testing day. Upon arrival, participants lay supine and
rested for 15-minutes, during which time they were instrumented with the experimental
equipment.

Following instrumentation and five minutes of baseline measurements (HR, MAP, VE,
MCAv, PCAv, QICA, QVA, PETO2, and PETCO2) the participant completed an isocapnic
hypoxia test. Participants breathed simulated room air (e.g., PETO2 and PETCO2 were
approximately 100 mmHg and 40 mmHg, respectively) on the end-tidal forcing system for
a five-minute period prior to commencing three hypoxic stages. To achieve the target SaO2
values of 90%, 80%, and 70%, PETO2 was lowered in three sequential steps to 60 mmHg,
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45 mmHg, and 37 mmHg, with each stage lasting five-minutes once steady state was
reached. Following the last stage participants returned to breathing room air. Participants
then orally ingested either 3.75 mg/kg of theophylline or a placebo pill (sugar pill matched
for capsule size, color, and weight). Sustained release theophylline pills have been shown
to reach peak plasma concentration between five & seven hours post-ingestion with plasma
concentration stable during that time period (Dederich et al., 1981; Tulain & Nisar-UrRahman, 2008). Therefore, the post intervention test took place six-hours following
ingestion of theophylline or placebo. On the second day of testing, participants received
the opposite intervention as day one, but completed the same hypoxic protocols. Testing
days were on average separated by three days (range: two to eight days). Importantly, coinfusion of aminophylline (similar to theophylline) and adenosine has been shown to
produce less forearm vasodilation than adenosine infusion alone, indicating the efficacy of
aminophylline (and therefore theophylline) in reducing adenosine dependent vasodilation
(Leuenberger et al., 1999).

3.1.2.2 HIGH-ALTITUDE STUDY
The study participants were split into a placebo and theophylline group (n=6 for each).
Participants awoke at 5am and were transported by two vans from Palm Springs, CA (146
m) to the Barcroft Station, White Mountain Research Center, White Mountain, CA (3800
m) in approximately six-hours. One participant slept in Bishop, CA (1265 m) the night
prior to arrival and arrived at the same time as the other participants from Palm Springs.
Participants arrived at the laboratory having abstained from methyl-xanthine containing
products (e.g., chocolate & caffeine) for ≥48 hours, exercise and alcohol for ≥24 hours, and
were fasted for a minimum of 2 hours. Participants in the placebo and theophylline group
were tested 125±32 (mean±standard deviation) and 128±31 minutes following arrival to
3800 m, respectively. Following initial testing, the placebo or theophylline capsule was
ingested, and post testing for the placebo and theophylline groups occurred 315±13 and
300±0 minutes later, respectively. A double blinded study design was utilized.

Upon initial arrival participants were tested in the supine position after 15-minutes of rest,
during which they were instrumented with the experimental equipment. Resting
measurements of HR, MAP, QICA, QVA, PETO2, and PETCO2 were collected for a five-minute
period (VE was not assessed at this time point due to logistical issues). For the post
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intervention (i.e. placebo/drug) testing, participants again rested supine for 15-minutes
prior to measurement. Measurements were collected over five-minutes of room air
breathing. To account for any between group differences in VE due to theophylline as well
as inherent variability in the hypoxic ventilatory response, participants were then controlled
at the same PETO2 and PETCO2 using the portable end-tidal forcing system for 5-minutes
prior to the second set of measurements. The clamped PETO2 and PETCO2 were determined
from the mean values of all participants during the pre drug/placebo testing upon arrival
(52 mmHg PETO2 & 33 mmHg PETCO2). This end-tidal clamping was initiated immediately
following the post-intervention measure. Therefore, data were collected over three distinct
time points: 1) two hours following arrival to the laboratory; 2) five-hours post
drug/placebo ingestion (seven-hours after arrival), and; 3) post intervention with controlled
PETCO2 and PETO2 (seven-hours after arrival). Prior to testing at the arrival time point, and
post drug time point, as well as during the following morning, each participant completed
the Lake Louise Acute Mountain Sickness (AMS) questionnaire (Roach et al., 1993) to
assess any symptoms of AMS.

3.1.2.3 STUDY 1 - CALCULATIONS
Arterial oxygen content was estimated (eCaO2) using the following equation (Equation
3.3):

Equation 3.3. Estimated arterial oxygen content
eCaO2 (ml. dl−1 ) = [Hb] ∙ 1.36 ∙

SaO2 (%)
+ 0.003 ∙ PET O2
100

Where [Hb] is the concentration of hemoglobin, which we have assumed to be 15.5 g/dL,
1.36 is the affinity of O2 for hemoglobin, SaO2 is arterial oxygen saturation calculated using
the Severinghaus equation (Severinghaus, 1979a), and 0.003 is the solubility of oxygen
dissolved in the blood. We replaced PaO2 with PETO2 for our estimation of CaO2.

Cerebral oxygen delivery was subsequently estimated (eCDO2) by using eCaO2 in the
following equation (Equation 3.4):
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Equation 3.4. Estimated cerebral oxygen delivery

eCDO2 (ml. min−1 ) = eCaO2 ∙

gCBF
100

In this study the end-tidal forcing baseline for each trial was determined individually preand post-intervention based on PETO2 and PETCO2 measured during the 5-minutes of resting
room air breathing. While theophylline and/or time of day may have caused postintervention end-tidal gases to deviate from their respective pre-intervention trials, it was
determined a priori to adopt this approach so that each trial began from a natural baseline.
Given interaction between O2 and CO2 on cerebral reactivity (Mardimae et al., 2012) we
chose not to manipulate PETCO2 from resting values to normalize between pre- and postintervention baselines. Therefore, following analysis of the respiratory data we noted a
difference in PETCO2 in the theophylline trial. Specifically, PETCO2 was lower posttheophylline than pre-theophylline trial (see section “Study 1 - results”), which
necessitated mathematical corrections for the effect of PETCO2 on CBF. Therefore, we
corrected the CBF variables for changes in PETCO2. The following equations were used to
correct for changes in PETCO2 (Equation 3.5):

Equation 3.5. Carbon dioxide corrected internal carotid artery blood flow
𝑐𝑜𝑟𝑟𝑄𝐼𝐶𝐴 = 𝑄𝐼𝐶𝐴 + [𝑃𝐸𝑇 𝐶𝑂2 (𝑃𝑟𝑒) − 𝑃𝐸𝑇 𝐶𝑂2 (𝑃𝑜𝑠𝑡)] ∙ (0.084 ∙ 𝑏𝑄𝐼𝐶𝐴 )
Where for a given stage of hypoxia, corrQICA is the estimated QICA following correction for
CO2, PETCO2(Pre) is the PETCO2 of that stage pre-theophylline, PETCO2(Post) is the PETCO2
of that stage post-theophylline, 0.084 is the reactivity of the ICA to a 1 mmHg change in
PETCO2 (i.e., 8.4%) (Hoiland et al., 2015), and bQICA is the baseline QICA prior to hypoxic
exposure. The percent reactivity was applied to the baseline QICA so that the impact of CO2
was not inflated by the increase of QICA during the hypoxic stages (Equation 3.6).

Equation 3.6.Carbon dioxide corrected vertebral artery blood flow
𝑐𝑜𝑟𝑟𝑄𝑉𝐴 = 𝑄𝐼𝐶𝐴 + [𝑃𝐸𝑇 𝐶𝑂2 (𝑃𝑟𝑒) − 𝑃𝐸𝑇 𝐶𝑂2 (𝑃𝑜𝑠𝑡)] ∙ (0.076 ∙ 𝑏𝑄𝑉𝐴 )
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Where for a given stage of hypoxia, corrQVA is the estimated QVA following correction for
CO2, PETCO2(Pre) is the PETCO2 of that stage pre-theophylline, PETCO2(Post) is the PETCO2
of that stage post-theophylline, 0.076 is the reactivity of the VA to a 1 mmHg change in
PETCO2 (i.e., 7.6%) (Hoiland et al., 2015), and bQVA is the baseline QVA prior to hypoxic
exposure (Equation 3.7).

Equation 3.7. Carbon dioxide corrected cerebral blood flow
𝑐𝑜𝑟𝑟𝐶𝐵𝐹 = (𝑐𝑜𝑟𝑟𝑄𝐼𝐶𝐴 + 𝑐𝑜𝑟𝑟𝑄𝑉𝐴 ) ∙ 2
Where corrCBF is the gCBF corrected for the change in PETCO2 following theophylline.

Absolute and relative (i.e., %) reactivity for gCBF, Q ICA, ICAv, QVA, VAv, MCA, and
PCAv was calculated using linear regression analysis.

3.1.2.4 STUDY 1 - STATISTICAL ANALYSES
For the sea level testing, all cardiovascular, cerebrovascular and respiratory variables were
analyzed within trial (i.e., placebo & theophylline) using two-way repeated measures
ANOVAs. Post-hoc comparisons were made using a Bonferroni correction. Sphericity of
data was confirmed using Mauchly’s test of sphericity. When the test of sphericity was not
passed, the Greenhouse-Geisser correction was used. Data did not significantly differ from
a normal distribution as determined by the Shapiro-Wilks test. A sub analysis was
performed where the reactivity slopes from the pre placebo, post placebo, pre theophylline,
and post theophylline trials were compared using a one-way repeated measures ANOVA.
These reactivity slopes were calculated using linear regression (Willie et al., 2012; Skow
et al., 2013b). Regional differences in vessel reactivity were analyzed pre and post
theophylline using a mixed design ANOVA (between subject factor: vessel; within subject
factor: trial). Differences in confluent vessel blood flow (ICA & VA) and velocity (MCAv
& PCAv) reactivity were analyzed using a mixed design ANOVA (between subject factor:
vessel; within subject factor: trial). The relationship between MAP and CBF variables was
assessed using a Pearson r correlation between the %ΔMAP and %ΔCBF variables for each
experimental trial.

131

The HA data were analyzed using a mixed design ANOVA (between subject factor: drug;
within subject factor: exposure time). Post-hoc comparisons were made using a Bonferroni
correction. When the test of sphericity was not passed, the Greenhouse-Geisser correction
was used. Data did not significantly differ from a normal distribution as determined by the
Shapiro-Wilks test. All data were analyzed using SPSS (Version 22, IBM statistics) and
are expressed as mean ± standard deviation with a priori statistical significance set at P <
0.05.
3.2

S TUDY 1 -

RESULTS

3.2.1 SEA LEVEL STUDY

3.2.1.1 PLACEBO TRIALS
Cardiovascular variables at all stages of hypoxia during placebo trials are presented in
Table 3.1. Under placebo conditions HR and VE increased at all stages of hypoxia pre and
post intervention while MAP increased at 90% and 70% hypoxia. A main effect of placebo
on MAP was observed; here, MAP was higher post placebo (P=0.03).

Cerebral vascular variables at all stages of hypoxia during placebo trials are presented in
Table 3.1. QICA, ICA CVC, and ICAv increased pre and post placebo at 80% and 70%
SaO2 while ICA diameter and MCAv increased at all stages of hypoxia. Hypoxia increased
QVA, VAv, VA diameter and PCAv pre and post placebo at 80% and 70% SaO2 while VA
CVC increased at 70% SaO2. Pre and post placebo, gCBF and gCBF CVC increased at
80% and 70% SaO2. Hypoxia increased eCDO2 at 70% SaO2, while there was no effect of
placebo on eCDO2 (Table 3.2).
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Table 3.1. Cardiorespiratory variables during sea level hypoxia.
Placebo
Baseline

90% SaO2

80% SaO2

Theophylline
70% SaO2

Baseline

Pre vs. Post: P=0.285; O2: P<0.001; Interaction: P=0.281

90% SaO2

80% SaO2

70% SaO2

Pre vs. Post: P=0.494; O2: P<0.001; Interaction: P=0.784

PETO2

Pre

93.5±7.1

59.3±1.2*

45.3±1.0*

37.1±0.7*

94.4±4.0

59.7±1.6*

45.0±1.1*

37.1±1.0*

(mmHg)

Post

95.2±4.9

59.3±1.8*

45.2±1.0*

37.3±0.6*

95.2±8.2

59.8±1.5*

45.7±1.2*

37.4±0.7*

Pre vs. Post: P=0.419; O2: P=0.295; Interaction: P=0.847

PETCO2

Pre

40.4±3.0

(mmHg)

Post

39.9±2.9

Pre vs. Post: P=0.001; O2: P=0.526; Interaction: P=0.087

40.4±3.1

40.2±3.2

40.2±3.2

41.2±1.9

40.0±2.9

39.9±2.9

39.9±2.8

38.8±2.5

Pre vs. Post: P=0.188; O2: P<0.001; Interaction: P=0.349

VE
-1

(L · min )

41.1±2.0

41.1±2.0

41.1±2.1

39.0±2.4

38.9±2.6

38.8±2.5

Pre vs. Post: P=0.029; O2: P=0.001; Interaction: P=0.162

Pre

11.3±1.2

17.9±7.2*

30.3±14.4*

46.5±22.4*

13.2±3.8

21.2±7.1*

34.6±15.3*

50.2±24.3*

Post

12.2±1.9

22.4±11.2*

34.2±16.0*

47.6±25.1*

13.1±2.6

18.5±4.8*

30.2±15.3*

42.3±25.4*

Pre vs. Post: P=0.026; O2: P=0.005; Interaction: P=0.521

Pre vs. Post: P=0.324; O2: P=0.002; Interaction: P=0.001

MAP

Pre

76.2±3.8

78.3±5.4*

81.4±5.7

83.6±13.1*

79.3±7.0

80.9±6.7

86.1±6.9

90.4±7.1*‡

(mmHg)

Post

78.3±6.0

83.4±5.9*

81.7±13.0

89.7±7.8*

81.6±6.2

83.0±6.9

82.7±6.3

85.0±5.5*

Pre vs. Post: P=0.872; O2: P<0.001; Interaction: P=0.984

Pre vs. Post: P=0.065; O2: P<0.001; Interaction: P=0.019

HR

Pre

62.2±15.0

70.3±12.7*

81.1±14.4*

92.1±16.5*

63.5±15.4

71.3±19.0*

82.4±19.7*

94.7±19.4*

(beats · min-1)

Post

62.4±15.1

70.9±13.4*

81.4±15.2*

93.0±19.7*

62.4±13.3

68.1±15.4*

77.5±16.9*

88.3±15.9*

Bolded Pre or Post indicates main effect of the intervention, with the bolded trial significantly greater. *signifies a significant difference from baseline. ‡ indicates significant
interaction between pre and post. n=12 for all measurements.
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Table 3.2. Cerebrovascular variables during sea level hypoxia.
Placebo
Baseline

90%

80%

Theophylline
70%

Baseline

90%

Pre vs. Post: P=0.562; O2: P<0.001; Interaction: P=0.722

80%

70%

Pre vs. Post: P=0.315; O2: P<0.001; Interaction: P=0.083

SaO2

Pre

97.2±0.6

90.3±0.5*

81.0±1.0*

70.7±1.2*

97.3±0.3

90.4±0.7*

80.6±1.1*

70.7±1.5*

(% oxyhemoglobin)

Post

97.4±0.3

90.2±0.8*

80.9±1.0*

71.0±1.0*

97.3±0.7

90.5±0.7*

81.3±1.1*

71.1±1.1*

Pre vs. Post: P=0.852; O2: P<0.001; Interaction: P=0.377

QICA
-1

(mL · min )

Pre vs. Post: P<0.001; O2: P<0.001; Interaction: P=0.211

Pre

276.5±57.7

292.9±68.1

357.6±91.8*

465.2±105.3*

273.2±38.9

309.8±54.5*

358.2±64.1*

465.3±75.4*

Post

280.6±75.3

282.5±112.9

369.8±92.1*

451.34±110.3*

236.4±37.2

258.8±50.6*

310.7±54.3*

404.0±69.3*

Pre vs. Post: P=0.854; O2: P<0.01; Interaction: P=0.050

ICAv

Pre

47.9±7.3

(cm · s-1)

Post

48.8±9.3

Pre vs. Post: P=0.001; O2: P<0.001; Interaction: P=0.796

48.5±6.2

56.3±8.6*

69.3±9.7*

48.1±7.2

50.9±10.9

57.1±11.8*

66.2±13.0*

41.7±7.1

Pre vs. Post: P=0.841; O2: P<0.001; Interaction: P=0.124

51.3±8.6

57.5±10.6*

68.7±10.1*

43.3±7.9

49.6±9.3*

61.4±9.8*

Pre vs. Post: P=0.498; O2: P<0.001; Interaction: P=0.512

ICA diameter

Pre

4.94±0.57

5.03±0.51*

5.17±0.58*

5.32±0.56*

4.91±0.43

5.07±0.51*

5.17±0.52*

5.37±0.54*

(mm)

Post

4.91±0.51

5.00±0.46*

5.23±0.53*

5.37±0.52*

4.92±0.43

5.03±0.41*

5.16±0.43*

5.29±0.45*

Pre vs. Post: P=0.211; O2: P<0.001; Interaction: P=0.178

Pre vs. Post: P<0.001; CO2: P<0.001; Interaction: P=0.126

ICA CVC

Pre

3.62±0.67

3.72±0.70

4.37±0.93*

5.73±1.81*

3.46±0.56

3.84±0.72*

4.17±0.78*

5.16±0.81*

(mL · min-1 · mmHg-1)

Post

3.57±0.85

3.39±1.27

4.58±1.03*

5.06±1.30*

2.91±0.51

3.12±0.57*

3.77±0.68*

4.76±0.84*

Pre vs. Post: P=0.436; O2: P<0.001; Interaction: P=0.156

Pre vs. Post: P=0.020; O2: P<0.001; Interaction: P=0.125

QVA (n=8)

Pre

109.3±36.0

106.1±31.3

127.0±30.7*

179.3±46.7*

111.8±30.4

(mL · min-1)

Post

106.7±33.4

114.3±30.9

146.1±38.5*

178.8±37.2*

98.9±22.3

Pre vs. Post: P=0.108; O2: P<0.001; Interaction: P=0.090

VAv (n=8)
-1

(cm · s )

121.7±28.6

133.3±31.0*

188.7±46.8*

101.7±19.8

123.7±22.3*

162.5±32.7*

Pre vs. Post: P=0.011; O2: P<0.001; Interaction: P=0.265

Pre

25.1±4.6

24.5±4.6

28.4±4.2*

37.5±6.3*

25.5±4.9

26.9±3.1

29.6±5.2*

39.2±6.7*

Post

26.1±6.3

27.5±5.4

33.1±6.6*

38.3±5.8*

23.2±3.7

23.4±3.1

27.6±4.0*

34.6±6.5*

Pre vs. Post: P=0.420; O2: P<0.001; Interaction: P=0.272

Pre vs. Post: P=0.305; O2: P<0.001; Interaction: P=0.219

VA diameter (n=8)

Pre

4.16±0.43

4.16±0.40

4.24±0.39*

4.38±0.38*

4.17±0.45

4.23±0.46

4.24±0.44

4.38±0.43*

(mm)

Post

4.05±0.35

4.09±0.35

4.21±0.36*

4.43±0.26*

4.12±0.39

4.16±0.42

4.24±0.41

4.36±0.39*
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Placebo
Baseline

90%

80%

Theophylline
70%

Baseline

Pre vs. Post: P=0.918; O2: P<0.001; Interaction: P=0.097

VA CVC (n=8)
-1

-1

(mL · min · mmHg )

90%

80%

70%

Pre vs. Post: P=0.022; O2: P<0.001; Interaction: P=0.060

Pre

1.43±0.40

1.37±0.36

1.60±0.33

2.19±0.42*

1.37±0.37

1.48±0.35

1.51±0.35

2.05±0.48*

Post

1.36±0.38

1.36±0.32

1.84±0.72

1.98±0.45*

1.21±0.32

1.21±0.21

1.47±0.24

1.89±0.34*

Pre vs. Post: P=0.821; O2: P<0.001; Interaction: P=0.395

Pre vs. Post: P=0.004; O2: P<0.001; Interaction: P=0.199

gCBF (n=8)

Pre

758.0±183.7

780.2±192.8

941.8±246.4*

1245.5±262.2*

757.4±113.6

849.8±138.6*

955.1±151.6*

1270.2±137.3*

(mL · min-1)

Post

736.4±193.1

755.5±290.9

983.6±238.9*

1215.6±281.7*

672.4±111.1

712.8±133.5*

864.4±131.2*

1108.3±158.6*

Pre vs. Post: P=0.195; O2: P<0.001; Interaction: P=0.228

Pre vs. Post: P=0.002; O2: P<0.001; Interaction: P=0.072

gCBF CVC (n=8)

Pre

9.92±1.94

10.02±2.02

11.80±2.41*

15.78±4.54*

9.27±1.30

10.30±1.61*

10.85±1.80*

13.86±1.39*

(mL · min-1 · mmHg-1)

Post

9.38±2.21

9.00±3.16

12.59±3.40*

13.41±3.16*

8.20±1.68

8.47±1.42*

10.32±1.51*

12.95±1.76*

Pre vs. Post: P=0.968; O2: P<0.001; Interaction: P=0.540

MCAv
-1

(cm · s )

Pre vs. Post: P=0.037; O2: P<0.001; Interaction: P=0.500

Pre

58.0±11.6

61.2±11.8*

71.1±13.2*

86.6±16.2*

62.0±11.1

66.6±11.8*

76.7±14.8*

90.0±18.1*

Post

58.0±10.0

62.2±10.4*

70.9±12.1*

85.0±16.4*

57.1±11.2

60.3±12.0*

69.6±16.1*

83.73±16.8*

Pre vs. Post: P=0.192; O2: P<0.001; Interaction: P=0.554

Pre vs. Post: P=0.003; O2: P<0.001; Interaction: P=0.151

PCAv

Pre

39.9±6.4

41.3±6.1

48.4±7.4*

58.5±10.5*

44.1±9.3

47.1±10.1*

55.1±12.4*

65.5±15.9*

(cm · s-1)

Post

36.9±7.2

39.2±8.7

45.5±10.5*

54.8±12.0*

38.8±7.1

40.2±7.4*

46.3±10.5*

58.4±11.3*

Bolded Pre or Post indicates main effect of the intervention, with the bolded trial significantly greater. *signifies a significant difference from
baseline. ‡ indicates significant difference between pre and post. n=12 unless otherwise specified.
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3.2.1.2 THEOPHYLLINE TRIALS
Cardiovascular variables at all stages of isocapnic hypoxia during theophylline trials are
presented in Table 3.1. Hypoxia elevated HR and VE at all stages pre and post theophylline
trials, while MAP was only elevated at 70% SaO2 and was higher pre-theophylline
(P=0.02). Following theophylline, VE was lower at all stages (main effect: P=0.03)
concomitant to a lower PETCO2 clamp (main effect: P<0.01).

Cerebral vascular variables at all stages of hypoxia during the theophylline trials are
presented in Table 3.2. Pre and post theophylline QICA, ICA CVC, ICA diameter, and
MCAv increased during all stages of hypoxia while ICAv increased at 80% and 70% SaO2.
There was a main effect of theophylline on QICA, ICA CVC, ICAv, and MCAv with all
variables lower post theophylline (all, P<0.05); however, this coincided with the previously
mentioned lower PETCO2 (main effect: P<0.01). Following correction for PETCO2, there
was no main effect of theophylline on corrQICA (P=0.29; Table 3.3).

Pre and post theophylline, QVA and VAv increased at 80% and 70% SaO2 while VA
diameter and VA CVC only increased at 70% SaO2; PCAv also increased, during all stages
of hypoxia both pre and post intervention. There was a main effect of theophylline on QVA,
VA CVC, VAv and PCAv with all variables lower post theophylline. Following correction
for PETCO2, however, there was no main effect of theophylline on corrQVA (P=0.85; Table
3.3). Hypoxia increased gCBF and gCBF CVC across all stages pre and post theophylline
while there was a main effect of theophylline to lower gCBF (P<0.01) and gCBF CVC
(P<0.01). Following correction for PETCO2, there was no main effect of theophylline on
corrCBF (P=0.80; Table 3.3). Hypoxia increased eCDO2 at 70% SaO2, while there was no
effect of theophylline on eCDO2.
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Table 3.3. Theoretical calculations of arterial oxygen content, cerebral oxygen
delivery, and cerebral blood flow parameters corrected for carbon dioxide.
For both the placebo and theophylline trial, CaO2 and CDO2 were estimated (eCaO2 &
eCDO2, respectively). Due to the difference in PETCO2 between the pre and post
theophylline trials, QICA, QVA, and gCBF post theophylline (corrQICA, corrQVA & corrCBF,
respectively) were all corrected for differences in PETCO2 (explained in methods section
“calculations”).
Placebo
Baseline

90%

80%

70%

Pre vs. Post: P=0.275; O2: P<0.001; Interaction: P=0.808

eCaO2
-1

(mL· dL )

Pre

20.77±0.14

Post

20.81±0.09

19.21±0.12*

17.21±0.22*

15.01±0.25*

19.20±018*

17.19±0.21*

15.09±0.21*

Pre vs. Post: P=0.846; O2: P<0.001; Interaction: P=0.067

eCDO2

Pre

152.2±36.1

145.0±35.6

156.9±41.1

179.6±35.8*

(mL· min-1)

Post

148.3±38.4

139.9±53.8

163.6±38.4

176.3±38.7*

Theophylline
Baseline

90%

80%

70%

Pre vs. Post: P=0.527; O2: P<0.001; Interaction: P=0.294

eCaO2

Pre

20.80±0.08

19.24±0.15*

17.13±0.24*

15.01±0.32*

(mL· dL-1)

Post

20.80±0.17

19.25±0.14*

17.28±0.14*

15.11±0.23*

Pre vs. Post: P=0.004; O2: P<0.001; Interaction: P=0.314

eCDO2
-1

(mL· min )

Pre

152.6±23.0

158.3±26.0

157.7±24.9

183.1±20.6*

Post

135.4±22.3

133.0±25.1

144.4±21.1

162.1±22.5*

Pre vs. Post: P=0.797; O2: P<0.001; Interaction: P=0.032

gCBF

Pre

757.0±128.3

corrCBF

Post

766.2±146.7

850.7±150.6*

927.3±165.6*

1260.3±145.4*

804.5±147.2*

973.9±122.5*

1213.8±141.6*

Pre vs. Post: P=0.294; O2: P<0.001; Interaction: P=0.067

QICA (n=12)

Pre

273.2±38.9

309.8±54.5*

358.2±64.1*

465.3±75.4*

corrQICA

Post

280.3±42.6

296.3±46.1*

349.2±46.8*

444.9±71.4*

Pre vs. Post: P=0.850; O2: P=0.001; Interaction: P=0.160

QVA

Pre

111.8±30.1

121.7±28.6

133.3±31.0*

188.7±46.8*

corrQVA

Post

117.1±34.0

117.3±29.1

139.7±26.7*

178.3±36.2*

Bolded Pre or Post indicates main effect of the intervention, with the bolded trial
significantly greater. *signifies a significant difference from baseline. ‡ indicates
significant interaction between pre and post. n=8 unless otherwise specified.
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Table 3.4. r-squared values for the linear regression of cerebrovascular reactivity.
Pre-theophylline

Post-theophylline

Pre-placebo

Post-placebo

MCAv

0.97±0.03

0.90±0.10

0.95±0.03

0.90±0.16

PCAv

0.95±0.05

0.89±0.08

0.92±0.05

0.90±0.08

QICA

0.92±0.08

0.94±0.05

0.93±0.05

0.94±0.04

ICAv

0.88±0.16

0.90±0.12

0.89±0.05

0.88±0.12

QVA

0.84±0.10

0.89±0.15

0.84±0.10

0.90±0.16

VAv

0.84±0.08 (n=8)

0.86±0.17 (n=8)

0.74±0.10 (n=8)

0.88±0.22 (n=8)

gCBF

0.90±0.08 (n=8)

0.93±0.08 (n=8)

0.91±0.05 (n=8)

0.95±0.03 (n=8)

n=12 unless otherwise specified.
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3.2.1.3 CEREBROVASCULAR REACTIVITY SLOPES TO HYPOXIA
The r-squared values for each CBF variable in the pre-theophylline, theophylline, preplacebo, and placebo trials are reported in Table 3.4. These analyses were conducted to
discern if the main effect of theophylline on CBF variables was simply a product of
differing PETCO2 values between trials and to determine between vessel differences in
reactivity. The response slopes for absolute changes of MCAv (P=0.89), PCAv (P=0.504),
QICA (P=0.348), ICAv (P=0.231), QVA (P=0.890), VAv (P=0.950), and gCBF (P=0.694)
were not different between the pre-placebo, post-placebo, pre-theophylline, and posttheophylline trials. The response slopes for percent changes of MCAv (P=0.598), PCAv
(P=0.753), QICA (P=0.707), ICAv (P=0.08), QVA (P=0.860), VAv (P=0.989), and gCBF
(P=0.953) were not different between the pre-placebo, post-placebo, pre-theophylline, and
post-theophylline trials (Figure 3.2). The percent changes in gCBF, QICA, and QVA at each
stage of hypoxia for all trials are depicted in Figure 3.3.
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Figure 3.2. Reactivity slopes of extra- and intra-cranial blood vessels
in all experimental trials at sea-level.
The percent increase in CBF per percent drop in SaO2 is depicted for each
vessel insonated, during all trials. Volumetric reactivity (gCBF, Q ICA,
QVA) was not different within or between trials, while MCAv and PCAv
reactivity were lower than QICA (main effect: P<0.001) and QVA (main
effect: P=0.008) reactivity respectively in all trials. The percent reactivity
of ICAv and VAv are superimposed onto their respective flow reactivity
columns to highlight the contribution of velocity versus diameter changes
in determining overall flow reactivity. gCBF, global cerebral blood flow;
QICA, internal carotid artery blood flow; QVA, vertebral artery blood flow;
MCAv, middle cerebral artery blood velocity; PCAv, posterior cerebral
artery blood velocity; ICAv, internal carotid artery blood velocity; VAv,
vertebral artery blood velocity. * indicates significant difference between
confluent vessel velocity and volumetric reactivity (e.g., QICA vs MCAv),
P<0.05 after correction for multiple comparisons. n=12 unless otherwise
specified. Reproduced from (Hoiland et al., 2017b), permission not
required.

3.2.1.4 BETWEEN VESSEL COMPARISONS
There was no main effect of theophylline (P=0.45) or vessel (P=0.41) on the percent
reactivity of the MCAv versus PCAv to hypoxia. Similarly, for QICA versus QVA there was
no main effect of theophylline (P=0.97) or vessel (p=0.69). Volumetric reactivity through
the ICA (QICA) was greater than velocity reactivity of the MCA (main effect of vessel:
P<0.001), while QVA reactivity was greater than PCAv reactivity (main effect of vessel:
P=0.008) (Figure 3.2).

140

Figure 3.3. Global and regional cerebral blood flow during isocapnic
hypoxia prior to and following placebo and theophylline
interventions.
The three panels on the left depict CBF (gCBF, QICA, QVA) responses pre
(●) and post (○) placebo, while the three panels on the right depict the
CBF responses pre (■) and post (□) theophylline. Data are presented as
the percent change of each variable from baseline. There was no effect of
theophylline treatment on the %changes in CBF from baseline. *
indicates a post-hoc derived significant change from baseline (P<0.05)
following a main effect of SaO2 on CBF variables (P<0.05). n=12 unless
otherwise specified. Reproduced from (Hoiland et al., 2017b),
permission not required.
3.2.2 HIGH-ALTITUDE STUDY

The resting room air baseline measurements for the sea-level placebo trial (preintervention) were used as the sea-level baseline for comparison to the HA data.
Cerebrovascular, hemodynamic and respiratory variables for the sea-level baseline and at
HA are presented in Table 3.5. Compared to sea-level, VE, HR and MAP were increased
(main effect, all P<0.05) at all HA time points, while SaO2, PETO2, PETCO2 were reduced
(main effect, all P<0.05) at all time points. Six hours post-intervention QVA was
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significantly lower in the theophylline trial compared to placebo (P=0.047), while there
was a tendency for gCBF to be lower in the theophylline group (P=0.058). However, these
differences were abolished when end-tidal gases were matched between groups and to the
initial exposure time (Table 3.5). There was no elevation in QICA at HA as compared to
sea-level baseline and eCDO2 was not different from sea-level to HA or between groups.
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Table 3.5. Cerebral vascular, hemodynamic, and respiratory variables upon exposure
to high-altitude.
The sea-level baseline was selected from the pre-placebo trial, while the time after arrival
to the Barcroft Laboratory is indicated in brackets for each high-altitude time point.
Sea-Level

High-Altitude (3800m)

(344m)
Kelowna

Initial exposure

5 hours post drug

5 hours post drug

(2hrs)

(7hrs)

clamped (7hrs)

Drug vs. Placebo: P=0.062; O2: P<0.001; Interaction: P=0.247

SaO2

Drug

97.5±0.4

89.2±1.1*

87.3±0.7*

88.0±0.4*

(%

Placebo

97.4±0.3

87.7±1.7*

85.8±2.3*

87.9±0.7*

oxyhemoglobin)
Drug vs. Placebo: P=0.124; O2: P<0.001; Interaction: P=0.671

PETO2

Drug

96.9±6.4

57.1±2.2*

53.4±1.2*

54.7±0.7*

(mmHg)

Placebo

95.3±3.3

54.4±2.7*

51.4±3.6*

54.5±1.3*

Drug vs. Placebo: P=0.368; O2: P<0.001; Interaction: P=0.724

PETCO2

Drug

39.7±4.1

32.6±1.4*

34.7±2.5*

33.0±0.5*

(mmHg)

Placebo

41.4±2.2

33.1±1.5*

35.5±2.0*

33.0±0.4*

Drug vs. Placebo: P=0.069; O2: P<0.001; Interaction: P=0.636

VE

Drug

9.6±2.0

(L · min-1)

Placebo

10.7±2.5

13.3±1.5*

18.5±2.6*

14.5±2.4*

21.4±5.5*

Drug vs. Placebo: P=0.430; O2: P<0.001; Interaction: P=0.075

MAP

Drug

78.0±3.8

83.5±5.9*

84.9±7.6*

86.9±8.8*

(mmHg)

Placebo

76.7±5.0

87.6±2.0*

91.9±7.1*

85.7±3.9*

Drug vs. Placebo: P=0.156; O2: P<0.001; Interaction: P=0.666

HR
-1

(beats · min )

Drug

56.2±14.1

63.2±7.6

62.5±11.4

72.5±8.7*

Placebo

65.4±11.7

74.5±23.3

79.8±19.9

85.4±25.2*

Drug vs. Placebo: P=0.094; O2: P=0.032; Interaction: P=0.189

gCBF

Drug

682.5±96.6

(mL · min-1)

Placebo

748.7±108.5

778.0±80.6 (n=5)

706.9±67.7 (n=5)

693.9±56.4 (n=5)

850.7±94.0

898.3±126.7

822.8±111.9

(n=5)

Drug vs. Placebo: P=0.462; O2: P=0.618; Interaction: P=0.222

QICA
-1

(mL · min )

Drug

271.1±70.5

272.7±33.8

255.6±31.5

260.7±47.9

Placebo

256.1±28.2

288.1±44.5

297.4±54.1

281.1±36.9

Drug vs. Placebo: P=0.093; O2: P=0.541; Interaction: P=0.256

ICAv

Drug

45.1±6.8

(cm · s-1)

Placebo

48.4±6.4

43.8±3.4

42.2±6.2

42.7±7.0

48.1±7.7

55.4±12.0

50.5±10.4

Drug vs. Placebo: P=0.372; O2: P=0.132; Interaction: P=0.478

ICA diameter

Drug

5.02±0.60

5.14±0.43

5.08±0.42

5.09±0.44

(mm)

Placebo

4.74±0.42

5.05±0.33

4.80±0.47

4.88±0.26

Drug vs. Placebo: P=0.117; O2: P=0.039; Interaction: P=0.038

QVA

Drug

96.4±25.6

121.0±31.9 (n=5)

98.5±25.9‡ (n=5)

102.1±28.4 (n=5)

137.2±27.4

151.8±29.6

130.4±31.6

(n=5)
-1

(mL · min )

Placebo

118.2±28.4
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Sea-Level

High-Altitude (3800m)

(344m)
Kelowna

Initial exposure

5 hours post drug

5 hours post drug

(2hrs)

(7hrs)

clamped (7hrs)

Drug vs. Placebo: P=0.053; O2: P=0.002; Interaction: P=0.001
VAv

Drug

(cm · s-1)

Placebo

22.6±5.0 (n=5)

26.6±6.7 (n=5)

21.7±5.4 (n=5)

21.8±4.8 (n=5)

26.5±1.8

28.7±4.1

34.2±3.7*‡

30.1±6.4

Drug vs. Placebo: P=0.532; O2: P=0.008; Interaction: P=0.493

VA diameter

Drug

4.22±0.27

4.41±0.20 (n=5)

4.31±0.34 (n=5)

4.12±0.35 (n=5)

4.49±0.24

4.32±0.33

4.28±0.31

(n=5)
(mm)

Placebo

4.31±0.43

Drug vs. Placebo: P=0.129; O2: P=0.226; Interaction: P=0.195

eCDO2

Drug

137.9±16.7

143.8±14.1

127.0±12.0

125.9±9.9

(mL· min-1)

Placebo

150.9±21.7

153.6±17.0

158.5±22.0

149.0±20.9

Bolded Drug or Placebo indicates main effect of the intervention, with the bolded trial
significantly greater, P<0.05. *signifies a significant difference from baseline, P<0.05. ‡
indicates significant difference between drug and placebo, corrected for multiple
comparisons, P<0.05. n=6 unless otherwise specified.
In the placebo group, Lake Louise AMS scores did not change from initial exposure
(2.4±1.5) to six hours post intervention (4.4±3.1) or the following morning (2.6±0.9)
(P=0.585). Similarly, in the theophylline group there was no difference in AMS scores from
initial exposure (2.8±2.5) to six hours post intervention (2.3±3.0) or the following morning
(2.8±3.2) (P=0.585). There was no main effect of theophylline on AMS scores compared
to placebo (P=0.723).
3.3

S TUDY 1 -

DISCUSSION

At sea-level and under the conditions of isocapnic hypoxia the novel findings of this study
are; 1) hypoxic vasodilation of the ICA, while confirming earlier reports of hypoxic
vasodilation of the VA (Willie et al., 2012); 2) the vasomotor response of these extracranial arteries and overall gCBF is unaffected by non-selective adenosine receptor
antagonism during all stages of isocapnic hypoxia, and 3) anterior (QICA) and posterior
(QVA) cerebrovascular reactivity to isocapnic hypoxia were not different. At HA under the
conditions of poikilocapnic hypoxia, adenosine receptor antagonism reduced QVA
compared to the placebo group, however, this difference was abolished when end-tidal
gases were matched between groups. Collectively, these results indicate adenosine receptor
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dependent signaling is not obligatory for hypoxic cerebral vasodilation under the conditions
of normobaric and hypobaric hypoxia.
3.3.1 MECHANISMS OF HYPOXIC CEREBRAL VASODILATION

Hypoxia increases production of adenosine in cerebral tissue (Winn et al., 1981a; Kulik et
al., 2010), which, in animal models, is reflected in cerebral arteriolar vasodilation (Berne
et al., 1974). However, the present study provides evidence that, in humans, adenosine
receptor dependent signaling is not an obligatory regulator of CBF during normobaric or
hypobaric hypoxia. This is consistent with previous studies that have utilized
pharmacological adenosine receptor antagonism under less controlled conditions (Bowton
et al., 1988; Nishimura et al., 1993). Our current findings are further consistent with studies
utilizing pharmacological inhibition of cAMP prior to a hypoxic exposure (Fan et al., 2011;
Harrell & Schrage, 2014; Hoiland et al., 2015; Peltonen et al., 2015). Given that cAMP
inhibition with indomethacin (Kantor & Hampton, 1978; Goueli & Ahmed, 1980) does not
affect reactivity of cerebral vessels to hypoxia, and adenosine induces vasodilation largely
through increasing cAMP levels (Sattin & Rall, 1970; Nordstrom et al., 1977) downstream
of A2A receptor binding (Miekisiak et al., 2008; Liu et al., 2015), it is perhaps not surprising
that adenosine receptor antagonism had no effect on CBF in the current study. Nevertheless,
adenosine has also been reported to induce cerebral vasodilation through increasing inward
rectifying potassium channel conductance (Hein et al., 2013). While inward rectifying
potassium channels have been shown to regulate skeletal muscle blood flow, it remains to
be investigated if adenosine regulates hypoxic cerebral vasodilation in humans via action
on inward rectifying potassium channels.

This study and others indicating an insignificant role of cAMP in hypoxic cerebral
vasodilation (Fan et al., 2011; Harrell & Schrage, 2014; Hoiland et al., 2015; Peltonen et
al., 2015), lead to the speculation that signaling pathways relying on cGMP (not cAMP)
must be the primary regulators of CBF during hypoxia. This is consistent with the notion
that red blood cell mediated release of s-nitrosohemoglobin and adenosine triphosphate in
addition to nitrite reductase activity, which all lead to up-regulation of cGMP, are the
primary regulators of hypoxic cerebral vasodilation (Ellsworth et al., 1995; Jia et al., 1996;
Hoiland et al., 2016a). Furthermore, given recent evidence that shear stress contributes to
vasodilation of cerebral conduit arteries [e.g. ICA; (Carter et al., 2016a)], this mechanism
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may also contribute to hypoxic cerebral vasodilation. These latter possibilities remain to be
established.

In addition to hypoxia induced upregulation of specific signaling pathways, the potential
for other physiological factors to influence gCBF and the diameter of the ICA and VA
remains. For example, MAP directly influences CBF (Lucas et al., 2010; Numan et al.,
2014) but increases in MAP do not seem to affect the %change in MCAv for a given CO 2
stimulus. Indeed, a pressor response of <10 mmHg or >10 mmHg increase in MAP does
not lead to a difference in %MCAv reactivity, however, conductance is affected given the
difference in denominator for calculating CVC (Regan et al., 2014). Similarly, changes in
MAP were not related to changes in CBF variables in previous investigation under hypoxic
conditions (Willie et al., 2012). While there was a significant relationship between MAP
and CBF variables pre theophylline and placebo (but not post either intervention; Figure
3.4), the presence of ICA vasodilation (Table 3.2) prior to an increased MAP (Table 3.1)
in all trials (irrespective of correlation with MAP) infers active, not passive, changes in
vessel caliber and a relatively small role of MAP in our diameter responses. Nonetheless,
direct pressure passive effects on CBF (Lucas et al., 2010), and the potential for pressure
mediated vessel distension cannot be discounted as contributors to the integrative
regulation of CBF during hypoxia.
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Figure 3.4. The relationships between mean arterial pressure and cerebral blood flow variables in the theophylline and
placebo trials.
The two left panels represent the changes in MAP during a reduction in arterial oxygen saturation during the theophylline (upper
panel) and placebo (lower panel) trials. The upper row of correlations depict the relationship between the percent change in MAP
(%ΔMAP) and the percent change in CBF variables (%ΔFlow or Velocity) pre (■) and post (□) theophylline, while the bottom
row shows the same data, but for the pre (●) and post (○) placebo trials. *indicates a significant difference from baseline, P<0.05;
‡ indicates significant difference between drug and placebo, P<0.05. n=12 unless otherwise specified. Reproduced from (Hoiland
et al., 2017b), permission not required.
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As per previous studies utilizing drug interventions, this study highlights the necessity of
using a placebo time control trial for proper interpretation (Peebles et al., 2012). Much like
a previous study by Peebles and colleagues if we had not had a placebo trial it would have
led to the erroneous conclusion that theophylline, while not affecting overall reactivity,
diminishes the influences of MAP on CBF in hypoxia. However, while speculative, given
the similar lack of correlation between MAP and CBF variables following placebo (Figure
3.4), it appears that this may be a result of repeated within day exposure to hypoxia, or a
time of day effect as the pre versus post trials were separated by six hours. In other words,
that the placebo and theophylline trial showed the same change in the MAP and CBF
relationship indicates this is not an adenosine related change. As CBF reactivity to hypoxia
was not different, in the presence or absence of a correlation with MAP, suggests indirectly
that MAP did not appreciably influence CBF in the present study i.e., correlation does not
reflect causation. This finding is noteworthy as reductions in resting MAP or the MAP
response during hypercapnia results in a blunting of CBF reactivity to CO2 (Harper & Glass,
1965b; Ainslie et al., 2012); thus, it seems plausible that the influence of MAP on CBF
differs depending on the prevailing blood gas stimulus.
3.3.2 CEREBRAL BLOOD FLOW AND NORMOBARIC HYPOXIA

At sea-level, there is conflicting evidence regarding hypoxic vasodilation of the extracranial cerebral arteries (ICA & VA) (Willie et al., 2012; Ogoh et al., 2013b; Lewis et al.,
2014b). Our study supports previous work (Willie et al., 2012; Subudhi et al., 2014b; Lewis
et al., 2014b) demonstrating vasodilation of the VA during hypoxia, although this has not
been consistently reported (Ogoh et al., 2013b). Differences in methodological and
analytical factors may explain these differences. For example, in the study by Ogoh et al.,
manual measurements of vessel diameter were used to detect hypoxic vasodilation, whereas
automated edge-detection software was used in the current study and our previous work
(Willie et al., 2012; Lewis et al., 2014b). Our automated edge-detection software, which
has been validated using phantom models (Woodman et al., 2001), possess a lower intraobserver error than manual caliper measurements of arterial diameter (Woodman et al.,
2001; Thomas et al., 2015). Moreover, we observed hypoxic vasodilation of the ICA, the
occurrence of which there is similarly both support for (Lewis et al., 2014b) and against
(Willie et al., 2012; Ogoh et al., 2013b; Subudhi et al., 2014b). This study is the first to
report ICA vasodilation during normobaric isocapnic hypoxia.
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Contrary to previous studies investigating cerebral vascular reactivity to isocapnic hypoxia
(Willie et al., 2012), we report no difference in anterior vs. posterior relative (%) reactivity.
As approximately 25-40% of the increase in QICA and QVA may be attributable to
vasodilation (Figure 3.2), the regional differences observed by Willie et al., 2012 may be
due to a failure to detect ICA vasodilation in the face of VA vasodilation (Willie et al.,
2012). In addition to the small sample size (n=7 for ICA), and a prolonged stage of hypoxia
(15-minutes), a technical consideration is the quality of the ultrasound used by Willie et al.,
2012 (Terason t3000) versus that used in the present study (Terason t3200). For example,
advances in spatial resolution of other imaging techniques (i.e., MRI) have produced new
insight into vascular control during alterations in arterial blood gases [reviewed in:
(Hoiland & Ainslie, 2016a)]. We feel technical, not physiological, differences between
studies may have precluded the ability to detect small, yet significant, changes in ICA
diameter and lead to between study differences. Further, vasodilation of the ICA is
consistent with downstream increases in MCA diameter that have been demonstrated with
both MRI (Wilson et al., 2011; Sagoo et al., 2016) and transcranial color coded ultrasound
(Wilson et al., 2011; Imray et al., 2014), indicating vasodilation to hypoxia throughout the
cerebrovascular tree. Despite no differences between posterior and anterior reactivity, it is
important to note there still exists a heterogeneous reactivity among specific brain regions
(Binks et al., 2008). While increases in CBF act to maintain CDO2 in the face of arterial
hypoxemia [reviewed in: (Hoiland et al., 2016a)], our calculation of eCDO2 indicates that
adequate CDO2 was likely maintained during isocapnic hypoxia, and is not dependent on
an adenosine receptor dependent signaling pathway.

Despite a lower CBF during hypoxia in the theophylline trial, our data still provides
evidence that cerebral vasodilation is unaltered by adenosine receptor antagonism. The
lower CBF can be attributed to the lower PETCO2 throughout the theophylline trial, as
evidenced by the lack of difference between trials once CBF is mathematically corrected
for the difference in PETCO2 using standard volumetric reactivity values. Further, indicating
unaltered vascular responsiveness, the reactivity slopes of QICA, QVA, and gCBF were not
different pre versus post theophylline. While our experimental design allowed for the
quantification of extra-cranial cerebral artery vasodilation, which was unaltered (Table
3.2), the unaltered gCBF provides indirect evidence that adenosine receptor dependent
signaling also has no effect on downstream resistance vessels (e.g., pial vessels). The lack

149

of effect of theophylline is highlighted by the tight overlap of CBF during hypoxia preversus post-theophylline (Figure 3.3).
3.3.3 CEREBRAL BLOOD FLOW AND HYPOBARIC HYPOXIA

Measurements of CBF at HA have consistently demonstrated that CBF increases to an
extent that compensates for the reductions in CaO2 (or SaO2) to maintain CDO2 [reviewed
in: (Ainslie & Subudhi, 2014; Hoiland et al., 2016a)]. Our calculations provide indirect
evidence of adequate maintenance of CDO2 and further demonstrate that maintenance of
CDO2 at HA is not dependent on adenosine receptor dependent signaling (Table 3.3).
Given that hemoglobin concentration is likely unaltered (Severinghaus et al., 1966b) or
even slightly increased (Subudhi et al., 2014b) within 8 hours following rapid ascent to
HA, an unaltered CBF and SaO2 in the face of adenosine receptor antagonism provides
compelling evidence, albeit inferential, that CDO2 is commensurately unaltered. Despite
no main effect of O2 (i.e., HA) on QICA, contrary to previous study showing increased QICA
upon ascent to HA (Subudhi et al., 2014b), the maintenance of eCDO2 (i.e., global delivery)
indicates adequate responsiveness of the cerebral vasculature as a whole to the hypoxic
stimulus. No change in QICA may simply reflect the lower hypoxic stimulus (3800m, SaO2
~87%) in the present study versus that of Subudhi et al., (5260m, SaO2 ~76%). In keeping,
QICA was only modestly elevated at 90%SaO2 in the sea level theophylline trials and did not
significantly increase until SaO2 dropped to 80% in the sea-level placebo trials (Table 3.2);
therefore, it is perhaps not surprising that QICA was not statistically elevated at HA where
the relatively mild hypoxic stimulus (87% SaO2) is occurring simultaneous to moderate
hypocapnia (PETCO2 ≈ 32-34mmHg). The latter response, which acts to constrict the
cerebral vessels, likely balanced with the vasodilatory influence of the mild hypoxic
stimulus to produce no overall change in diameter. However, given the small sample size
(n=6) in each group for the HA data, it is important to interpret these data judiciously and
consider them more exploratory than confirmatory. Power calculations indicate that given
the change in CBF observed a sample size of n=12 in each group would be necessary to
observe a significant difference with a power of 0.80. Therefore, further study using a larger
sample size is needed to make firm conclusions regarding adenosine receptor antagonism
and CBF regulation at HA.
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3.3.4 ACUTE MOUNTAIN SICKNESS

Theophylline has been demonstrated to reduce AMS symptoms at 3454m (Fischer et al.,
2000) and 4559m (Kupper et al., 2008), which was speculated to be due to a reduction in
gCBF (Fischer et al., 2000). However, given the speculative role of gCBF in the
pathogenesis of AMS (Ainslie & Subudhi, 2014; Sagoo et al., 2016) we aimed to
concurrently assessed AMS and CBF following theophylline treatment at HA (3800m).
Contrary to previous study (Fischer et al., 2000; Kupper et al., 2008) we demonstrate no
effect of theophylline on AMS scores when end-tidal gases were matched; however, this
(end-tidal clamping) is not reflective of normal physiology upon sojourn to HA. Indeed,
CBF did not increase following theophylline, despite seemingly, although not statistically,
increasing (+20%) in the placebo trial, under poikilocapnic (natural) conditions. Therefore,
as there was no difference when end-tidals were matched, it seems that theophylline may
act indirectly via hyperventilation-induced hypocapnia (not adenosine receptor
antagonism) to reduce CBF. While AMS was not statistically different between the placebo
and theophylline group, it was 48% lower (concomitant to a tendency for lower gCBF).
These differences in CBF and AMS following theophylline, if confirmed in a larger sample
size, may be meaningful despite the lack of significance (note, n=6 in each group). For
example, at a power of 0.8, a sample size of n=12 would be required for each group to
detect a statistical difference when CBF increases to the magnitude observed in the present
study. Therefore, although not through a direct effect on the vasculature, theophylline may
indeed be prophylactic in treating AMS by causing hyperventilation-induced hypocapnia
and consequent reductions in CBF via vasoconstriction. This finding provides preliminary
data that CBF is potentially implicated in previously observed theophylline induced
reductions in AMS (Fischer et al., 2000). However, the effect of theophylline on AMS may
simply also be attributable to other factors such as an elevated resting SaO2 (Fischer et al.,
2000). Collectively, given the small sample size for both AMS and CBF it is difficult to
draw firm conclusions from the current study. Further research is needed to determine if
CBF regulation and/or improved oxygenation due to hyperventilation is related to potential
benefits of theophylline on AMS severity.
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3.3.5 METHODOLOGICAL CONSIDERATIONS

In the present study, SaO2 and CaO2 were estimated from PETO2 and normative values for
hemoglobin. With direct measures of PaO2 occuring in the following study (see section
Erythrocyte mediated hypoxic cerebral vasodilation in humans) it is important to consider
the agreement between our calculated versus experimentally measured variables. As
depicted in Figure 3.5, there is a mean bias where measured SaO2 is lower than estimated
SaO2 when determined from the Severinghaus equation (Severinghaus, 1979a). This
indicates subjects may have been slightly more hypoxic then reported with our estimations
in the current study. However, what is important to note is that this difference would persist
between trials and not introduce error related to the comparison of the hypoxic stimulus
between each condition. In other words, this would lead to a systematic error, not random
error, and therefore, not influence our primary findings.
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Figure 3.5. Agreement between measured and calculated arterial
oxygen saturation.
The above figure is a bland altman plot of data from Study 2 of this thesis.
Here, measured arterial oxygen saturation (SaO2) and estimated arterial
oxygen saturation (eSaO2) are depicted. The black dashed line indicates
zero on the Y-axis, whereas the solid black line indicates mean bias,
which was -0.85 in this case. This indicates that arterial SaO2 is lower
than eSaO2 when estimated using the severinhaus equation
(Severinghaus, 1979a). The lower and upper limits of agreement are
plotted as red lines.
3.4

S TUDY 1 -

SUMMARY

We demonstrated that the ICA and VA dilate during isocapnic hypoxia at sea-level and that
this vascular response to hypoxia is unaltered by adenosine receptor dependent signaling.
Contrary to previous studies we demonstrate that anterior and posterior reactivity, indexed
by QICA and QVA respectively, does not differ during hypoxia. We extend these findings to
highlight that theophylline does not affect regional reactivity in a differential manner.
Following rapid ascent to HA, CBF is unaltered by theophylline when arterial blood gases
are controlled. Collectively, our sea-level and HA data indicate that adenosine receptor
dependent signaling is not obligatory for cerebral vasodilation during hypoxia.
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4

ERYTHROCYTE MEDIATED HYPOXIC CEREBRAL VASODILATION IN
HUMANS

In humans, reductions in CaO2 initiate a signaling cascade that increases CBF to maintain
CDO2 (Ainslie et al., 2014; Hoiland et al., 2016a). Human research aimed at determining
these signaling pathways is sparse, and difficult to conduct due to the invasive nature of
mechanistic studies and the usual necessity of pharmacological blockade. Currently, there
is evidence that neither adenosine (Bowton et al., 1988; Nishimura et al., 1993; Hoiland et
al., 2017b), PGs (Fan et al., 2011; Hoiland et al., 2015; Peltonen et al., 2015) or SNA
(Lewis et al., 2014b) play an obligatory role in human hypoxic cerebral vasodilation.
However, there is some data supporting the notion that NO mediates hypoxic cerebral
vasodilation (Van Mil et al., 2002b; Peebles et al., 2008), although this has not been
consistently demonstrated (Ide et al., 2007).

In agreement with the idea that NO may regulate hypoxic cerebral vasodilation in humans,
a large body of research has now implicated erythrocyte mediated signal transduction as a
primary regulator of systemic (e.g., forearm) hypoxic vasodilation (Gladwin et al., 2006;
Ellsworth et al., 2009; Doctor & Stamler, 2011). These results have also been extended to
vasodilation in the cerebral circulation of rats (Jia et al., 1996; Stamler et al., 1997b). This
is in agreement with a multitude of pharmacological blockade studies in animals
demonstrating reduced hypoxic cerebral vasodilation following NOS inhibition [reviewed
in: (Hoiland et al., 2016a)]. This role of NO is hypothesized to be attributable to one of
three erythrocyte dependent pathways: 1) deoxyhemoglobin mediated release of ATP
(Ellsworth et al., 1995), 2) deoxyhemoglobin mediated release of SNO-Hb) (Stamler et al.,
1997b), and 3) NO2 reduction to bioactive NO species by deoxyhemoglobin (Gladwin et
al., 2006). All three of these processes have been studied extensively, and ultimately hinge
on the R-state to T-state allosteric shift associated with the desaturation of hemoglobin
(Stamler et al., 1997b; Jagger et al., 2001; Huang et al., 2005).

Differential reactivity between hypoxemia and hemodilution in humans has been
speculated to indicate an important role of the erythrocyte in hypoxic cerebral vasodilation
[reviewed in: (Hoiland et al., 2016a)]. However, a comparison between hypoxemia and
hemodilution has yet to be conducted within-subjects. Further, in healthy humans, the role
of biological variability in resting [Hb] on the magnitude of hypoxic cerebral vasodilation
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has yet to be explored. Indeed, if the red blood cell is integral to hypoxic vasodilation, one
may expect differences in [Hb] between individuals to confer variations in vasodilation to
a hypoxic stimulus that would be reflected in a relationship between [Hb] and
cerebrovascular reactivity to hypoxia. Therefore, the two primary purposes of this study
were to: 1) assess hypoxic cerebrovascular reactivity to hypoxia during experimental
hypoxemia and hemodilution; 2) determine if experimental manipulations of [Hb] as well
as biological variability in resting [Hb] are related to the magnitude of hypoxic cerebral
vasodilation. It was hypothesized that, 1) compared to hypoxemia, the CBF response to
hemodilution would be attenuated; 2) Experimental within subject reductions in [Hb]
would be reflected in an attenuated hypoxic reactivity, with the same relationship between
[Hb] and reactivity occurring between subjects as a result of natural biological variability
in resting [Hb].
4.1

S TUDY 2 - M ETHODS

Following an outline of the experimental measures, two separate protocols will be
described. The first protocol addresses purpose 1 of the study by comparing the CBF
response to hypoxemia with that of hemodilution. The first protocol also addresses purpose
2 using a within subjects design, where the influence of [Hb] on hypoxic reactivity to
hypoxemia is assessed. Ten young healthy male participants were recruited to partake in
the first protocol (Age: 29±7 years; body mass index: 23±2 Kg · m-2).

The second protocol addresses purpose 2 of the study by assessing the relationship between
[Hb] and hypoxic reactivity in a large subject sample. Therefore, between subject
differences in [Hb] and hypoxic reactivity were determined. A data repository that
contained data on 199 young healthy subjects was analyzed for this study (Age: 26±6 years;
body mass index: 24±3).

All participants were engaged in a conversation on the experimental protocol and
associated risks. Informed consent was then obtained in writing. This study adhered to the
standards outlined in Declaration of Helsinki and the Canadian Tri-council Policy
Statement for Integrity in Research and was approved by the University of British
Columbia Clinical Research Ethics Board (CREB ID: H16-01028; H18-01755).
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4.1.1 PROTOCOL ONE

4.1.1.1 PROTOCOL ONE - EXPERIMENTAL MEASURES
Cardiovascular and cerebrovascular measures were conducted as outlined previously in
Study 1 (e.g., MAP, SV, CO & TPR determined from the Finometer). Further, the same
end-tidal forcing apparatus was utilized to target specific blood gas values. Measurements
unique to this study are outlined below.

4.1.1.1.1 ARTERIAL AND VENOUS CANNULATION

Using sterile technique, a 20G arterial catheter (Arrow, Markham, ON) was advanced into
the left radial artery under local anesthesia (Lidocaine, 1.0%) (Figure 4.1). This technique
was assisted via the use of ultrasound guidance. Subsequently, a 13G central venous
catheter (Cook Medical, Bloomington, IN) was advanced into the right internal jugular
vein, again under sterile conditions and with the use of local anesthesia and ultrasound
guidance (Figure 4.1). The catheter was then advanced up to 15 cm cephalad (Schell &
Cole, 2000). This technique has been previously demonstrated to lead to catheter tip
placement in the jugular bulb, which is importantly proximal to the facial vein (Ainslie et
al., 2014). Further, correct placement was additionally determined by participants noting a
sensation in their ear upon full insertion of the catheter (Schell & Cole, 2000). Fulfilment
of these techniques leads to ≤3% contamination by extra-cerebral blood (Schell & Cole,
2000). Finally, an 18G venous catheter (InsyteTM AutoguardTM, Becton Dickinson, USA)
was inserted into the median ante-cubital vein.

The radial arterial and jugular venous catheters were both attached to an in-line and wasteless sampling system (VAMP system, Edwards Life Sciences). This allows for serial blood
sampling (see section “Protocol one – experimental overview”) and the continuous
measurement of radial arterial and jugular venous blood pressure (Truwave Transducer,
Edwards Life Sciences).
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Figure 4.1. Radial artery and internal jugular vein catheters.
The radial artery catheter is displayed in the left panel, while the internal
jugular vein catheter is depicted in the right panel. Notably, the catheter
tip is advanced to the jugular bulb as indicated in the X-ray image. IJV,
internal jugular vein.
4.1.1.1.2 ARTERIAL-VENOUS BLOOD ANALYSES
At each stage of hypoxia (see section “Protocol one – experimental overview”) ~1.0mL of
radial arterial and jugular venous blood were simultaneously drawn into pre-heparinized
syringes (SafePICO, Radiometer, Copenhagen, Denmark) and analyzed immediately using
a commercial blood gas analyzer (ABL90 FLEX, Radiometer). This analysis included
measurement of PaO2, PaCO2, SaO2, CaO2, pH, [H+], [HCO3-], [Hb] and HCT. Jugular
venous blood was also analyzed for whole blood viscosity. Venous blood was drawn into
a Lithium Heparin Vacutainer® (Becton Dickinson, USA). Blood viscosity was measured
within 15 minutes of blood sample acquisition at a shear rate of 225 s-1 at 37.0°C with a
cone-and-plate viscometer (Model DV2T, Brookfield, USA).

4.1.1.2 PROTOCOL ONE – EXPERIMENTAL OVERVIEW
Participants arrived to laboratory having abstained from alcohol, caffeine and exercise for
24 hours, were fasted for 4 hours, but drank water ad libitum. Further instructions were
given to avoid food/drink high in antioxidants (e.g., orange juice, vitamin supplements) 24
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hours prior to arrival to the laboratory. Half the participants began the protocol at 0600 h
and the other half at 1300 h.

Upon arrival, participants assumed the supine position and were instrumented with the
radial arterial, jugular venous, and ante-cubital venous catheters. Twenty minutes was
provided for subjects to rest following cannulation, at which time the rest of the
experimental set-up was performed (e.g., TCD and Finometer).

The order of experiments is depicted in Figure 4.2 and outlined below. Following
instrumentation and 5 min of baseline measurements (HR, MAP, VE, MCAv, PCAv, QICA,
QVA, PETO2, and PETCO2, and blood gases etc.) the participant completed an isocapnic
hypoxemia test. Participants breathed simulated room air (e.g., PETO2 and PETCO2 were
~100 mmHg and 40 mmHg, respectively) on the end-tidal forcing system for a 5-min period
before commencing three sequential hypoxic stages. To achieve the target SaO2 values of
90, 80, and 70%, PETO2 was lowered in three sequential steps to 60, 48, and 43 mmHg,
with each stage lasting 5 min once steady state was reached. These PETO2 values were
predicted to achieve the desired SaO2 values by accounting for the known end-tidal-toarterial gradient with our breathing apparatus (Tymko et al., 2015) and the known
relationship between PaO2 and SaO2 (Severinghaus, 1979a).

Prediction of PaO2 from PETO2 (Tymko et al., 2015):

PaO2 = -6.024 + (0.986 · PETO2)
R2 = 0.94; P < 0.001

Prediction of SaO2 from estimated PaO2 value (Severinghaus, 1979a):
SaO2 = (((PaO23 + 150 ·PaO2)-1 ·23400) + 1)-1

Following the last stage of end-tidal forcing, participants returned to breathing room air.
Measurements of QICA, QVA, and radial arterial and jugular venous blood samples were
made at baseline and each stage of isocapnic hypoxemia.
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Following the first isocapnic hypoxemia test, the isovolumic hemodilution was initiated.
Whole blood was transferred into an Anticoagulant Citrate Phosphate Dextrose Solution
BLOOD-PACKTM (4R0012MC, Fenwal, USA) through a plasma transfer kit (4C2240,
Fenwal, USA) to collect up to 450mL of whole blood per BLOOD-PACK for short term
storage. This blood was stored at room temperature on an orbital agitator.

The hemodilution protocol was conducted in two stages aimed at removing/replacing blood
in 10% increments (i.e., 10% of whole blood volume). Thus approximately 10% of whole
blood was removed and then replaced with an equal volume of 5% human serum albumin
(Alburex 5%). Adequate hemodilution (±1% of target) was confirmed with an arterial [Hb]
measurement. Subsequently, end-tidal forcing was utilized to return end-tidal gases to
normal resting values, in the event that any respiratory changes and end-tidal gas deviations
had occurred during hemodilution. Here, an ICA and VA measurement were conducted
simultaneous to a radial arterial and jugular venous blood sample. The first stage of blood
removal took 27±7 minutes, while replacement with albumin took 15±3 minutes. The time
lapse between completion of the first hemodilution stage and subsequent measurements
was 14±7 minutes. The second stage of blood removal took 26±6 minutes, while blood
replacement with albumin took 14±5 minutes. Finally, measurements commenced again
28±15 minutes following the second stage of hemodilution. These two stages of
hemodilution were designed to match the hypoxemic stimulus at 90% and 80% SaO2.

Following hemodilution a second hypoxemic trial was conducted. Here, as done prior to
hemodilution, the participant completed an isocapnic hypoxemia test. Target SaO2 values
were 90, 80 & 70% and each stage lasted for 5-minutes following steady-state conditions.
Following completion of the entire protocol, each subjects’ blood was re-infused using a
blood component recipient set (Fenwal, 4C2160).
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Figure 4.2. Hypoxemia and hemodilution experimental overview.
Moving left to right, hypoxemia was first performed prior to our
hemodilution intervention. Hypoxemia was isocapnic, with each stage
lasting 5-minutes once steady state was reached. Targeted SaO2 values of
90, 80, and 70% SaO2. The second protocol was hemodilution, where in
two separate steps, 10% of blood volume was removed and replaced with
5% human serum albumin for a total of 20% dilution (hemoglobin values
noted in the blue bars). Finally, the post hemodilution hypoxemia trial
was performed. As noted by the shorter bars (green bars) subjects began
this protocol at a lower arterial oxygen content (CaO2) due to the previous
hemodilution stage.

4.1.1.3 PROTOCOL ONE - CALCULATIONS
While intrinsic to the blood gas analyzer, CaO2 was calculated as per Equation 2.9. The
CDO2 was calculated as the product of gCBF and CaO2 as per Equation 2.10. To calculate
CPP, jugular venous pressure was used as a surrogate of ICP (i.e., CPP = MAP – Jugular
venous pressure).

4.1.1.4 PROTOCOL ONE - STATISTICAL ANALYSES
To address the first hypothesis, CBF during the initial hypoxemic stimulus and CBF during
hemodilution were compared. As only a 20% reduction in CaO2 could be achieved with
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hemodilution, only the first and second stage of hypoxemia (i.e., stage 1,~ 90% SaO2; stage
2, ~80% SaO2) were compared to hemodilution (i.e., stage 1, 10% blood volume removal;
stage 2, 20% blood volume removal). Data from these two trials were compared using a
repeated measures ANOVA (factors: trial and stage). Sphericity was assessed using
Mauchly’s test. When data significantly deviated from sphericity, the Greenhouse-Geisser
correction was used. If a significant interaction was detected, bonferroni corrected post-hoc
tests were utilized for pairwise comparisons.

As the hypoxic stimulus varied between hypoxemia and hemodilution (see section Study 2
- results), CBF responses were analyzed using linear regression analysis. This allowed for
the determination of the slope (i.e. reactivity) and comparison of CBF responses without
the confounding influence of a variable stimulus. Reactivity slopes were compared using
paired t-tests.

To address the second hypothesis, CBF during initial hypoxemic stimulus (hypoxemia pre)
and CBF during the second hypoxemic stimulus (hypoxemia post) were compared. These
responses were compared across the entire isocapnic hypoxia trial (rest, 90, 80, 70%). Data
from these two trials were compared using a repeated measures ANOVA (factors: Trial and
stage). Sphericity was tested using Mauchly’s test. When data significantly deviated from
sphericity, the Greenhouse-Geisser correction was used. If a significant interaction was
detected, bonferroni corrected post-hoc tests were utilized for pairwise comparisons.

To compare the gCBF response across all three trials, cerebrovascular reactivity to hypoxia
was analyzed using linear mixed effects modelling. This method has been previously
described, and possesses greater statistical power than conducting t-tests between
individual subject reactivity slopes (Atkinson et al., 2011). Fixed effects were CaO2, the
experimental trial (hypoxemia pre, hemodilution, hypoxemia post), with trial and subject
included as random effects with random intercepts. This model was tested against the same
model, but with CPP included as a co-variate. Inclusion of CPP significantly improved the
model (-2 log likelihood of 1286.76 versus 1293.72; Chi-Sq P=0.008). Thus, CPP was
accounted for as a co-variate in our analyses of CBF reactivity. Residuals were examined
for parity to normality. For all statistical tests, significance was set at an alpha level of
α=0.05.
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4.1.2 PROTOCOL TWO

Data were analyzed from a repository made available through a collaboration with Duke
University (Durham, NC, USA). The data repository analyzed for this study consisted of
nine separate experiments conducted between 2004 and 2016. Each study consisted of an
isocapnic hypoxemia test to 70% SaO2, although given the different experiments the data
are derived from, the number of stages was variable ranging from four to seven stages. The
hypoxemia tests were conducted using the RespirActTM (Thornhill Medical, Toronto)
(Slessarev et al., 2007).

Subjects underwent the previously described radial arterial and jugular venous cannulation
(see section “Arterial and venous cannulation”). This blood was analyzed as previously
described (see section “Arterial-venous blood analyses”). Trans-cerebral blood draws were
acquired serially at each stage of hypoxemia. However, in contrast to protocol one, CBF
was not measured using ultrasound. Percent changes in CBF were determined as follows:

Based upon the Fick equation (Equation 2.11), CMRO2 is the product of CBF and the
arterio-venous difference of oxygen (AvDO2). Therefore, CBF is the quotient of CMRO2
and the AvDO2. As CMRO2 is constant in hypoxia (Ainslie et al., 2014) CBF is inversely
proportional to AvDO2 and percent reductions in AvDO2 with hypoxia indicate percent
increases in CBF (see Figure 4.3).
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Figure 4.3. Formalism for the calculation of changes in cerebral
blood flow from arterial and jugular venous blood samples.
The above formalism was utilized to calculate changes in cerebral blood
flow from changes in the cerebral arterial venous difference of oxygen
using the principles of the Fick equation. Note data exists to suggest
CMRO2 is not constant during hypoxia as well (Vestergaard et al., 2015),
albeit with the use of differing methodology (MRI).
As noted, the number of hypoxemic stages was variable; however, given the CBF response
in this range of hypoxemia is linear (Table 3.4), reactivities (i.e. slope responses) are
comparable across all experiments included. Therefore, hypoxemic reactivity was
calculated as the slope of the linear regression between percent changes in CBF and
reductions in CaO2 [i.e., %ΔCBF · ΔCaO2 (mL/dL)].

4.1.2.1 PROTOCOL TWO - STATISTICAL ANALYSES
Prior to further data and statistical analyses, this data repository was scrutinized for data
quality control purposes. The following data exclusion criteria were used:

1) Data were excluded if one or more of the primary parameters for analysis (CaO2,
CjvO2, & [Hb]) were missing;
2) If the participant terminated the isocapnic protocol prior to reaching 70% SaO2;
3) If the relationship between CBF and CaO2 was not linear (R2 <0.7 arbitrary cutoff);
4) If there was a PaCO2 deviation of ≥3mmHg during any stage.

This resulted in the exclusion of 65 participants and a sample size of 134 (79 male, 55
female).
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The relationship between resting [Hb] and hypoxic reactivity was assessed using Pearson r
correlations. Males and females were also analyzed separately. Here, reactivity was again
related to [Hb] with Pearson r correlations. Further, baseline variables and reactivity were
compared between males and females using unpaired t-tests. Significance was determined
a priori as an alpha level of α=0.05.
4.2

S TUDY 2 -

RESULTS

4.2.1 RESULTS – PROTOCOL ONE

4.2.1.1 HYPOXEMIA VERSUS HEMODILUTION
Arterial blood data are presented in Table 4.1. Notably, CaO2 was reduced during
hypoxemia and hemodilution; however, the reduction in CaO2 during hemodilution was
slightly greater than hypoxemia for the corresponding first (P<0.01) and second (P<0.01)
stages of the protocol (e.g. 90% SaO2 vs. 10% blood volume removal). Hypoxemia reduced
CaO2 due to a reduction in PaO2 and SaO2 at each stage (P<0.01 for all), whereas
hemodilution reduced CaO2 due to a reduction in [Hb] and HCT at each stage (P<0.01 for
all) (Figure 4.4). Arterial pH was lower during each stage of hemodilution compared to
hypoxemia (P<0.01 for both stages) owing to a reduced [HCO3-] (P<0.01 for both stages).
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Table 4.1. Radial arterial blood data during hypoxemia and hemodilution.
Hypoxemia

PaO2

Baseline

90% SaO2

80% SaO2

Baseline

10% removal

20% removal

93.3±4.0

59.2±1.7*

46.8±1.8*

93.3±4.0

94.6±5.5†

92.4±4.4†

(mmHg)

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

97.6±0.4

SaO2

Hemodilution

90.8±0.8*

(%)

82.7±1.6*

97.6±0.4

97.7±0.5†

97.6±0.4†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

19.3±1.1

CaO2

18.0±0.9*

(mL·dL-

16.5±1.0*

19.3±1.1

17.3±0.8*†

15.4±0.7*†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

1)

14.2±0.9

[Hb]

14.3±0.8

(g·dL-1)

14.4±0.8*

14.2±0.9

12.7±0.6*†

11.3±0.5*†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

43.5±2.6

HCT

43.7±2.5*

(%)

44.1±2.6*

43.5±2.6

38.9±1.8*†

34.6±1.7*†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

41.9±1.9

PaCO2

41.6±2.1

(mmHg)
-

[HCO3

41.8±2.0

41.9±1.9

41.3±2.1

41.5±1.6

Trial, P=0.20; Stage, P=0.05; Interaction, P=0.47

25.6±0.9

25.7±1.1

25.8±1.0*

25.6±0.9

24.7±1.0*†

24.5±0.8*†

]
(mmol·L

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

-1)

pH

7.394±0.01

7.400±0.018

7.400±0.018

7.394±0.01

7.386±0.017*

7.379±0.016*

9

*

*

9

†

†

Trial, P<0.01; Stage, P=0.04; Interaction, P<0.01

[H+]
(nmol·L-

40.4±1.7

39.9±1.7*

39.9±1.6

40.4±1.7

41.2±1.7*†

41.8±1.6*†

Trial, P<0.01; Stage, P=0.04; Interaction, P<0.01

1)

*indicates a change from baseline, P<0.05; † indicates a difference between hypoxemia
and hemodilution for corresponding stages, P<0.05.
Jugular venous blood gas data are presented in Table 4.2. Hypoxemia led to a greater
reduction in PjvO2 during stage 1 (P<0.01) and stage 2 (P<0.01) compared to hemodilution.
This was reflected in a similarly lower SjvO2 during each stage of hypoxemia compared to
hemodilution (P<0.01 for each stage) (Figure 4.4).
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Table 4.2. Jugular venous blood data during hypoxemia and hemodilution.
Hypoxemia

PjvO2

Baseline

90% SaO2

80% SaO2

Baseline

10% removal

20% removal

37.0±2.7

33.8±2.6*

31.6±2.3*

37.0±2.7

37.0±2.5†

37.1±2.2†

(mmHg)

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

66.5±4.5

SjvO2

Hemodilution

61.4±47*

(%)

57.4±4.3*

66.5±4.5

65.9±4.3†

66.3±3.9†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

13.0±1.3

CjvO2

12.1±1.3*

(mL·dL-1)

PjvCO2
[HCO3 ]

51.6±1.3

11.5±1.0*†

10.3±0.7*†

50.6±1.4*

49.3±1.4*

51.6±1.3

50.6±1.2*

49.9±1.6*†

Trial, P=0.06; Stage, P<0.01; Interaction, P=0.04

28.4±0.7

(mmol·L-1)

pH

13.0±1.3

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

(mmHg)
-

11.3±1.3*

28.4±0.7

28.1±0.6*

28.4±0.7

27.3±0.7*†

26.6±0.7*†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

7.348±0.015

7.358±0.014*

7.364±0.015*

7.348±0.015

7.340±0.014*†

7.336±0.014*†

Trial, P<0.01; Stage, P=0.50; Interaction, P<0.01

[H+]
(nmol·L-1)

44.9±1.6

43.9±1.4*

43.3±1.5*

40.4±1.7

41.2±1.7*†

41.8±1.6*†

Trial, P<0.01; Stage, P=0.59; Interaction, P<0.01

*indicates a change from baseline, P<0.05; † indicates a difference between hypoxemia
and hemodilution for corresponding stages, P<0.05.
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Figure 4.4. Key blood parameters from the hypoxemia pre and
hemodilution trials.
The hypoxemia trial lead to progressive reductions in arterial
oxyhemoglobin saturation (SaO2) and the partial pressure of oxygen
(PaO2), whereas these parameters were unaltered during hemodilution.
However, hemodilution reduced hemoglobin concentration [Hb]. Overall
both trial lead to a reduction in arterial oxygen content (CaO2), although
CaO2 was lower at each corresponding level of hemodilution compared
to hypoxemia. BV, blood volume. *indicates a change from baseline,
P<0.05; † indicates a difference between hypoxemia and hemodilution
for corresponding stages, P<0.05.
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4.2.1.1.1 CARDIOVASCULAR DATA

Cardiovascular data are presented in Table 4.3. MAP was unchanged across each trial,
which coupled with no changes in jugular venous blood pressure, produced no changes in
CPP. Heart rate was elevated during hypoxemia at each stage, but was unaltered during
hemodilution. Estimated cardiac output (Finometer) increased in stage 2 of hypoxemia
(P=0.02), but did not change during hemodilution. Hypoxemia reduced TPR in stage 1
(P=0.03) and stage 2 (P=0.02); however, TPR was unaltered by hemodilution.

Table 4.3. Cardiovascular data during hypoxemia and hemodilution.
Hypoxemia

HR

Baseline

90% SaO2

80% SaO2

Baseline

10% removal

20% removal

61.6±11.8

71.0±11.6*

80.0±11.0*

61.6±11.8

63.9±12.0†

64.6±10.3†

(bpm)

Radial BP

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

99.2±5.6

100.9±7.5

(mmHg)

Jugular BP

6.7±1.8

7.0±1.7

92.5±4.5

(mmHg/L/min)

97.8±5.1

96.9±4.5

6.7±1.8

6.4±1.4†

6.5±1.5

95.8±9.4

92.5±4.5

91.4±5.7

90.4±4.7

Trial, P=0.11; Stage, P=0.84; Interaction, P=0.11

106.4±9.7

107.2±8.2

107.7±9.3

106.4±9.7

103.0±7.6

115.5±17.1

Trial, P=0.41; Stage, P=0.08; Interaction, P=0.05

6.6±1.4

(L/min)

TPR

7.1±1.8

94.0±6.4

(mL)

CO

99.2±5.6

Trial, P=0.05; Stage, P=0.83; Interaction, P=0.11

(mmHg)

SV

103.0±10.3

Trial, P=0.09; Stage, P=0.78; Interaction, P=0.07

(mmHg)

CPP

Hemodilution

7.7±1.2

8.7±0.9*

6.6±1.4

6.7±1.4

7.5±1.4†

Trial, P=0.32; Stage, P=0.01; Interaction, P=0.27

16.1±5.1

13.7±3.0*

12.1±2.0*

16.1±5.1

15.4±3.8†

13.5±2.6†

Trial, P<0.01; Stage, P<0.01; Interaction, P=0.01

*indicates increase from baseline, P<0.05; † indicates a difference between hypoxemia and
hemodilution for corresponding stages, P<0.05.
4.2.1.1.2 CEREBROVASCULAR RESPONSES

Cerebrovascular data during hypoxemia and hemodilution are presented in Table 4.4.
Hypoxemia and hemodilution increased QICA at each stage (P<0.01 for all stages), with
QICA elevated to a greater extent in the second stage of hypoxemia than hemodilution
(P=0.02). This response was due to a differential response of ICA diameter, which was
unaltered in hypoxemia, but decreased in hemodilution (P=0.02 for stage 1 & P=0.04 for
stage 2). Hypoxemia and hemodilution elicited a similar QVA response, which was
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increased at stage 2 (main effect, P<0.01), while gCBF was increased during both stages of
hypoxemia (P<0.01 for both stages) and hemodilution (P<0.01 for both stages). These
blood flow responses lead to a maintenance of CDO2 during hypoxemia where CDO2 was
in fact elevated in stage 2 (P=0.04); however, in contrast, the blood flow response during
hemodilution was not adequate enough to maintain CDO2, leading to a 4.8±4.6% reduction
in CDO2 (P=0.04).
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Table 4.4. Cerebral blood flow during hypoxemia and hemodilution.
Hypoxemia
Baseline

ICAv

43.0±5.8

(cm/s)

ICA diameter

5.39±0.41
297±52
3.20±0.54
57.3±9.9
21.6±5.5
4.11±0.27
86.0±22.5
0.93±2.4
16.6±4.2
765±105
8.27±1.05
148±19
68.0±13.8
42.9±9.1

(dyne/cm2)

377±84*

297±52

338±69*

351±63*†

3.45±0.74*

3.95±0.92*

3.20±0.54

3.72±0.87*

3.89±0.75*

58.3±12.5

62.0±13.8*

57.3±9.9

58.3±10.8

54.0±9.4*†

23.0±5.8*

25.0±5.4*

21.6±5.5

23.7±4.4*

28.0±7.2*

4.15±0.29

4.21±0.29*

4.11±0.27

3.95±0.31*†

3.97±0.25†

94.6±28.0

104.9±27.0*

86.0±22.5

87.6±20.8

105.2±29.6*

1.01±0.29

1.10±0.28*

0.93±2.4

0.96±0.23

1.16±0.32*

16.9±4.7

17.2±4.3

16.6±4.2

15.2±3.6

16.2±4.4

839±145*

963±177*

765±105

851±136*

912±120*

8.92±1.44*

10.09±1.90*

8.27±1.05

9.37±1.80*

10.11±1.42*

150±24

158±29*

148±19

147±20

140±17*†

71.2±16.3

77.3±17.5*

68.0±13.8

71.7±12.6

76.7±12.7*

43.9±9.4

46.9±10.3*

42.9±9.1

48.5±15.8

48.7±15.6*

Trial, P=0.22; Stage, P<0.01; Interaction, P=0.21

11.6±2.1

(dyne/cm2)

VA shear Stress

325±71*

Trial, P=0.97; Stage, P<0.01; Interaction, P=0.83

(cm/s)

ICA shear stress

5.21±0.27*†

Trial, P=0.01; Stage, P=0.78; Interaction, P<0.01

(cm/s)

PCAv

5.24±0.41*†

Trial, P=0.36; Stage, P<0.01; Interaction, P=0.22

(mL/min)

MCAv

5.39±0.41

Trial, P=0.36; Stage, P<0.01; Interaction, P=0.02

(mL/min/mmHg)

CDO2

5.50±0.35

Trial, P=0.14; Stage, P=0.25; Interaction, P=0.27

(mL/min)

gCBF CVC

5.41±0.44

Trial, P=0.85; Stage, P<0.01; Interaction, P=0.37

(mL/min)

gCBF

54.6±8.3*

Trial, P=0.53; Stage, P<0.01; Interaction, P=0.47

(mL/min/mmHg)

VA DO2

52.0±9.5*†

Trial, P<0.01; Stage, P=0.08; Interaction, P<0.01

(mL/min)

VA CVC

removal

Trial, P=0.08; Stage, P<0.01; Interaction, P<0.06

(mm)

QVA

removal

Trial, P=0.03; Stage, P=0.61; Interaction, P<0.01

(cm/s)

VA diameter

20%

Trial, P=0.38; Stage, P<0.01; Interaction, P=0.04

(mL/min)

VAv

43.0±5.8

10%

Trial, P=0.47; Stage, P<0.01; Interaction, P<0.01

(mL/min/mmHg)

ICA DO2

52.3±9.4*

Baseline

Trial, P<0.01; Stage, P=0.29; Interaction, P<0.01

(mL/min)

ICA CVC

46.8±8.1*

80% SaO2

Trial, P<0.01; Stage, P<0.01; Interaction, P=0.01

(mm)

QICA

90% SaO2

Hemodilution

12.2±2.6*

13.4±2.7*

12.0±2.0†

12.6±2.6

11.6±1.7†

Trial, P=0.40; Stage, P=0.02; Interaction, P<0.01

7.3±1.8

7.7±1.6

8.3±1.6*

7.8±1.9†

7.6±1.3

7.8±2.1

Trial, P=0.98; Stage, P=0.05; Interaction, P=0.04

*indicates increase from baseline, P<0.05; † indicates a difference between hypoxemia and
hemodilution for the same reduction in CaO2, P<0.05.
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Given the distinct difference in blood gases at each stage of hypoxemia versus
hemodilution, such as the greater hypoxic stimulus (lower CaO2) at each stage of
hemodilution compared to hypoxemia (Figure 4.4), data were also analyzed as reactivity
slopes to account for the stimulus magnitude.

Reactivity of QICA (P<0.01; Figure 4.5A), ICA CVC (P=0.01; Figure 4.5D), and ICA DO2
(P<0.01; Figure 4.5G) were all reduced in response to hemodilution compared to
hypoxemia. However, reactivity of QVA (P=0.36; Figure 4.5B), VA CVC (P=0.91; Figure
4.5E), and VA DO2 (P=0.28; Figure 4.5F) were unaltered in response to hemodilution.
The collective impact of the ICA and VA responses following hemodilution on gCBF were
as follows: gCBF reactivity was reduced by 38±35% (P<0.01; Figure 4.5C), gCBF CVC
reactivity displayed a mean decrease of 12±42% that was not significant (P=0.07; Figure
4.5F), and gCBF DO2 reactivity decreased by 170±182% (P<0.01) (Figure 4.5I). This
change in gCBF DO2 represented a change from increasing DO2 with progressive
hypoxemia, to decreasing DO2 with hemodilution.

While absolute reactivity of the ICA was greater than that of the VA during hypoxemia (27.8±11.7 vs. -6.3±3.8 mL · min-1 · mL-1 · dL-1; P<0.01) and hemodilution (-13.6±4.9 vs.
-4.6±3.0 mL · min-1 · mL-1 · dL-1; P<0.01), relative percent reactivity was is not different
between vessels during hypoxemia (-9.1±3.5 vs. -7.6±5.0 % · mL-1 · dL-1; P=0.45) or
hemodilution (-4.6±1.6 vs. -5.5±3.2 % · mL-1 · dL-1; P=0.45).
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Figure 4.5. Cerebrovascular reactivity profiles to hypoxemia and hemodilution.
Cerebrovascular reactivity during hypoxemia is denoted by the red bars (mean ± standard deviation) while hemodilution is
denoted by the blue bars. Reactivity slopes for cerebral blood flow (e.g. ΔQICA x ΔCaO2-1) represent the volumetric flow
(mL/min) changes per unit reduction in CaO2 (mL/dL). Cerebrovascular conductance (CVC) slopes are mL/min/mmHg per unit
reduction in CaO2 (mL/dL). Slopes for oxygen delivery (DO2) are in mL/min per unit reduction in CaO2 (mL/dL). QICA, internal
carotid artery blood flow; QVA vertebral artery blood flow; gCBF, global cerebral blood flow; CVC, cerebrovascular
conductance; DO2, oxygen delivery. *denotes a significant difference between hypoxemia and hemodilution, P<0.05
172

4.2.1.2 HYPOXEMIA PRE VERSUS HYPOXEMIA POST
Arterial blood data are presented in Table 4.5. Both [Hb] and HCT were lower during
hypoxemia post hemodilution (main effect, P=0.02 for [Hb] and P=0.03 for HCT). While
PaO2 and SaO2 were similarly reduced at each stage of hypoxemia pre and post
hemodilution, CaO2 was lower at every stage of hypoxemia post hemodilution compared
to pre hemodilution (P<0.01 for all stages). While PaCO2 was held constant and not
different between hypoxemia trials pre and post hemodilution, pH was lower at each stage
of hypoxemia following hemodilution (P=0.04 at baseline, and P<0.01 for all other stages)
due to a lower [HCO3-] at each stage of hypoxemia following hemodilution (P<0.01 for all
stages).

All jugular venous blood data are presented in Table 4.6. There were similar reductions in
PjvO2 and SjvO2 during hypoxemia both pre and post, however, CjvO2 was lower at each
stage of hypoxemia following hemodilution (P<0.01 for each stage), owing to the reduction
in [Hb] (Table 4.1). Jugular venous pH and [HCO3-] were lower across the hypoxemia trial
following hemodilution compared to the pre hemodilution trial (main effect, P<0.01 for
both).
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Table 4.5. Radial arterial bloods during hypoxemia prior to and following hemodilution.
Hypoxemia - Pre

PaO2

Baseline

90% SaO2

80% SaO2

70% SaO2

Baseline

90% SaO2

80% SaO2

70% SaO2

93.3±4.0

59.2±1.7*

46.8±1.8*

39.9±1.7*

95.9±7.2

58.1±2.4*

45.8±2.3*

39.9±2.4*

81.3±2.7*

73.9±3.7*

13.3±0.7*†

11.9±0.8*†

11.8±0.6

11.7±0.5*

36.1±2.0

35.7±1.4*

42.4±2.1†

42.1±1.8

25.2±0.9*

25.0±0.6*

7.382±0.013†

7.381±0.016†

41.5±1.2†

41.6±1.5†

(mmHg)

Trial, P=0.94; Stage, P<0.01; Interaction, P=0.06

97.6±0.4

SaO2

Hypoxemia - Post

90.8±0.8*

82.7±1.6*

(%)

74.6±2.1*

97.8±0.6

90.3±1.4*

Trial, P=0.20; Stage, P<0.01; Interaction, P=0.16

19.3±1.1

CaO2

18.0±0.9*

16.5±1.0*

(mL·dL-1)

15.7±0.7†

14.4±0.6*†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

14.2±0.9

[Hb]

15.0±1.0*

14.3±0.8

14.4±0.8

(g·dL-1)

14.5±0.8*

11.4±0.5

11.5±0.5

Trial, P<0.01; Stage, P=0.02; Interaction, P=0.26

43.5±2.6

HCT

43.7±2.5

44.1±2.6

(%)

44.5±2.4*

35.0±1.6

35.2±1.5

Trial, P<0.01; Stage, P=0.03; Interaction, P=0.23

41.9±1.9

PaCO2

41.6±2.1

41.8±2.0

(mmHg)
-

[HCO3 ]

41.4±1.9

41.4±1.9

Trial, P=0.56; Stage, P<0.01; Interaction, P<0.01

25.6±0.9

25.7±1.1

25.8±1.0*

(mmol·L-1)

pH

42.1±2.1
25.6±0.9*

24.6±1.0

24.8±1.0

Trial, P<0.01; Stage, P<0.01; Interaction, P=0.35

7.394±0.019

7.399±0.018*

7.400±0.18*

7.397±0.019

7.382±0.013†

7.386±0.012†

Trial, P<0.01; Stage, P=0.03; Interaction, P=0.04

[H+]
(nmol·L-1)

40.4±1.7

39.9±1.7*

39.9±1.6

40.2±1.6

41.5±1.3†

41.1±1.1†

Trial, P<0.01; Stage, P=0.04; Interaction, P=0.04

*indicates increase from baseline, P<0.05; † indicates a difference between hypoxemia pre and hypoxemia post for corresponding stages, P<0.05.
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Table 4.6 Jugular venous bloods during hypoxemia prior to and following hemodilution.
Hypoxemia - Pre

PjvO2

Baseline

90% SaO2

80% SaO2

70% SaO2

Baseline

90% SaO2

80% SaO2

70% SaO2

37.0±2.7

33.8±2.6*

31.6±2.3*

29.9±2.0*

37.2±2.3

34.1±2.4*

32.2±1.8*

30.0±1.5*

58.7±4.0*

54.2±3.6*

9.4±0.8*†

8.9±0.8*†

48.1±1.5*

47.0±1.7*

26.7±0.8*

26.2±0.5*

7.353±0.011*

7.355±0.012*

44.4±1.1*

44.2±1.2*

(mmHg)

SjvO2

Trial, P=0.14; Stage, P<0.01; Interaction, P=0.35

66.5±4.5

61.4±47*

57.4±4.3*

(%)

CjvO2

13.0±1.3

12.1±1.3*

11.3±1.3*

51.6±1.3

50.6±1.4*

49.3±1.4*

61.8±4.6*

10.7±1.3*

10.6±0.8†

9.8±0.8*†

47.6±2.4*

50.2±1.6

48.8±1.3*

Trial, P<0.01; Stage, P<0.01; Interaction, P=0.17

28.4±0.7

28.4±0.7

28.1±0.6*

(mmol·L-1)

pH

66.8±3.9

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

(mmHg)

[HCO3-]

53.9±4.2*

Trial, P=0.11; Stage, P<0.01; Interaction, P=0.13

(mL·dL-1)

PjvCO2

Hypoxemia - Post

27.3±1.5*

27.0±0.8

26.9±0.7

Trial, P<0.01; Stage, P<0.01; Interaction, P=0.32

7.348±0.015

7.358±0.014*

7.364±0.015*

7.367±0.014*

7.339±0.012

7.349±0.011*

Trial, P<0.01; Stage, P<0.01; Interaction, P=0.25

[H+]
(nmol·L-1)

44.9±1.6

43.9±1.4*

43.3±1.5*

43.0±1.4*

45.9±1.2

44.8±1.2*

Trial, P<0.01; Stage, P<0.01; Interaction, P=0.30

*indicates increase from baseline, P<0.05; † indicates a difference between hypoxemia pre and hypoxemia post for corresponding stages, P<0.05.
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Table 4.7. Cardiovascular data during hypoxemia prior to and following hemodilution.
Hypoxemia - Pre

HR

Baseline

90% SaO2

80% SaO2

70% SaO2

Baseline

90% SaO2

80% SaO2

70% SaO2

61.6±11.8

71.0±11.6*

80.0±11.0*

84.0±15.1*

64.0±11.1

76.5±13.8*

88.4±14.7*†

95.2±16.1*†

106.7±10.3

106.6±8.4

7.2±1.9

7.5±2.1*

99.4±9.7*

99.1±8.0†

114.8±13.3

114.6±11.5

10.3±1.6*

11.2±1.7*

10.7±2.1

9.8±1.3

(bpm)

Radial BP

Trial, P=0.01; Stage, P<0.01; Interaction, P=0.01

99.2±5.6

100.9±7.5

103.0±10.3

(mmHg)

Jugular BP

6.7±1.8

7.0±1.7

7.1±1.8

92.5±4.5

94.0±6.4

95.8±9.4

106.4±9.7

107.2±8.2

107.7±9.3

(mmHg/L/min)

7.9±1.7*

6.5±1.3

6.7±1.6

99.3±13.3

91.7±5.0

96.2±7.0

108.2±8.0

118.9±17.1

114.1±16.1

Trial, P=0.02; Stage, P=0.88; Interaction, P=0.09

6.6±1.4

7.7±1.2*

8.7±0.9*

(L/min)

TPR

103.0±7.2

Trial, P-0.15; Stage, P=0.03; Interaction, P=0.04

(mL)

CO

98.2±4.5

Trial, P=1.00; Stage, P<0.01; Interaction, P=0.79

(mmHg)

SV

107.2±14.2

Trial, P=0.16; Stage, P=0.01; Interaction, P=0.06

(mmHg)

CPP

Hypoxemia - Post

9.2±1.5*

7.7±1.4

8.8±1.4*

Trial, P<0.01; Stage, P<0.01; Interaction, P=0.06

16.1±5.1

13.7±3.0

12.1±2.0

12.1±2.7

13.3±2.7

12.1±2.4

Trial, P=0.09; Stage, P=0.51; Interaction, P=0.07

*indicates increase from baseline, P<0.05; † indicates a difference between hypoxemia pre and hypoxemia post for corresponding stages, P<0.05.
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4.2.1.2.1 CARDIOVASCULAR DATA

Cardiovascular variables during hypoxemia prior to and following hemodilution are
reported in Table 4.7. Hypoxemia elevated HR in both trials, with the increase in HR in
stage 2 and 3 greater in the post hemodilution trial (P<0.01 for both stages). There was a
main effect for increased radial BP (P=0.01), jugular venous BP (P<0.01), and CPP
(P<0.01) during hypoxemia. Both SV and TPR were unaltered, although CO increased at
each stage of hypoxemia (main effect, P<0.01).

4.2.1.2.2 CEREBRAL BLOOD FLOW RESPONSES

While hypoxemia increased QICA at each stage for both trials (Table 4.8), QICA was higher
at every stage of hypoxemia following hemodilution compared to hypoxemia prior to
hemodilution (P<0.01 for each stage). Similarly, QVA was elevated at each stage of
hypoxemia following to hemodilution compared to the pre-trial (P≤0.01 for all stages).
These changes in QICA and QVA were reflected in an increased gCBF at each stage of
hypoxemia with gCBF higher at each stage of hypoxemia following hemodilution
compared to pre hemodilution (P<0.01 for each stage). The CDO2 was unaltered during
hypoxemia prior to and following hemodilution.

Reactivity data from the hypoxemia trials prior to and following hemodilution are presented
in Figure 4.6. Reactivity of QICA (P<0.01; Figure 4.6A), ICA CVC (P=0.01; Figure 4.6D),
and ICA DO2 (P=0.01; Figure 4.6G) were all greater in the hypoxemia trial following
hemodilution. Similarly, QVA (P<0.01; Figure 4.6B), VA CVC (P<0.01; Figure 4.6E), and
VA DO2 (P<0.01; Figure 4.6F) were greater following hemodilution. The collective
impact of the ICA and VA responses on gCBF following hemodilution were as follows:
gCBF reactivity was increased by 118±69% (P<0.01; Figure 4.6C), gCBF CVC reactivity
increased by 269±549% (P<0.01; Figure 4.6F), and gCBF DO2 reactivity increased by
227±262% (P<0.01; Figure 4.6I).

Regional reactivity through the ICA was greater than that of the VA during hypoxemia pre
(-33.7±11.1 vs. -6.9±4.6 mL · min-1 · mL-1 · dL-1; P<0.01) and hypoxemia post (65.5±21.7
vs. -18.8±9.0 mL · min-1 · mL-1 · dL-1; P<0.01). However, regional percent reactivity was
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not different between the ICA and VA during hypoxemia pre (-11.2±2.9 vs -8.1±5.1 % ·
mL-1 · dL-1; P=0.10) or hypoxemia post (-19.2±5.4 vs. -17.9±8.3 · mL-1 · dL-1; P=0.67).
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Table 4.8. Cerebral blood flow during hypoxemia prior to and following hemodilution.
Hypoxemia - Pre

ICAv

Baseline

90% SaO2

80% SaO2

70% SaO2

Baseline

90% SaO2

80% SaO2

70% SaO2

43.0±5.8

46.8±8.1*

52.3±9.4*

58.3±8.5*

52.7±8.1†

60.0±13.1†

68.5±10.9*†

78.5±13.7*†

5.24±0.30*

5.37±0.33*

482±109*†

576±121*†

4.83±0.96*†

5.81±1.1*†

63.7±13.6*

68.6±13.6*

34.5±7.9*†

39.3±7.1*†

3.82±1.26

4.26±0.37

144.2±37.6†

170.2±43.9*†

1.46±0.36†

1.73±0.45*†

19.0±4.8†

20.3±5.4†

1252±230*†

1492±248*†

(cm/s)

ICA diameter

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

5.39±0.41

5.41±0.44

5.50±0.35*

(mm)

QICA

297±52

325±71*

377±84*

3.20±0.54

3.45±0.74

3.95±0.92*

57.3±9.9

58.3±12.5

62.0±13.8*

21.6±5.5

23.0±5.8

25.0±5.4*

4.11±0.27

4.15±0.29

4.21±0.29

86.0±22.5

94.6±28.0

104.9±27.0*

0.93±2.4

1.01±0.29

1.10±0.28*
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3.76±0.80†

4.25±0.95*†

65.8±13.5*

53.8±11.3

59.1±14.8

27.6±7.2*

26.8±5.7†

29.5±6.4†

4.19±0.31

4.09±0.26

4.13±0.32

115.6±35.8*

106.8±28.4†

120.9±33.1†

1.17±0.35*

1.16±0.29†

1.26±0.32†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

16.6±4.2

16.9±4.7

17.2±4.3

(mL/min)

gCBF

4.48±1.10*

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

(mL/min/mmHg)

VA DO2

410±100*†

Trial, P=0.97; Stage, P<0.01; Interaction, P=0.31

(mL/min)

VA CVC

344±74†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

(mm)

QVA

439±94*

Trial, P=0.88; Stage, P<0.01; Interaction, P=0.12

(cm/s)

VA diameter

5.37±0.33

Trial, P<0.01; Stage, P<0.01; Interaction, P=0.02

(mL/min)

VAv

5.24±0.30

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

(mL/min/mmHg)

ICA DO2

5.62±0.39*

Trial, P=0.29; Stage, P<0.01; Interaction, P=0.08

(mL/min)

ICA CVC

Hypoxemia - Post

17.2±5.2

16.7±4.6

17.4±4.6

Trial, P=0.04; Stage, P=0.04; Interaction, P<0.01

765±105

839±145*

963±177*

1109±208*

902±130†

1061±192*†

Hypoxemia - Pre
Baseline

90% SaO2

80% SaO2

(mL/min)

gCBF CVC

8.27±1.05

8.92±1.44*

10.09±1.90*

148±19

150±24

158±29

(cm/s)

90% SaO2

80% SaO2

70% SaO2

11.30±2.47*

9.84±1.33†

11.01±1.71*†

12.58±1.91*†

15.07±2.33*†

166±29

141±19

153±28

166±28

178±28

93.2±17.5*†

96.6±10.2*†

54.9±15.9*†

55.3±8.7*†

Trial, P=0.91; Stage, P=0.14; Interaction, P=0.57

68.0±13.8

71.2±16.3

77.3±17.5*

(cm/s)

PCAv

Baseline

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

(mL/min)

MCAv

70% SaO2

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

(mL/min/mmHg)

CDO2

Hypoxemia - Post

87.7±19.1*

77.0±12.8†

84.8±16.7*†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

42.9±9.1

43.9±9.4

46.9±10.3*

51.8±11.4*

48.4±14.2†

52.1±16.3*†

Trial, P<0.01; Stage, P<0.01; Interaction, P<0.01

*indicates increase from baseline, P<0.05; † indicates a difference between hypoxemia pre and hypoxemia post for corresponding stages, P<0.05.
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Figure 4.6. Cerebrovascular reactivity during hypoxemia prior to and following hemodilution.
Cerebrovascular reactivity during hypoxemia pre is denoted by the red bars (mean ± standard deviation) while hypoxemia post
is denoted by the green bars. Reactivity slopes for cerebral blood flow (e.g. ΔQICA x ΔCaO2-1) represent the volumetric flow
(mL/min) changes per unit reduction in CaO2 (mL/dL). Cerebrovascular conductance (CVC) slopes are mL/min/mmHg per unit
reduction in CaO2 (mL/dL). Slopes for oxygen delivery (DO2) are in mL/min per unit reduction in CaO2 (mL/dL). QICA, internal
carotid artery blood flow; QVA vertebral artery blood flow; gCBF, global cerebral blood flow; CVC, cerebrovascular
conductance; DO2, oxygen delivery. *denotes a significant difference between hypoxemia and hemodilution, P<0.05.
181

4.2.1.3 COLLECTIVE COMPARISON OF HYPOXIC CEREBRAL VASODILATION
The data presented here, from the linear mixed effects modelling, are reported as mean ±
standard error. Absolute gCBF reactivity to hypoxemia prior to hemodilution was 70.63±6.68 mL · min-1 · mL-1 · dL-1. Reactivity to the hemodilution protocol was ~45%
lower than that during hypoxemia (-44.35±9.62 mL · min-1 · mL-1 · dL-1; P<0.01), whereas
reactivity was ~100% greater than the normal hypoxemia test during hypoxemia following
hemodilution (-144.42±10.23 mL · min-1 · mL-1 · dL-1; P<0.01) (Figure 4.7). Absolute
CDO2 reactivity to hypoxemia prior to hemodilution was -3.74±0.83 mL · min-1 · mL-1 ·
dL-1. The increase in CDO2 seen in the hypoxemia trial was reversed, with CDO2
decreasing in response to hemodilution (0.95±1.19 mL · min-1 · mL-1 · dL-1; P<0.01).
Conversely, CDO2 reactivity was ~150% greater in the hypoxemia trial post hemodilution
compared to pre hemodilution (P<0.01) (Figure 4.7).

Absolute ICA flow reactivity to hypoxemia prior to hemodilution was -28.76±2.91 mL ·
min-1 · mL-1 · dL-1. Reactivity to the hemodilution protocol was ~38% lower than that
during hypoxemia (-17.58±4.17 mL · min-1 · mL-1 · dL-1; P<0.01), whereas reactivity was
~100% greater than the normal hypoxemia test during hypoxemia following hemodilution
(-55.74±4.47 mL · min-1 · mL-1 · dL-1; P<0.01). Absolute VA flow reactivity to hypoxemia
prior to hemodilution was -6.68±1.23 mL · min-1 · mL-1 · dL-1. Reactivity to the
hemodilution protocol appeared ~25% lower than that during hypoxemia but was not
statistically lower (-4.95±1.79 mL · min-1 · mL-1 · dL-1; P=0.34). In contrast, VA reactivity
was ~140% greater than the normal hypoxemia test during hypoxemia following
hemodilution (-16.11±1.86 mL · min-1 · mL-1 · dL-1; P<0.01).
Absolute MCAv reactivity to hypoxemia prior to hemodilution was -3.69±0.34 cm · s-1 ·
mL-1 · dL-1. Reactivity to the hemodilution was ~40% lower than that during hypoxemia (2.21±0.48 cm · s-1 · mL-1 · dL-1; P<0.01), whereas reactivity was ~35% greater than the
normal hypoxemia test during hypoxemia following hemodilution (-4.97±0.51 cm · s-1 ·
mL-1 · dL-1; P=0.01). Absolute PCAv reactivity to hypoxemia prior to hemodilution was 1.60±0.28 cm · s-1 · mL-1 · dL-1. Although reactivity to the hemodilution was ~35% lower
than that during hypoxemia, this was not statistically significant (-1.02±0.42 cm · s-1 · mL1

· dL-1; P=0.17). Likewise, again not statistically significant, reactivity appeared to be
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~50% greater than the normal hypoxemia test during hypoxemia following hemodilution
(-2.39±0.43 cm · s-1 · mL-1 · dL-1; P=0.07).

Figure 4.7. Cerebral blood flow and oxygen delivery across all three
experimental trials.
Panel A depicts the cerebral blood flow (CBF) response to hypoxia, with
hypoxemia pre in red, hemodilution in blue, and the post hemodilution
hypoxemia trial in green. The slope of the CBF response to hypoxia was
different between all trials. The corresponding individual data for the
reactivity slopes are presented in panel B, where the bar graphs represent
the mean ± standard error. Panel C depicts the cerebral oxygen delivery
(CDO2) response to hypoxia, with hypoxemia pre in red, hemodilution in
blue, and the post hemodilution hypoxemia trial in green. The slope of
the CDO2 response to hypoxia was different between all trials. The
corresponding individual data for the reactivity slopes are presented in
panel B, where the bar graphs represent the mean ± standard error. *
denotes a significant difference from the Hypoxemia Pre trial, P<0.05.
4.2.2 RESULTS – PROTOCOL TWO

Baseline variables for protocol two are listed in Table 4.9. While males and females did
not differ in age, the males were taller, heavier, and had a higher body mass index. Further,
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males possessed a higher MAP, [Hb], and HCT, although hypoxic reactivity was not
different between males and females.

Table 4.9. Baseline variables for protocol two of study two.
n

n

P-value

(69) 25 ± 4

(55)

0.10

(116) 179 ± 6

(68) 165 ± 7

(55)

< 0.01

72 ± 13

(116) 79± 11

(68) 62±8

(55)

< 0.01

BMI, kg/m²

24± 3

(116) 25 ± 3

(68) 23 ± 3

(55)

< 0.01

MAP, mmHg

86.6 ± 9.3

(86)

(36) 83.7 ±8.2

(30)

<0.01

[Hb], g/dL (arterial)

14.1 ± 1.3

(134) 14.8 ± 1.0

(79) 13.1 ± 1.2

(55)

< 0.01

HCT, % (arterial)

41.7 ± 3.8

(120) 43.6 ± 3.2

(67) 39.3 ± 3.1

(55)

< 0.01

%ΔCBF · ΔCaO2

-7.86±3.6

(134) -7.54±4.13

(79) -8.32±2.71

(55)

0.22

Variable

All Subjects

Male

Subjects, n

134

Age, years

26± 6

(117) 26 ± 6

Height, cm

173 ± 9

Weight, kg

79

89.2±9.4

n

Female
55

Data are presented as mean ± standard deviation. The P-value represents the statistical
output for a t-test between men and women.
Across all subjects, there was a significant correlation between hypoxic reactivity and [Hb]
at rest (Figure 4.8A). This relationship remained evident when males were assessed
independently (Figure 4.8B); however, no correlation was observed in the female
participants (Figure 4.8C).
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Figure 4.8. The relationship between hemoglobin concentration and hypoxic reactivity in males and females.
Panel A depicts the relationship between hypoxic reactivity and [Hb] for all subjects. Panel B depicts the relationship between
hypoxic reactivity and [Hb] for males. Panel C depicts the relationship between hypoxic reactivity and [Hb] for females.
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4.3
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DISCUSSION

The primary findings of this study are: 1) The CBF response to hemodilution is impaired
in comparison to hypoxemia; 2) The blunted CBF response to hemodilution lead to a ~5%
reduction in CDO2. These two findings indicate that deoxyhemoglobin mediated signaling
is integral to the CBF response to hypoxia and the maintenance of CDO2 in humans. Finally,
contrary to our second hypothesis, the CBF response to hypoxemia following hemodilution
was greater than the response to hypoxemia prior to hemodilution. This finding was further
reflected between subjects, where a lower [Hb] was related to a greater hypoxic reactivity
in males but not females. Therefore, there appears to be an interaction between [Hb] and
hypoxia in the control of human CBF that is specific to males.

An important role of erythrocyte dependent mechanisms (SNO-Hb, NO2, & ATP) in the
regulation of hypoxic vasodilation has been demonstrated in a multitude of isolated vessel
preps [e.g., (Dietrich et al., 2000; Jagger et al., 2001)] and animal models [ e.g., (Jia et al.,
1996; Stamler et al., 1997b)]. Importantly, these three mechanisms all operate via
increasing NO bioavailability/bioactivity, which has also been shown as integral to the CBF
response to hypoxia in numerous studies utilizing pharmacological blockade (Pearce et al.,
1989; Koźniewska et al., 1992; Pelligrino et al., 1995a; Takuwa et al., 2010). Human
studies to date have provided equivocal results with regard to whether or not NO is integral
to hypoxic cerebral vasodilation in humans (Van Mil et al., 2002a; Ide et al., 2007), with
no studies specifically investigating the role of erythrocyte dependent signaling. The
current study bridges this gap by demonstrating through the use of hypoxemia and
hemodilution that the erythrocyte is an important regulator of hypoxic cerebral vasodilation
in humans. Indeed, as is the case in animals where hemodilution does not produce an
increase in cGMP (Todd et al., 1997), the reduction in reactivity observed here is likely
due to a reduction in NO mediated signaling.

Interestingly, the reduction in gCBF hypoxic reactivity and the related reduction in CDO 2
during hemodilution manifested solely within the anterior circulation, as indicated by
reductions in ICA specific reactivity and CDO2 (Figure 4.5), whereas VA reactivity and
its DO2 were unaltered. This differential response between the posterior and anterior
circulation may indicate a fundamental difference in vascular control on the teleological
basis of prioritizing flow to vital areas such as the brainstem. Although experimental data
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are lacking, this teleological prioritization is often speculated when a greater posterior than
anterior reactivity to hypoxemia is observed (Binks et al., 2008; Willie et al., 2012; Ogoh
et al., 2013a; Subudhi et al., 2014b; Lewis et al., 2014b). However, the present study, and
others (Hoiland et al., 2015, 2017a) have shown no difference between the relative
reactivity of the ICA and VA during isocapnic hypoxemia. Reasons for the disparate results
between the current study and others have been discussed in Study 1 (see section “Cerebral
blood flow and normobaric hypoxia”). Therefore, the potential mechanisms underlying the
differential ICA and VA response to hemodilution when compared to hypoxemia remains
unclear.
4.3.1 WHY IS A LOWER HEMOGLOBIN CONCENTRATION RELATED TO A GREATER
HYPOXIC REACTIVITY?

Contrary to our second hypothesis, hypoxic reactivity was increased in the posthemodilution hypoxemia trial. Further, when assessed across a large sample size, lower
[Hb] was also related to higher hypoxic reactivity. While it was originally speculated that
reactivity would be reduced due to a lower deoxyhemoglobin mass, there are several
mechanisms that may explain the observed increase in reactivity with lower [Hb]:
1) The severity of hypoxia – The severity of hypoxia (i.e., reduction in CaO2) is greater in
the post hemodilution hypoxemia trial despite matched SaO2 as a result of the lower [Hb].
Typically, human studies only reduced CaO2 by up to ~30% from baseline, as occurs when
SaO2 is lowered to 70% [e.g., (Willie et al., 2012; Ainslie et al., 2014; Hoiland et al.,
2017b). Here, CaO2 was reduced by 38±2% to a CaO2 of 12mL/dL in the post hypoxemia
trial compared to a CaO2 of 15mL/dL in the pre hypoxemia trial. As there is little data on
CBF at this severity of hypoxia in humans it is unknown if the reactivity of cerebral vessels
increases simply by virtue of a greater hypoxic stimulus. This greater overall hypoxia may
engage other regulatory pathways such as carbon monoxide and hydrogen sulfide based
signaling mechanisms (Morikawa et al., 2012), adenosine and/or PGs. While we
acknowledge that there is no evidence for adenosine and PGs as regulators of hypoxic
cerebral vasodilation in humans [reviewed in (Hoiland et al., 2016a)], this may be due to
redundant pathways that compensate when pharmacological blockades are used. However,
in an instant of severe hypoxia, these compensatory mechanisms may be engaged to
promote the larger CBF requirements. Evidence in animals indicate the endogenous
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cerebral adenosine production does not occur until ~30mmHg PaO2 (Winn et al., 1981a),
which may serve to facilitate dilation during severe hypoxia. Analogous to this point is the
observation that during hypercapnia, more severe levels of hypercapnia reduce the
contribution of NO to the vasodilatory response (see section “Hypercapnia and nitric
oxide”) indicating the potential necessity of other vasoactive factors to contribute during
extreme blood gas perturbations. However, given the lack of human data at these levels of
hypoxia, the latter point is merely speculation.
2) Altered half-life of NO – While deoxyhemoglobin appears to convey vasodilatory
signaling, theoretically via an NO dependent pathway, it is important to remember that
hemoglobin also operates as an NO scavenger (Thomas et al., 2008). Indeed, in vitro
experiments have indicated that a reduction in HCT leads to an increase in the half-life of
NO (Azarov et al., 2005). Specifically, a reduction of HCT from 50% to 15% triples
(+200%) the half-life of NO in vitro. This could be taken to indicate that that the ~8%
reduction in HCT we observed would increase the half-life of NO by ~50%. Considering
that NO is a potent vasodilator despite an exceptionally short half-life (a few milliseconds)
it is conceivable that even a small increase in the stability (i.e. half-life) of NO in the blood
will translate to profound changes in a vasodilatory response. In line with our hypothesis,
there may in fact be a reduction in deoxyhemoglobin mediated NO bioactivation, but NO
signal transduction may be sensitized resulting in a net increase in vasodilation despite
lower signaling molecule release.
3) Reduced blood viscosity – This thesis has consistently argued against a role of viscosity
in regulating CBF in humans. For example, no effect of plasmapheresis in paraproteinemic
patients stands as the strongest evidence against a role for blood viscosity [reviewed in:
(Hoiland et al., 2016a)]. It has been speculated that this is due to a net balance between
reduced resistive forces of blood viscosity and reduced shear mediated relaxation of blood
vessels (Hoiland et al., 2016a). However, there is evidence in animals that blood viscosity
plays a larger role when CBF is increased (Tomiyama et al., 2000). Perhaps, in a scenario
where CBF is elevated there is an adequate shear stimulus to maintain the same
vasodilatory stimulus despite reduced viscosity, hence driving a shift in the balance to a
reduction in viscosity dependent resistance increasing CBF.
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4.3.2 SEX DIFFERENCES IN THE REGULATION OF HYPOXIC CEREBRAL VASODILATION?

Sex differences in cerebrovascular regulation have only recently began to receive attention
(Barnes, 2017). This study demonstrates that while [Hb] is correlated to hypoxic reactivity
in males, it is not in females, indicating a potential sex difference in cerebrovascular
regulation. Given the paucity of data on sex differences and cerebrovascular control it is
unclear what mechanism(s) may be underlying the differential relationships in males versus
females that were observed. On this note, two speculative points require further discussion:
1) Contamination by unstandardized menstrual phase – Plasma estradiol levels change
throughout the menstrual phase (Peltonen et al., 2016) and estradiol may influence
cerebrovascular tone through NO dependent mechanisms (Pelligrino et al., 2000; Momoi
et al., 2003). This holds relevance for the erythrocyte signaling mechanisms linked to
deoxyhemoglobin. Menstrual cycle was not controlled in the present study, although a
recent study has demonstrated that hypoxic reactivity does not changes across the menstrual
cycle in women (Peltonen et al., 2016). This study, however, utilized TCD, and therefore
the findings are difficult to interpret as one may expect variations in NO dependent
signaling across the menstrual phase in relation to altered estradiol levels (Marsh et al.,
2011; Peltonen et al., 2016). The impact of these potential changes in NO signaling on
MCA diameter and TCD validity are unclear in the context of the study by Peltonen et al.,
(Peltonen et al., 2016), although it is likely changes in NO would have resulted in
alterations in MCA diameter (Schulz et al., 2018).
2) A legitimate sex difference in the regulation of hypoxic reactivity – Alternatively, the
observed differences may indeed reflect sex differences in the regulation of hypoxic
reactivity. To the best of our knowledge, there are no sex specific differences in hemoglobin
that would influence the SNO-Hb, NO2, or ATP signaling mechanisms. Therefore, it is
more likely that rather than NO signaling (relative to [Hb]) being different, the proportion
of vasodilation attributable to NO may differ – perhaps NO plays a larger role in mediating
hypoxic cerebral vasodilation in males leading to the observed correlation. However, no
study has aimed to determine the sex specific contribution of NO dependent mechanisms
to hypoxic vasodilation in humans. The observed differences may also be related to a
difference in one of the aforementioned mechanism that may explain increased reactivity
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with lower [Hb] (see section “Why is a lower hemoglobin concentration related to a greater
hypoxic reactivity?”).
4.3.3 METHODOLOGICAL CONSIDERATIONS

While this study is the first to indicate an important role of the erythrocyte in regulating
hypoxic cerebral vasodilation, it does not provide information on which erythrocyte
mechanism(s) is/are at play or the most important. This is a relevant next step for
researchers as it will illuminate a molecular target for the purposes of perfusion
management and pharmacology.

We have manipulated [Hb] as measured in large vessels (i.e., radial artery), it is unclear
how this change in [Hb] manifests in the cerebral pial and micro circulation where
reductions in arterial diameter change [Hb] due to the Fåhræus-Lindqvist effect. Animal
data are inconsistent, suggesting hemodilution reduces (Todd et al., 1992) or does not affect
(Hudetz et al., 1999) capillary [Hb]. Data in humans, based on indices derived from MRI
suggest that hemodilution indeed would reduce, at least modestly, microvessel and
capillary [Hb] (Calamante et al., 2016). If so, this would in turn reduce the mass of
deoxyhemoglobin transiting the vascular bed for a given flow rate.

Hemodilution, likely a result of albumin acting as a weak acid (Stewart, 1983), led to a
slight reduction in pH at hemodilution stage one and two as well as during the post
hypoxemia trial. Relative to the hemodilution trial, this may have led to an underestimation
of the difference between hypoxemia and hemodilution (i.e., the hemodilution reactivity
was inflated by reductions in pH). Using the regression formula presented in Figure 4.9,
we can infer the level of stimulus the change in pH would have elicited. For example, the
changes in pH at stage one and two of hemodilution would be equivalent in stimulus to a
~1mmHg and ~1.75 mmHg change in PaCO2, respectively. The changes in gCBF in
hemodilution were +11.2% at stage one and +19.2% at stage two. If a general correction
factor is assumed at 7% change in gCBF per mmHg change in PaCO2 (Willie et al., 2012),
then the portion of the hemodilution response at stage one and two attributable to hypoxia
may only be ~4% (stage one) and 7% (stage 2). Therefore, the magnitude difference in CBF
responses may be underestimated in the current study, further strengthening our conclusion
that the erythrocyte is integral for the regulation of hypoxic cerebral vasodilation. Relative
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to comparing pre hypoxemia to post hypoxemia, the change in PaCO2 would be equivalent
to a ~1-1.5mmHg change in PaCO2 depending on the stage of hypoxemia. This may be
important given the potential for an interaction between PaCO2 and CaO2 related
cerebrovascular reactivity (Mardimae et al., 2012). However, the study by Mardimae et al.,
which observed unremarkable changes in O2 reactivity with large (10mmHg) changes in
PaCO2, indexed their hypoxic reactivity to PaO2, not SaO2 or CaO2. Their measured
stimulus of PaO2 is not appropriate as pH will alter the relationship between PaO2 and SaO2
(Bohr effect) and confound these results. Therefore, given the very minimal change in pH,
and index of reactivity slopes to CaO2, which takes into account a potential Bohr effect, it
does not appear as though the hemodilution mediated decrease in pH would have influenced
our pre and post hypoxemia comparison.

.

Figure 4.9. Relationship between pH and PaCO2 in eight subjects
from the hemodilution study
Data were collected during a euoxic hypercapnia trial. The above data
represent the relationship between PaCO2 and pH across all eight subjects
during four stages of end-tidal forcing.
4.4
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SUMMARY

This study demonstrated that erythrocyte mediated signaling is integral to cerebral hypoxic
vasodilation in humans. However, while lower [Hb] was related to higher reactivity in
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males it was not in females. Therefore, it remains uncertain if the differences we observed
between hypoxemic and hemodilution reactivity (protocol one) would manifest in female
subjects. Future work is needed to determine the potential presence of and mechanisms
governing sex differences in the regulation of hypoxic cerebral vasodilation.
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5

CHAPTER 4: UBC-NEPAL EXPEDITION: REDUCED CEREBRAL BLOOD
FLOW AND OXYGEN DELIVERY IN SHERPA COMPARED TO
LOWLANDERS UPON ASCENT TO HIGH-ALTITUDE

The dramatically low atmospheric oxygen levels of the Tibetan Plateau represent one of
the most hostile living conditions of modern human habitation. While this environment is
debilitating for most humans, and can be fatal for those who ascend too high and fast, it has
been inhabited for millennia (>25,000 years) by a lineage of Sherpa (Zhang & Li, 2002;
Aldenderfer, 2011). The Sherpa, a highlander population of the Nepalese Khumbu region
that shares a common genetic origin with Tibetans (Lu et al., 2016; Zhang et al., 2017),
have clearly evolved under the selection pressures imposed by hypoxia through natural
selection and are consequently better suited for life at altitude than lowland natives (Lahiri
& Milledge, 1965; Moore, 2017). Of critical importance in the setting of hypoxia is the
oxygen sensitive brain, which due to a high metabolic demand and limited substrate storage
is highly susceptible to metabolic deficiency and ensuing hypoxic damage [reviewed in:
(Bailey et al., 2009a)]. Therefore, increases in CBF are integral to maintain CDO2 in the
face of hypoxemia and resultant reductions in CaO2 (see Equation 2.10).

While several examples of phenotypical adaptations distinct from those in lowlanders have
been observed in the oxygen cascade of Tibetans, such as a higher nitric oxide
bioavailability (Beall et al., 2001; Erzurum et al., 2007) and increased skeletal muscle
capillary density (Beall, 2007), and improved muscle energetics in Sherpa (Horscroft et al.,
2017), little is known relative to potential adaptations in cerebral oxygen
delivery/utilization [for review see: (Jansen & Basnyat, 2011; Gilbert-Kawai et al., 2014)].
Tibetans’ display a “high flow” phenotype to maintain oxygen delivery to various
peripheral tissues in the presence of unremarkable arterial SaO2 and [Hb] (Beall, 2007).
Preliminary evidence indicated a similar high flow adaptation in the brain due to elevated
ICAv in Tibetan natives compared to lowlanders at 3658 m (Huang et al., 1992). However,
a recent cross-sectional study demonstrated lower CDO2 in Tibetans than in Han Chinese
at sea level and at 3658 m (Liu et al., 2016). Given that velocity is a poor index of flow
(and therefore CDO2; see section “transcranial doppler ultrasound” ) in the setting of altered
intra-cranial cerebral arterial diameter (Ainslie & Hoiland, 2014), which occurs at altitude
(Wilson et al., 2011; Imray et al., 2014; Willie et al., 2014a), previous theories related to a
high-flow adaptation in the Sherpa brain (Huang et al., 1992; Gilbert-Kawai et al., 2014)
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need to be re-considered. Elucidation of hypoxia tolerant adaptation in humans may
provide insight into potential therapeutic targets in chronic hypoxic diseases and further
our basic understanding of human responses to low oxygen conditions.

It is well established that CDO2 is maintained during ascent and at altitude in lowlanders
[reviewed in: (Ainslie & Subudhi, 2014)]. However, volumetric CBF and CDO2 have yet
to be compared between lowlanders and Sherpa following a short duration at altitude (e.g.,
days). It is also unknown if lowlander CBF responds differentially to that of Sherpa during
graded ascent to altitude. During ascent to and upon arrival at 5050 m, we hypothesized
that CBF and CDO2 would be lower in Sherpa compared to lowlanders. To examine these
novel hypotheses, Sherpa and lowlanders were studied using a longitudinal experimental
design during ascent to altitude. Further, Sherpa recently exposed to altitude for a short
duration (those who ascended) and long duration (those residing at altitude) were compared
to lowlanders using a cross-sectional design following arrival at 5050 m. Further
mechanistic insight was also obtained within these groups via the concurrent assessment of
established factors in the regulation of CBF [e.g. arterial blood gases (Kety & Schmidt,
1948c), MAP (Lucas et al., 2010; Numan et al., 2014) and blood viscosity (Hoiland et al.,
2016a)].
5.1
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METHODS

This study involved the recruitment of three distinct subject groups. First, the lowlander
group comprised of 21(1 female) healthy individuals (mean±SD, Age: 29±6 years; BMI:
23±2kg/m2) who were recruited at the University of British Columbia’s Okanagan campus
and were part of the research team. All lowlander participants were free of cardiovascular,
respiratory and neurological diseases and were non-smokers.

The second group of participants comprised of 12 HA Sherpa (Age: 34±11, BMI: 24±4).
These Sherpa were of Tibetan lineage. The Sherpa participants were recruited from local
villages in the Solukhumbu Valley (Table 5.1) and descended to Kathmandu prior to
baseline testing (see section “Study 3 - experimental overview”). Four Sherpa were current
smokers, with an average of 1.3±1.1 pack years in the current smokers. The Sherpa were
free of cardiovascular, respiratory and neurological diseases. This cohort of Sherpa will be
referred to as the “Ascent Sherpa” throughout the manuscript. Notably, three of the Sherpa
194

in this group had summited Mount Everest (8848 m) in the previous year, while the
remaining Sherpa had reached maximum altitude of 4800 m to 7800 m (median: 5545 m)
in the last year.
Table 5.1. Age and time at high-altitude for the sherpa participants.
Ascent Sherpa
Subject

Age

Number

Altitude Sherpa

Childhood

Altitude

Total

Subject

Residence

(m)

Years

Number

Age

Childhood

Altitude

Total

Residence

(m)

Years

at

at

altitude

altitude

101

22

Thame

3800

16.5

113

43

Pangbouche

3985

43

102

31

Thamo

3440

31

114

19

Khunde

3800

14

103

30

Namche

3400

12

115

23

Darjeeling

2040

6

104

25

Thamo

3440

25

116

26

Pheriche

4371

26

105

38

Salleri

2300

24

117

18

Thame

3800

18

106

39

Khumjung

3790

39

118

20

Thame

3800

16

107

44

Khumjung

3790

44

120

18

Thame

3800

18

108

26

Thamo

3440

21

121

20

Thame

3800

20

109

44

Pangbouche

3985

41

122

23

Thamo

3440

23

110

22

Thamo

3440

20

123

24

Thamo

3440

25

111

59

Khunde

3840

59

124

20

Thamo

3440

10

112

31

Pheriche

4371

16

The third group of participants included 11 Sherpa of Tibetan lineage (Age: 23±7, BMI:
21±2) that were recruited from local villages in the Solukhumbu Valley (Table 5.1);
however, unlike the Ascent Sherpa, these Sherpa were recruited while the research team
was at the Ev-K2-CNR Pyramid laboratory. Therefore, these Sherpa did not descend to
Kathmandu prior to testing. Five Sherpa were current smokers, with an average of 0.4±0.1
pack years. All Sherpa were free of cardiovascular, respiratory and neurological diseases.
This cohort of Sherpa will be referred to as the “Altitude Sherpa” throughout the
manuscript. Notably, two of the Sherpa in this group had summited Mount Everest in the
previous year, while the remaining Sherpa had reached a maximum altitude of 4200 m to
5545 m (median: 5300 m).

This study was approved by the Clinical Research Ethics Board of the University of British
Columbia and the Nepal Health Research Council. All lowlander participants gave written
informed consent in English prior to participating. All Sherpa participants read an in-depth
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study information form, spoke with a Nepalese doctor and gave written informed consent
in Nepalese prior to participating.
5.1.1 STUDY 3 - EXPERIMENTAL OVERVIEW

All lowlander participants spent 3-9 days in Kathmandu (1400 m) prior to flying to Lukla
(2860 m) to begin the ascent to the EV-K2-CNR Pyramid Research laboratory (5050 m),
while the Ascent Sherpa group descended to Kathmandu and remained there for 5-15 days
(median: 7) prior to flying to Lukla with the lowlanders. Ascent to the Pyramid Laboratory
took place over a slow and safe 9-day trekking protocol without the use of any acute
mountain sickness prophylactics (e.g., acetazolamide). Participants spent one night in
Monjo (2800 m), three nights in Namche Bazaar (3400 m), one night in Deboche (3820 m),
and then three nights in Pheriche (4371 m) followed by the final trekking day to 5050 m.

In Kathmandu prior to the ascent and on the day following arrival to Namche, Pheriche,
and the Pyramid laboratory, all participants underwent experimental measurement of
arterial blood gases, venous blood viscosity, MAP, HR, and CBF. The protocol for venous
blood viscosity, MAP, HR, and CBF have been previously described in Study 1. Other
relevant measurements are detailed below (see section “Study 3 - experimental measures”).

Following approximately two-weeks of stay at the Pyramid Laboratory, a second
experimental protocol was completed on the Altitude Sherpa group. The Altitude Sherpa
group were all living at HA prior to arrival at the Pyramid, ascended from 3400-4200 m in
1-2 days, and were tested 1-2 days following arrival. They completed the same
experimental protocol as the lowlanders and Ascent Sherpa (described below).
5.1.2 STUDY 3 - EXPERIMENTAL MEASURES

Following 10-minutes supine rest at each location during the ascent and after approximately
2 weeks at HA when the Altitude Sherpa were tested, arterial blood samples were taken
from the radial artery. A 23-G self-filling catheter (SafePico, Radiometer) was advanced
into the radial artery under local anesthesia (Lidocaine, 1.0%) and ultrasound guidance
(Terason, uSmart 3300). Approximately 1mL of blood was withdrawn anaerobically and
immediately assessed using an arterial blood gas analyzer for PaO2, PaCO2, pH, [HCO3-],
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[Hb], and HCT (i-STAT 1, Abbott Point of Care). Further, following venipuncture of the
median ante-cubital vein (21G needle, BD Vacutainer eclipse) blood was collected for the
measurement of whole blood viscosity. This venous blood was drawn into a Lithium
Heparin Vacutainer® (Becton Dickinson, USA). Blood viscosity was measured within 15
minutes of blood sample acquisition at a shear rate of 225 s-1 at 37.0°C with a cone-andplate viscometer (Model DV2T, Brookfield, USA). Resting gCBF was also measured using
previously described techniques (see section “Cerebrovascular measures”).

In an attempt to better understand the underlying physiology regulating gCBF in Sherpa
and lowlanders we measured cerebral vascular reactivity to CO2 using the hyperoxic
rebreathe technique (Fan et al., 2010b). These data were collected in 13 lowlanders and
five Sherpa on our 2008 expedition to Nepal, where lowlander subjects underwent a similar
ascent protocol, and were tested following >2 weeks acclimatization (Lucas et al., 2011).
These data have not been previously published.
5.1.3 STUDY 3 - CALCULATIONS

To account for the influence of changes in blood pressure on CBF upon ascent to HA, we
calculated CVC as gCBF divided by MAP (Equation 3.2). Shear stress in the ICA and VA
were also calculated (Equation 5.1).

Equation 5.1. Shear stress.

Shear Stress = Shear rate * blood viscosity
Shear Stress = (4 * velocity / diameter) * blood viscosity
5.1.4 SUTDY 3 - STATISTICAL ANALYSES

Data were analyzed using a linear mixed model with a compound symmetry co-variance
structure. The selected factors were altitude and race. When significant main effects were
detected, Bonferroni corrected post-hoc tests were used to make pairwise comparisons.
Significance was assumed at P<0.05. There was no difference in the primary outcome
variables between current and non-smokers in either Sherpa group.
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To further ascertain the underlying components regulating gCBF (dependent variable)
during ascent in lowlanders and Sherpa, we ran a forward stepwise linear regression model
including the following input variables: Altitude, race, CaO2, PaCO2, pH, venous whole
blood viscosity, and both systolic and diastolic blood pressures. These variables were
chosen as they are considered important regulators of CBF in humans (Willie et al., 2014c).

Differences between acclimatized lowlanders, the ascent Sherpa, and altitude Sherpa at 2weeks were compared using a one-way ANOVA. When significant main effects were
detected, Bonferroni corrected post-hoc tests were used to make pairwise comparisons.
Sherpa versus lowlander cerebral vascular CO2 reactivity were compared using a MannWhitney U test.
5.2
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RESULTS

5.2.1 ARTERIAL AND VENOUS BLOOD VARIABLES

All arterial and venous blood data are summarized in Table 5.2. Notably, CaO2, SaO2, and
PaO2 did not differ between Lowlanders and Sherpa at any HA location. Although a
reduction in PaCO2 was observed in both groups, PaCO2 was higher in Sherpa at 4371 m
and 5050 m (vs. lowlanders P<0.01). In keeping, there was a main effect for lower pH in
Sherpa across all altitudes (P<0.01). At 1400 m Sherpa had an elevated [Hb] relative to
lowlanders (P<0.01), but following an increase in lowlander [Hb] at 3400 m (P<0.01), there
was no difference present between groups throughout the remainder of the ascent. Both
HCT and venous whole blood viscosity followed the same pattern as [Hb], with Sherpa
HCT and viscosity elevated compared to lowlanders at 1400 m, but not different during the
remainder of ascent.
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Table 5.2. Arterial and venous blood data.

CaO2 (ml ·

Kathmandu

Namache

Pheriche

(1400m)

(3400m)

(4371m)

dl-1)

Pyramid (5050m)

Race: P=0.244; Altitude: P<0.001; Interaction: P=0.005

Lowlander

17.8±1.1†

17.3±1.0

16.7±0.9*

15.6±1.4*

Sherpa

19.3±1.1

17.3±1.4*

16.8±1.0*

15.7±1.4*

Race: P=0.152; Altitude: P<0.001; Interaction: P=0.809

SaO2 (%)
Lowlander

95.4±1.2

87.4±2.7*

84.5±3.2*

79.0±4.9*

Sherpa

94.5±1.9

86.7±3.2*

82.5±4.5*

77.4±4.5*

Race: P=0.523; Altitude: P<0.001; Interaction: P=0.693

PaO2 (mmHg)
Lowlander

77.0±6.5

51.8±4.1*

47.6±3.7*

41.2±4.4*

Sherpa

74.8±7.6

52.2±4.6*

46.7±4.5*

40.6±4.3*

Race: P=0.050; Altitude: P<0.001; Interaction: P=0.011

PaCO2 (mmHg)
Lowlander

40.3±2.6

Sherpa

39.8±1.6

34.5±1.4*

32.2±1.6*†

29.9±1.9*†

35.4±2.3*

34.3±2.9*

32.1±2.7*

Race: P<0.001; Altitude: P<0.001; Interaction: P=0.918

pH

-

HCO3 (mEq ·

BEecf (mEq ·

[Hb] (g ·

Lowlander

7.42±0.02

7.44±0.02*

7.43±0.02

7.46±0.02*

Sherpa

7.40±0.01

7.41±0.02*

7.40±0.02

7.44±0.02*

L-1)

Race: P=0.111; Altitude: P<0.001; Interaction: P=0.002

Lowlander

26.33±1.42*†

23.57±1.21*†

21.55±1.34*

21.37±1.57*

Sherpa

24.55±1.24*

22.32±1.63*

21.47±1.83*

21.66±2.01*

L-1)

Race: P=0.034; Altitude: P<0.001; Interaction: P=0.029

Lowlander

1.95±1.56*†

-0.62±1.40*†

-2.81±1.60*

-2.39±1.93*

Sherpa

-0.11±1.45*

-2.18±1.83*

-3.27±2.15*

-2.67±2.17*

dl-1)

Race: P=0.017; Altitude: P=0.012; Interaction: P=0.001

Lowlander

13.56±0.80†

14.46±0.70*

14.44±0.52*

14.46±0.72*

Sherpa

14.83±0.92

14.50±0.75

14.85±0.89

14.81±0.65

Race: P=0.020; Altitude: P=0.010; Interaction: P=0.001

HCT (%)
Lowlander

39.90±2.39†

42.52±2.04*

42.48±1.54*

42.78±2.24*

Sherpa

43.64±2.69

42.64±2.20

43.64±2.62

43.66±2.17

Race: P=0.240; Altitude: P<0.001; Interaction: P=0.004

Venous viscosity (cP)
Lowlander

3.78±0.48†

4.41±0.30*

4.53±0.43*

4.78±0.36*

Sherpa

4.32±0.40

4.46±0.67

4.63±0.58

4.62±0.29

Bolded Lowlander or Sherpa indicates a main effect of race, with the bolded group
possessing a higher value
* Significant difference from baseline, P<0.05
† Significant difference between Sherpa and Lowlander within an altitude, P<0.05
CaO2, arterial oxygen content; SaO2, arterial oxyhemoglobin saturation; PaO2, partial
pressure of arterial oxygen; PaCO2, partial pressure of arterial carbon dioxide; HCO3-,
bicarbonate ion; BEecf, base excess extracellular fluid; [Hb], hemoglobin concentration;
HCT, hematocrit.
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5.2.2 CEREBROVASCULAR AND CARDIORESPIRATORY VARIABLES

In Lowlanders, gCBF was unchanged from Kathmandu (1400 m) values at 3400 m and
4371 m (+0.4±15.5% & -0.1±21.5%, respectively), but increased by 23.3±26.1% at 5050
m (main effect of altitude, P<0.01) (Figure 5.1). Flow through the ICA and VA followed
a similar pattern – both were unaltered at 3400 m or 4371 m, but were elevated by
18.4±26.2% and 24.6±31.9% at 5050 m, respectively (main effect of altitude, P<0.01). In
the Sherpa, gCBF was 21.3±24.0% lower at 3400 m compared to Kathmandu, returned to
baseline by 4371 m (-4.3±8.8%), and was elevated by 13.5±22.3% at 5050 m (main effect
of altitude, P<0.01). Regional flow through the ICA and VA appeared to follow differential
patterns in the Sherpa, with QICA reduced by 22.8±21.6% at 3400 m compared to
Kathmandu, returned to baseline by 4371 m (-5.8±11.1%), and then elevated by
10.0±22.8% at 5050 m. However, VA flow was unaltered at 3400 m (-5.9±44.2%), albeit
this response showed substantial inter-individual variability (Figure 5.1). At 4371 m, VA
flow in the Sherpa was slightly elevated by 10.6±51.2%, with a further significant elevation
at 5050 m where VA flow was 20.7±31.8% greater than in Kathmandu (main effect of
altitude, P<0.01). There was a significant main effect of race, with QICA, VA flow, and
gCBF greater in lowlanders compared to Sherpa across all altitudes (Figure 5.1). Anterior
(i.e. QICA) versus posterior (i.e. VA flow) distributions of CBF in lowlanders and Sherpa
are presented in Figure 5.2. Sherpa had a lower posterior distribution of CBF than
lowlanders across all altitudes during ascent (main effect of race, P=0.018).
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Figure 5.1. Regional cerebral blood flow and cerebral oxygen
delivery upon ascent to 5050 m in lowlanders and sherpa.
For all panels lowlanders are denoted by the filled circle symbol (•), and
Sherpa by the open square symbol (⁍). A. Internal carotid artery (ICA)
flow in lowlander and Sherpa. ICA flow (i.e. QICA) was reduced across
groups at 3400 m (marginal means, P=0.01) and increased across groups
at 5050 m (marginal means, P=0.02). B. Vertebral artery (VA) flow in
lowlander and Sherpa. VA flow was increased across groups at 5050 m
(marginal means, P<0.01). C. Global cerebral blood flow (gCBF) in
lowlander and Sherpa. gCBF was reduced across groups at 3400 m
(marginal means, P=0.038) and increased across groups at 5050 m
(marginal means, P<0.01). D. Cerebral oxygen delivery (CDO2) in
lowlander and Sherpa. CDO2 was lower in Sherpa compared to
lowlanders at 3400 m (P<0.01), 4371 m (P=0.03), and 5050 m (P<0.01).
While lowlander CDO2 was maintained across ascent, Sherpa CDO2
decreased from Kathmandu values at 3400 m (P<0.01) and 4731 m
(P=0.04). In all panels, the % change from Kathmandu values for
lowlanders and Sherpa throughout ascent are presented in the right
figures.
* Denotes a significant change from Kathmandu values (P<0.05)
† Denotes a significant difference between lowlanders and Sherpa at a
given altitude (P<0.05)
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The CDO2 was maintained in the lowlanders during ascent. In contrast, Sherpa CDO2 was
reduced at 3400 m (-30.3±21.6%; P<0.01), 4371 m (-14.2±10.7%; P=0.03), but was not
statistically different from Kathmandu at 5050 m (-12.0±18.0%; P=0.28). Compared to
lowlanders, Sherpa CDO2 was lower at 3400 m (P<0.01), 4371 m (P=0.03), and 5050 m
(P<0.01) (Figure 5.1).

Figure 5.2. Cerebral blood flow distribution in lowlanders and
sherpa upon ascent and following acclimatization.
The presented data are global cerebral blood flow (gCBF) with open bars
for the lowlanders, grey bars for the ascent sherpa and a black bar for the
altitude sherpa. Overlayed on the gCBF data, a patterned bar, is an
estimate of bilaterial VA flow (2 · unilateral VA flow), with the estimated
%contribution of VA flow to gCBF denoted above each time point. For
the ascent protocol a 2-way ANOVA was used for statistical comparisons
(Factors: Race and Altitude). Their was a main effect of Race (P=0.018)
with the %CBF distribution to the posterior circulation less in Sherpa
across altitudes. Following 2-weeks at 5050 m, the three groups (right
side of figure) were compared using a 1-way ANOVA. Both the ascent
Sherpa (P<0.01) and altitude Sherpa (P<0.01) had lower VA distribution
than lowlanders following arrival at 5050 m.
Lowlander MAP was lower in Kathmandu compared to Sherpa (84.5±6.3 vs. 95.2±9.2
mmHg; P<0.01), and increased from Kathmandu at each altitude (P<0.01 for all altitudes),
while MAP in the Sherpa did not increase at altitude. At 3400 m (93.4±9.1 vs. 101.5±10.7
mmHg; P=0.02) and 4371 m (93.9±8.6 vs. 100.7±9.6 mmHg; P=0.03), lowlander MAP
was lower than that of the Sherpa. At 5050 m there was no difference between lowlander
and Sherpa MAP (99.9±10.2 vs. 96.5±5.3 mmHg; P=0.38). The combination of changes in
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gCBF and MAP lead to a main effect of both altitude (P<0.001) and race (P<0.001) on
cerebrovascular conductance (CVC; interaction, P=0.166). Lowlander (7.91±1.42 vs.
6.97±1.32 mL · min-1 · mmHg-1) and Sherpa (5.80±1.32 vs. 4.02±1.15 mL · min-1 · mmHg1

) were reduced at 3400 m compared to Kathmandu (main effect of altitude, P=0.001).

Lowlander and Sherpa CVC were not different from baseline at 4371 m (7.04±1.58 &
5.22±1.23 mL · min-1 · mmHg-1, respectively) or 5050 m (7.99±1.74 & 6.41±1.64 mL ·
min-1 · mmHg-1, respectively).
5.2.3 PREDICTORS OF GCBF DURING ASCENT

Forward stepwise linear regression revealed that race, altitude, CaO2, pH and viscosity
were all important predictors of gCBF during ascent (Table 5.3). Our model (see Table
5.3; and Figure 5.3) resulted in an r2 of 0.36. The standard error of estimate between actual
and predicted gCBF was 72.08 mL · min-1. The significant coefficient of 172.6 for race
corroborates the main effect of race detected with the mixed model analysis, and is
extremely comparable to the mean differences in lowlander and Sherpa gCBF at each
altitude seen in Figure 5.1.
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Table 5.3. Multi-linear regression for the prediction of cerebral blood flow at highaltitude in lowlanders and sherpa.
Stepwise Multi-linear Regression Output
gCBF = 8976.751 + 172.639(Race) – 84.635(Namche) – 63.915(Pheriche) +
36.877(Pyramid) – 25.580(CaO2) – 1104.140(pH) +48.488(Viscosity)
Input Variable

Coefficient

P-value

Race

172.639

<0.001

Altitude (Namche)

-84.635

0.035

Altitude (Pheriche)

-63.915

0.161

Altitude (Pyramid)

36.877

0.551

CaO2

-25.580

0.036

-1104.140

0.075

48.488

0.119

pH
Viscosity

Race is a nominal variable with 0=Sherpa and 1=lowlander. Altitude is an ordinal variable,
where 1 is entered in for the current altitude, and zero for the other altitudes. The true values
for CaO2, pH and viscosity are used. For example, a lowlander in Namche (3400 m) with
a CaO2 of 17.3mL · dL-1, pH of 7.44, and viscosity of 4.41 would be represented by the
following equation: gCBF = 8976.751 + 172.639(1) – 84.635(1) – 63.915(0) + 36.877(0) –
25.580(17.3) – 1104.140(7.44) + 48.488(4.41). This predicts a gCBF of 621.25 mL · min1
.

204

Figure 5.3. Actual versus predicted global cerebral blood flow.
This figure depicts actual CBF in lowlander and Sherpa versus their
predicted values using our stepwise linear regression model. The standard
error of the estimate between actual and predicted values was 72.1 mL ·
min-1. The regression equation used was: gCBF = 8976.751 +
172.639(Race)
–
84.635(Namche)
–
63.915(Pheriche)
+
36.877(Pyramid) – 25.580(CaO2) – 1104.140(pH) +48.488(Viscosity).
Lowlanders are denoted by the filled circle symbol (•), and Sherpa by the
open square symbol (⁍).
5.2.4 ASCENT VERSUS ALTITUDE SHERPA COMPARISONS
Comparison of lowlanders to both the ‘Ascent’ Sherpa and ‘Altitude’ Sherpa at 5050 m
revealed their gCBF were similarly 24% (P<0.01) and 27% (P<0.01) lower, respectively
(Figure 5.4). While differences in QICA between groups approached statistical significance
(main effect, P=0.06), the difference in gCBF between lowlanders and both Sherpa groups
is largely attributable to a 40% (Ascent Sherpa, P<0.01) and 44% (Altitude Sherpa, P<0.01)
lower VA flow. This is consistent with the largely reduced posterior CBF distribution in
both Sherpa groups compared to lowlanders at 5050 m (P<0.05 for both; Figure 5.2). These
differences in CBF, in the face of similar CaO2 values (Table 5.4) lead to a 21% (P=0.02)
and 22% (P<0.01) lower CDO2 in the Ascent Sherpa and Altitude Sherpa, respectively.
Cerebral vascular CO2 reactivity was not different between Sherpa and lowlanders (5.4±2.1
vs. 5.0±1.1 % · mmHg-1; P=0.77) at 5050 m.

205

Figure 5.4. Cerebral blood flow and oxygen delivery in acclimatized
lowlanders, sherpa following ascent, and sherpa recruited at altitude.
In all panels, lowlanders are denoted by the filled circle symbol, Sherpa
that took part in the ascent with the open square symbol, and Sherpa who
were recruited at altitude by the filled triangle. ICA, internal carotid
artery; VA, vertebral artery; gCBF, global cerebral blood flow; CDO2,
cerebral oxygen delivery. Horizontal bars indicate a significant
difference from lowlanders.
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Table 5.4. Comparison between lowlanders, the ascent sherpa, and the altitude sherpa
following arrival at 5050m.
Lowlander

Ascent Sherpa Altitude Sherpa

CaO2 (ml · dl-1)

15.66±1.35

15.68±1.35

16.95±2.36

0.102

SaO2 (%)

78.95±4.94

77.43±6.32

86.73±3.42*†

<0.001

PaO2 (mmHg)

41.20±4.44

40.58±4.25

41.65±6.23

0.876

PaCO2 (mmHg)

29.93±1.58

32.06±2.71*

31.88±2.44

0.020

pH

7.46±0.02

7.44±0.02*

7.41±0.02*†

<0.001

HCO3- (mEq · L-1)

21.37±1.57

21.66±2.01

20.26±1.56

0.123

BEecf (mEq · L-1)

-2.39±1.93

-2.67±2.17

-4.35±1.69*

0.030

[Hb] (g · dl-1)

14.46±0.72

14.81±0.65

15.94±1.03*†

<0.001

HCT (%)

42.78±2.24

43.66±2.17

47.05±3.58*†

<0.001

MAP (mmHg)

99.86±10.22 96.55±5.30

88.87±7.69*

0.006

CVC (ml · min-1·

7.99±1.74

6.54±1.99

0.047

6.41±1.64

ANOVA

mmHg-1)
*denotes a significant difference from lowlanders; †, denotes a significant difference from
the ascent Sherpa group. CaO2, arterial oxygen content; SaO2, arterial oxyhemoglobin
saturation; PaO2, partial pressure of arterial oxygen; PaCO2, partial pressure of arterial
carbon dioxide; HCO3-, bicarbonate ion; BEecf, base excess extracellular fluid; [Hb],
hemoglobin concentration; HCT, hematocrit; MAP, mean arterial pressure; CVC, cerebral
vascular conductance.
5.3

S TUDY 3 -

DISCUSSION

The present study examined the novel hypothesis that CBF and CDO2 would be lower in
Sherpa compared to lowlanders during ascent to HA. To address this question, unique
comparisons of CBF, CDO2 and related physiological parameters were made between
lowlanders and partially de-acclimatized Sherpa during graded ascent to 5050 m. Further
comparisons were made between lowlanders, the Sherpa that had ascended (Ascent
Sherpa), and Sherpa that were residing at altitude prior to travel to the Pyramid Laboratory
(Altitude Sherpa). The primary findings are: 1) gCBF during ascent to HA is significantly
lower in the Sherpa with an approximate 175 mL · min-1 of the difference in gCBF between
lowlanders and Sherpa attributable to factors associated with race; 2) consequently, upon
ascent to HA, CDO2 is higher in lowlanders compared to Sherpa, and higher than both the
Ascent and Altitude Sherpa at 5050 m;, and 3) CBF distribution to the posterior circulation
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was lower across all altitudes during ascent in Sherpa compared to lowlanders, and lower
in both Sherpa groups compared to lowlanders at 5050 m. Collectively, these data indicate
that there is a unique role of race in governing differential CBF regulation between
lowlanders and Sherpa, irrespective of partial de-acclimatization, implicating long-term
(i.e., generational) adaptations in the regulation of CDO2.
5.3.1 CEREBRAL BLOOD FLOW AT ALTITUDE: INFLUENCE OF RACE
Our study corroborates recent research demonstrating that Tibetans’ possess lower CBF
than lowlanders at altitude (Liu et al., 2016) (Figure 5.1; Table 5.3). Although not
quantified in this latter study (Liu et al., 2016), we extend these findings using a
longitudinal design to show that these differences are present despite a similar blood gas
profile during ascent between groups. Notably, however, pH was lower, and PaCO2 was
higher in the Sherpa (typically these two factors would increase gCBF in Sherpa relative to
lowlanders – see section “Potential mechanism(s) of reduced cerebral oxygen delivery”).
When lowlander CBF was compared to Sherpa that had not recently descended to low
altitude, lowlander CBF remained higher; therefore, irrespective of recent time at altitude,
Sherpa possess lower CBF than lowlanders. Yet, the recent study by Lui et al., reported
similar CBF at sea level between Tibetans and Han-Chinese (Liu et al., 2016). Our group
has also recently demonstrated that gCBF is lower in Sherpa children compared to
lowlander children, which given the consistently lower CBF across the lifespan, suggests
developmental differences across a single lifespan do not account for our observation of
lower CBF in Sherpa at HA compared to lowlanders (Flück et al., 2017). Further research,
using a longitudinal study design where Tibetans/Sherpa born at sea-level ascend to altitude
is necessary to explicitly determine the influence of Tibetan genetic adaptation on CBF
regulation independent of previous hypoxic exposure. Overall, the lower gCBF in Sherpa
during ascent, and in both Sherpa groups at 5050 m, led to a lower CDO2 in Sherpa
compared to lowlanders at every HA time point.

Previous studies have indicated a greater preservation of VA flow (i.e. posterior oxygen
delivery) relative to QICA (i.e. anterior oxygen delivery) in both HA natives (Liu et al.,
2016) and lowlanders rapidly ascending to 5260 m (Subudhi et al., 2014b). In other words,
reactivity of the posterior circulation to altitude appears greater than the anterior circulation,
with posterior oxygen delivery not changing from normoxic values. These findings are
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further corroborated by the present study (Figure 5.1) where posterior CBF distribution did
not decrease during ascent in lowlanders or Sherpa. However, the Ascent and Altitude
Sherpa demonstrated a lower percentage of gCBF distributed to the posterior circulation
across all altitudes when compared to the lowlanders (Figure 5.2). At 5050 m lower
posterior CBF distribution appeared to represent the majority of the lower gCBF in both
Sherpa groups compared to lowlanders.
5.3.2 POTENTIAL MECHANISM(S) OF REDUCED CEREBRAL OXYGEN DELIVERY

Several factors that are implicated in the integrative regulation of CBF should theoretically
be cause for a higher – rather than the observed lower - CBF in Sherpa compared to
lowlanders in the present study. For example, a lower pH and higher PaCO2 in addition to
a higher MAP in Sherpa compared to lowlanders (Table 5.2) should all contribute to a
higher CBF (Kety & Schmidt, 1948c; Lucas et al., 2010). The similar CaO2, [Hb], and
blood viscosity throughout ascent would not contribute to the lower CBF in Sherpa in the
face of higher MAP and PaCO2. That race came out as an independent predictor of gCBF
at altitude (~172 mL · min-1; Table 5.3; ~25% of resting lowlander CBF) further affirms
that the difference in CBF between groups cannot be explained by our measured variables.
When considering cerebrovascular responsiveness to the aforementioned inputs (e.g. CaO2,
PaCO2, MAP, etc.,) there remains no apparent explanation of reduced CBF and CDO2 in
Sherpa during ascent. For example, cerebrovascular CO2 reactivity is not different between
lowlander and Sherpa at altitude during ascent at 4371 m (Jansen et al., 1999) and following
acclimatization to 5050 m (Figure 5.5). Further, we have demonstrated previously that the
cerebrovascular response to driven changes in MAP (i.e. cerebral autoregulation) does not
differ between Sherpa and partially acclimatized lowlanders (Smirl et al., 2014), although
this has not been consistently demonstrated during infusion of the vasoactive drug
phenylephrine (Jansen et al., 2014). Notably, however, infusion of a vasoactive drug likely
invalidates TCD as an index of CBF as used in the aforementioned study by Jansen and
coworkers (Hoiland & Ainslie, 2016a). Endothelial function, as indexed in the peripheral
vasculature, also appears similar between Sherpa and lowlanders at HA (Lewis et al.,
2014a) eliminating another potential explanation for reduced CDO2 in the Sherpa during
ascent.
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Figure 5.5. Lowlander and sherpa cerebrovascular reactivity to
carbon dioxide.
The presented cerebrovascular reactivity data are the relative reactivity
(i.e. %change) values for lowlanders and Sherpa collected at 5050 m in
2008. The hyperoxic rebreathe technique was used for these tests
[Previously described: (Fan et al., 2010b)]. There is no difference in CO2
reactivity between Sherpa and acclimatized lowlanders as determined by
the non-parametric Mann Whitney U Test (P=0.77).
While cerebral metabolism does not differ between Sherpa and lowlanders at sea level
(Hochachka et al., 1996), it has not been compared between groups following
acclimatization or prolonged stay at altitude and may represent the most tenable mechanism
for reduced CDO2. In keeping, CDO2 did not differ between groups at 1400 m where
metabolism is apparently not different after a similar duration of de-acclimatization
(Hochachka et al., 1996); however, upon hypoxic exposure (3400 m and above) CDO2 was
lower in Sherpa, which, if coupled to cerebral metabolic demand (as it is at sea-level)
(Ainslie et al., 2014), is perhaps related to some form of hypoxia induced hypometabolism.
This may represent a genetic/hypoxic interaction, whereby adaptive phenotypes only
present following exposure to hypoxia (i.e., genotype-phenotype interaction). Such a
hypometabolic adaptation is key for the purposes of oxygen conservation in various
vertebrates such as the crucian carp and some fresh water turtles that possess an ability to
reduce cerebral metabolism among a number of other adaptive physiological processes to
tolerate hypoxic and anoxic environments (Nilsson & Lutz, 2004). Further, greater
mitochondrial efficiency has recently been demonstrated in skeletal muscle of Sherpa
compared to lowlanders (Horscroft et al., 2017), which if such a phenomenon is present in
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cerebral tissue may be related to the differential flow regulation observed in the present
study. However, if the difference in CDO2 is unrelated to metabolic differences between
lowlander and Sherpa (i.e., no difference in cerebral metabolism), perhaps there is a role of
elevated angiogenesis and capillary density (Xu & Lamanna, 2006) in Sherpa that allows
for a greater extraction of oxygen. If the case, this would necessitate less bulk flow to
maintain metabolic homeostasis as is seen in skeletal muscle of varying capillary density
(Gayeski et al., 1988); however, one would expect this to be reflected by a higher (not
lower as we observed) cerebrovascular conductance in the Sherpa group. Although these
mechanism(s) remain to be established, it would seem reasonable to suggest that the
observed reductions in CDO2 in the Sherpa are adaptive rather than maladaptive (see
section “Study 3 - Summary”).
5.3.3 METHODOLOGICAL CONSIDERATIONS

This study demonstrated that in lowlanders ascending to altitude, CBF does not increase
until approximately 5050 m (Figure 5.1). This CBF pattern is distinctly different from that
demonstrated in individuals performing a similar ascent profile with concurrent
acetazolamide prescription for AMS prophylaxis (Willie et al., 2014a). However, given the
maintenance of CDO2 despite unaltered CBF, and the disconnect between CBF at altitude
and AMS severity (Ainslie & Subudhi, 2014), there appears no likely maladaptive
consequences of the present CBF response to altitude. This is also likely the case for
Sherpa, who despite reduced CDO2 present with no AMS symptoms.

Following >2 years of de-acclimatization, Tibetans possess a reduced [Hb] compared to
lowlanders at low altitude (Liu et al., 2016); however, in the present study Sherpa [Hb] was
elevated above lowlanders following 5-15 days of de-acclimatization in Kathmandu (Table
5.2). In lowlanders returning from altitude, [Hb] has been shown to return to baseline values
within one to two weeks (Ryan et al., 2014; Siebenmann et al., 2015) although this did not
appear to be the case for the Sherpa population we tested. There was no correlation between
the variability in duration (days) of de-acclimatization with [Hb] in Kathmandu (r<0.01;
P=0.87). Whether a greater extent of chronic hypoxia in the Sherpa prolongs the presence
of elevated [Hb] (or Hb mass) is currently unknown. Nevertheless, upon reaching 3400 m,
there were no recorded hematological differences between groups. This indicates that
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differences in CBF and CDO2 throughout ascent cannot be attributed to [Hb], as it was
similar between groups.

Typically, Sherpa are of smaller weight and stature than that of western counterparts (as in
the present study), which may be cause to scale CBF to body size. However, there appears
to be no relationship between stature and brain weight (Heymsfield et al., 2009), indicating
that scaling to body size may not be appropriate. Indeed, cerebral metabolism is not
different between Sherpa and lowlanders near sea-level (Hochachka et al., 1996), which
may be indicative of similar brain mass. Therefore, if there is indeed a lower cerebral
metabolism in Sherpa at altitude, as speculated, this is more likely due to a signaled downregulation of metabolic processes, versus that of a size principle (i.e., lower brain mass =
lower cerebral metabolism).
5.4

S TUDY 3 - S UMMARY

Since their early involvement in the attempted conquests of Mt. Everest in the early 1920’s,
HA native Sherpa have been recognized for their exceptional performance at altitude and
tolerance to hypoxia. In contrast to lowland native mountaineers who display deleterious
consequences of ascent above 8000 m such as cortical atrophy and/or hyper-intensities
(Garrido et al., 1993; Paola et al., 2008), Sherpa are unaffected in this regard (Garrido et
al., 1996), indicating the presence of functional adaptations that proffer protection to the
brain. Therefore, it stands to reason that the reduced CBF observed herein represents a
positive adaptation. While lower CBF and CDO2 may indicate a hypometabolic adaptation
in Sherpa, as speculated above, the potential implications of reduced CBF extend beyond
that of metabolic homeostasis. For example, reduced CBF may predispose Sherpa to a
lower risk of vasogenic edema and/or intracranial hypertension (Lawley et al., 2015; Sagoo
et al., 2016) than lowlanders (Schoonman et al., 2008). This may be of particular
importance at extreme altitudes (e.g. ≥8000 m) where lowlander CBF is reportedly 200%
greater than at sea-level (Wilson et al., 2011). Overall, it remains to be determined why
Sherpa possess a lower CDO2 at a given altitude than lowlanders, yet it seems most likely
such a difference represents a positive physiological adaptation.
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6

OXYGEN THERAPY IMPROVES CEREBRAL OXYGEN DELIVERY AND
NEUROVASCULAR FUNCTION IN HYPOXEMIC CHRONIC
OBSTRUCTIVE PULMONARY DISEASE PATIENTS

Some patients with moderate-to-very severe COPD endure a state of chronic hypoxemia a consequence of sub optimal gas exchange. Literature on cerebral vascular regulation in
COPD is sparse (Beaudin et al., 2017), despite an elevated risk of cognitive impairment
(Thakur et al., 2010), dementia (Liao et al., 2015) and ischemic stroke (Feary et al., 2010);
this risk increases in proportion to disease severity (Portegies et al., 2016). Further, greater
brain atrophy has been observed in COPD patients compared to age and sex matched
controls (Zhang et al., 2013). Physiological links between COPD, cerebrovascular
dysfunction and risk of the aforementioned diseases have yet to be established.

In healthy individuals, a reduction in CaO2 leads to an increase in CBF due to cerebral
vasodilator mechanisms (Kety & Schmidt, 1948c; Hoiland et al., 2016a), which may be
continuously active in hypoxemic COPD patients. Indeed, CBF is elevated in COPD
commensurate to the level of hypoxemia (Albayrak et al., 2006); however, whether this
elevated CBF is great enough in magnitude to maintain CDO2 is unknown. If patients are
hypoxemic, low flow oxygen (e.g. 3L · min-1) is typically prescribed (NOTTG, 1980;
MRCWP, 1981) with the goal of increasing PaO2 to >60mmHg while avoiding hyperoxia
(Qaseem et al., 2011). This therapy reduces mortality (NOTTG, 1980; MRCWP, 1981) and
the risk of cognitive impairment (Thakur et al., 2010). Given the potential link between
chronic cerebral hypo-perfusion (i.e. vascular insufficiency – reduced CDO2) and the
pathogenesis of neurovascular injury and dementia (Iadecola, 2010), understanding the
influence of oxygen therapy on CBF, CDO2 and neurovascular function in COPD is of
immediate importance.

We examined two primary hypotheses: 1) that CBF would be reduced in COPD patients
following O2 normalization leading to unchanged CDO2 despite elevated CaO2, and 2) in
the face of unaltered CDO2 no change in neurovascular function would be observed.

213

6.1

S TUDY 4 -

METHODS

The study was approved by the institutional Ethics Committee (University of Split, Croatia;
Reg. no. 2181-198-03-03-13-0017) and the University of British Columbia Clinical
Research Ethics Board (H16-01028). Written informed consent was obtained from all
participants and all experimental procedures conformed to the standards set by the
Declaration of Helsinki, except for registration in a database.

At the Split Clinical Hospital Centre Pulmonary Diseases Clinic (Split, Croatia), 342 COPD
patients were screened for eligibility during hospital stays or ambulatory visits. Diagnosis
of COPD was classified according to the criteria of the Global Initiative for Obstructive
Lung Disease (GOLD) (Vestbo et al., 2013). The primary inclusion criterion was chronic
hypoxemia defined as arterial oxygen saturation of ≤93% objectively confirmed on at least
two different occasions during the six previous months (n=84). The related arterial blood
gas values from these measurements are reported in Table 6.1. Patients who had suffered
from an acute exacerbation, active respiratory infection or infection of other localization
within six weeks prior to the visit were excluded (n=32). Likewise, patients who had a
relevant coexisting condition such as interstitial lung disease, cancer, renal failure,
thromboembolic disease or major cardiovascular event during the previous year were also
excluded (n=25). Those patients who could not provide informed consent or comply with
the study protocol due to a mental or physical condition were also excluded (n=10). One
patient did not participate due to scheduling conflicts. Details on the remaining 16 patients
included in the present study are presented in Table 6.1.
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Table 6.1. Chronic obstructive pulmonary disease patient characteristics.
COPD (n=16)
Age (years), mean (SD)

69.4 (8.7)

Sex (male), No. (%)

11 (68.8)

Height (cm), mean (SD)

171.8 (6.5)

Weight (kg), mean (SD)

75.6 (14.2)

Body mass index

(kg/m2),

mean (SD)

25.6 (4.6)

Cigarette smoking status
Current, No. (%)

6 (37.5)

Former, No. (%)

8 (50.0)

Non-smoker, No. (%)

2 (12.5)

Smoking pack-years, mean (SD)

50.1 (44.6)

Co-morbidities
Hypertension, No. (%)

9 (56.3)

Diabetes mellitus, No. (%)

3 (18.8)

Coronary artery disease, No. (%)

1 (6.3)

Peripheral artery disease, No. (%)

2 (12.5)

Medication use
β-blockers, No. (%)

4 (25.0)

Calcium channel blockers, No. (%)

3 (18.8)

ACE inhibitors or angiotensin antagonists, No. (%)

8 (50.0)

Diuretics, No. (%)

12 (75.0)

Statins, No. (%)

1 (6.3)

Acetylsalicylic acid, No. (%)

2 (12.5)

Inhaled corticosteroids, No. (%)

14 (87.5)

Systemic corticosteroids, No. (%)

1 (6.3)

Short-acting β-agonists, No. (%)

4 (25.0)

Long-acting β-agonists, No. (%)

16 (100.0)

Short-acting anticholinergics, No. (%)

4 (25.0)

Long-acting anticholinergics, No. (%)

11 (68.8)

Theophylline, No. (%)

8 (50.0)

Roflumilast, No. (%)

1 (6.3)

Methyldigoxine, No. (%)

1 (6.3)

Cardiorespiratory Variables
Systolic blood pressure (mm Hg), mean (SD)

132 (25)

Diastolic blood pressure (mm Hg), mean (SD)

77 (13)

FEV1 (% of predicted), mean (SD)

32.9 (12.7)

FVC (% of predicted), mean (SD)

55.1 (15.2)

FEV1/FVC ratio (%), mean (SD)

44.9 (9.6)

SaO2 (%), mean (SD)

88.8 (4.0)

PaO2 (kPa), mean (SD)

7.5 (1.1)

PaCO2 (kPa), mean (SD)

6.2 (0.9)

pH, mean (SD)

7.43 (0.03)

[Hb] (g/dL) mean (SD)

13.9 (1.4)
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COPD (n=16)
Home oxygen therapy, No. (%)

12 (75.0)

O2 washout period (h), mean (SD)

6.5(5.8)

Severity of airflow limitation (GOLD)
Stage 1, No. (%)

0 (0.0)

Stage 2, No. (%)

2 (12.5)

Stage 3, No. (%)

5 (31.3)

Stage 4, No. (%)

9 (56.3)

Dyspnea grade (mMRC), mean (SD)

3.2 (0.5)

Acute exacerbations ≥2 per year, No. (%)

13 (81.3)

Combined COPD assessment
Group A, No. (%)

0 (0.0)

Group B, No. (%)

1 (6.3)

Group C, No. (%)

0 (0.0)

Group D, No. (%)

15 (93.8)

ACE, angiotensin converting enzyme; FEV1, forced expiratory volume in one second;
FVC, forced vital capacity; SaO2, arterial oxyhemoglobin saturation; PaO2, partial pressure
of arterial oxygen; PaCO2, partial pressure of arterial carbon dioxide; [Hb], hemoglobin
concentration.
6.1.1 STUDY 4 - EXPERIMENTAL PROTOCOL

Patients arrived at the laboratory having abstained from exercise, alcohol and caffeine for
a minimum of 12 hours. Additionally, the patients had fasted for four hours, and current
smokers had their last cigarette a minimum of eight hours prior to testing.

All cardiorespiratory and cerebrovascular variables (HR, MAP, SpO2, MCAv, PCAv, QICA
and QVA) were measured as previously described study 1 (see sections “Cardiorespiratory
measures” and “Cerebrovascular measures”).

Following at least 20 minutes of supine rest, resting volumetric CBF was measured
alongside the other cardiovascular variables. Reliable images of the ICA were collected in
all patients; however, due to excessive neck movement from respiration (e.g.
sternocleidomastoid contraction), reliable VA images were only captured in seven patients.
Therefore, the resulting sample size for VA and gCBF is based on n=7.
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After the resting measures, the NVC response was assessed. For this test, participants
performed five cycles of 30-seconds eyes open followed by 30-seconds eyes closed while
PCAv and MCAv were recorded. During the 30-seconds of eyes open patients read
standardized material. This test was conducted in accordance to published guidelines
(Phillips et al., 2016). The hemodynamic response to the five cycles was averaged and used
for analysis.

Following initial resting measurements and NVC, low flow O2 was administered via nasal
cannula to normalize SpO2 to ≥96% for 20 minutes, following which time resting
measurements and NVC were repeated while O2 supplementation was continued.
Therefore, measurements of NVC and gCBF occurring 26.5±3 and 30.0±5.5 minutes
following onset of O2 normalization, respectively. Two subjects withdrew for reasons
unstated, rendering the final maximum sample size as n=14 for pre- and post- O2
normalization data.
6.1.2 STUDY 4 - CALCULATIONS

To provide further insight into the role of oxygen therapy on cerebral vascular function we
have estimated CDO2 by combining our pulse-oximetry data and gCBF according to
Equation 3.3 and Equation 3.4. In the COPD patients [Hb] was taken from two separate
arterial blood gases over 6-months prior to testing (i.e. same values as in Table 6.1).
6.1.3 STUDY 4 - STATISTICAL ANALYSES

Sample size was determined a priori based upon similar studies (Patterson et al., 1952;
Albayrak et al., 2006) and sample size calculations (G*Power, V3.1). It was determined
that with a power of 0.8, 15 subjects would be required to detect a 100 mL · min-1 change
in gCBF (e.g., 13% change from typical value of 750mL mL · min-1) – or 25 mL · min-1
change in unilateral QICA. Resting variables pre- and post- O2 normalization, as well as
NVC parameters were compared using two-tailed paired t-tests. When significant main
effects were determined Bonferroni post hoc tests were ran, and corrected for multiple
comparisons. Effect size was calculated as the mean difference divided by the standard
deviation of the difference. Statistical analyses were performed in the Statistical Package
for the Social Sciences (V24) with significance determined a prior as P<0.05.
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6.2

S TUDY 4 -

RESULTS

In total, 14 participants completed both pre and post O2 normalization testing. Resting
variables are presented in Table 6.2. As expected, SpO2 increased following O2
normalization from 91.0±3.3 to 97.4±3.0 % (P<0.01). There was no change in internal
carotid artery flow (QICA), vertebral artery flow (QVA), gCBF (Figure 6.1), MCAv, PCAv,
or MAP following O2 normalization; however, there was a reduction in HR (P=0.03).
Maintained gCBF in combination with elevated SpO2 resulted in improved eCDO2 in the
COPD patients (98.1±25.7 vs. 108.7±28.4 mL · dL-1; P=0.02). The sample sizes for each
comparison are noted in Table 6.2.
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Table 6.2. Cerebral and cardiovascular variables pre- and post-oxygen normalization
in chronic obstructive pulmonary disease patients.
Room air

O2 normalization

n

P-Value

Effect size

QICA (mL · min-1)

231.2±59.0

231.6±68.0

14

0.97

0.01

ICAv (cm · sec-1)

29.72±7.25

30.62±8.06

14

0.27

0.31

ICA diameter (mm)

5.81±0.98

5.73±1.05

14

0.13

0.43

QVA (mL · min-1)

61.4±35.1

70.2±49.3

7

0.32

0.41

VAv (cm · sec-1)

18.32±5.81

18.72±5.66

7

0.55

0.24

VA diameter (mm)

3.82±0.85

3.73±0.92

7

0.49

0.28

gCBF (mL · min-1)

593.0±162.8

590.1±138.5

7

0.91

0.05

MCAv (cm · sec-1)

51.4±10.4

51.5±5.6

9

0.96

0.24

PCAv (cm · sec-1)

36.4±11.1

36.5±12.8

12

0.93

0.03

MAP (mmHg)

90.2±17.3

96.3±18.4

14

0.14

0.42

HR (beats · min-1)

81.5±16.0

77.7±13.0*

14

0.03

0.65

SV (mL)

81.5±39.1

85.5±50.8

14

0.63

0.13

CO (L · min-1)

6.4±2.6

6.4±3.3

14

0.99

0.00

SaO2 (%)

91.0±3.3

97.4±3.0*

14

<0.01

1.41

eCaO2 (mL · dL-1)

17.2±2.0

18.4±1.9*

14

<0.01

1.39

eCDO2 (mL · min-1)

98.1±25.7

108.7±28.4

7

0.02

1.17

Data are presented as mean ± standard deviation. * denotes a significant change from room
air, P<0.05.
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Figure 6.1. Cerebral blood flow prior to and following oxygen
normalization in chronic obstructive pulmonary disease patients.
Individual data for the COPD patients are depicted with the open circle
symbol (○) with the mean and standard deviation superimposed as bar
graphs (pre: white bar, post: grey bar). The resulting sample sizes were
n=7 for the COPD. There was no change in global cerebral blood flow
(gCBF) following O2 normalization. Reproduced from (Hoiland et al.,
2018b) with permission.
Results from the neurovascular coupling trials (n=11) pre and post O2 normalization are
presented in Table 6.3 and Figure 6.2. Notably, the peak relative and absolute increases in
PCAv were unaltered following O2 normalization (Table 6.3 & Figure 6.2). Despite this
the peak percent increase in PCA cerebrovascular conductance (CVC) upon transition from
eyes closed to eyes open increased by 40% (from 20.4±9.9 to 28.0±10.4%) following O2
normalization (P=0.04). Accordingly, the peak drop in PCA cerebrovascular resistance
(CVR) was also increased from -16.7±7.3 to -21.4±6.6% (P=0.04) following O2
normalization. We also observed a significant improvement in the magnitude of the peak
absolute reduction in CVR (-0.46±0.25 vs. -0.64±0.27; P<0.01). The lack of change in
PCAv despite the apparent influence on changes in vasomotor tone (i.e. CVC & CVR)
following can be attributed to a differing MAP response during NVC prior to and during
O2 normalization (Figure 6.3). It can be seen by the mean trace (Figure 6.3A) and the peak
(Figure 6.3B) and average (Figure 6.3C) change in MAP during NVC that the greater
average and peak increase in MAP during room air breathing facilitated the increase in
PCAv during NVC. Therefore, the same magnitude of PCAv response (Figure 6.2A, B &
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C) despite a lower driving force (i.e. MAP) resulted in the larger changes in vasomotor
tone during O2 normalization (Figure 6.2, panels D-I).
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Table 6.3. Peak changes in neurovascular coupling tests.
Absolute data

Relative data

Room air

O2 normalization

P-Value

Effect size

Room air

O2 normalization

P-Value

Effect Size

ΔPCAv (cm · s-1)

7.81±4.57

7.87±4.31

0.93

0.03

24.2±12.3

23.1±12.0

0.41

0.26

Time to peak (s)

13.29±4.73

16.09±4.60

0.10

0.54

ΔMAP (mmHg)

8.2±3.5

5.5±2.7

0.01

0.91

10.1±4.8

6.0±3.2

<0.01

1.20

Time to peak (s)

12.8±6.5

9.4±8.0

0.23

0.39

ΔPCAv CVC (cm · s-1 · mmHg-1)

0.08±0.05

0.11±0.06

0.27

0.35

20.4±9.9

28.0±10.4

0.04

0.71

Time to peak (s)

9.25±6.28

12.93±5.05

0.09

0.56

ΔPCAv CVR (mmHg · cm-1 · s-1)

-0.46±0.25

-0.64±0.27

<0.01

1.38

-16.7±7.3

-21.4±6.6

0.04

0.69

Time to peak (s)

9.8±6.2

12.91±5.02

0.17

0.44

N=11. PCAv, posterior cerebral artery blood velocity; CVC, cerebrovascular conductance; CVR, cerebrovascular resistance.
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Figure 6.2. Neurovascular coupling responses prior to and following
oxygen normalization.
For panels A, B, D, E, G & H pre oxygen normalization data are
represented by the open circles (○), while the post O2 normalization data
are represented by the closed square symbol (■) with error bars
representing the standard error. Panel A depicts the absolute PCAv
response to NVC, while Panel B depicts the relative (%) change in PCAv
during NVC. Panel C highlights the individual %peak changes in PCAv
during NVC prior to and following O2 normalization – there was no
significant difference (P=0.41; Effect size=0.26). Panel D depicts the
absolute PCA cerebrovascular conductance (CVC) response during
NVC, while Panel E depicts the relative (%) change in PCA CVC during
NVC. Panel F highlights the individual %peak changes in PCA CVC
during NVC prior to and following O2 normalization – the CVC response
was improved during O2 normalization (P=0.04; Effect size=0.71). Panel
G depicts the absolute PCA cerebrovascular resistance (CVR) response
during NVC, while Panel H depicts the relative (%) change in PCA CVR
during NVC. Panel I highlights the %peak changes in PCA CVR during
NVC prior to and following O2 normalization - the CVR response was
improved during O2 normalization (P=0.04; Effect size=0.69). * denotes
P<0.05. N=11 for NVC comparisons. Reproduced from (Hoiland et al.,
2018b) with permission.
223

Figure 6.3. Mean arterial pressure during neurovascular coupling
In Panel A pre oxygen normalization data are represented by the open circles (○), while the post O2 normalization data are
represented by the closed square symbol (■) with error bars representing the standard error. Panel B highlights the individual
data for the peak absolute (mmHg) change in mean arterial pressure (MAP) during NVC – the MAP response was significantly
lower during O2 normalization (P=0.01; Effect size=0.91). Panel C highlights the individual data for the average absolute
(mmHg) change in mean arterial pressure (MAP) during NVC (analogous to area under the curve as time is matched between
trials) – the MAP response was significantly lower during O2 normalization (P=0.02; Effect size=0.84). Reproduced from
(Hoiland et al., 2018b) with permission.
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6.3

S TUDY 4 -

DISCUSSION

The primary novel findings of the current study are that, contrary to our hypothesis, acute
normalization of SpO2 with low flow supplemental O2 does not alter resting CBF in COPD
patients; however, O2 normalization improves both CDO2 and NVC (a functional marker of
cerebrovascular health). Collectively our results indicate that O2 therapy is related to an
improvement in neurovascular function in COPD, potentially related to improved CDO2.
Further, our results indicate a cerebrovascular insensitivity to normalization of SpO2 in patients
with COPD; however, this insensitivity of CBF to acute increases in SpO2 appears to possess
a positive effect, as increased CaO2 without a reduction in gCBF is responsible for the
improved CDO2 in COPD.

There is a paucity of experimental studies examining how altered resting arterial blood gases
effect CBF in COPD patients (Beaudin et al., 2017). Herein we have provided support for the
notion that O2 normalization does not affect CBF in moderate-to-very severe COPD patients.
While we are aware our gCBF measures are limited in sample size (n=7), we did collect QICA
and intracranial velocity data in a larger percentage of our subjects (n=14 for QICA) and these
data reinforce our gCBF findings of no change with O2 normalization. In comparison, the first
study to investigate the influence of oxygen on CBF in COPD patients was in 1952, where
investigators administered 85-100% oxygen to hypoxemic emphysema patients for 20-minutes
increasing SaO2 from 68 to 93% (Patterson et al., 1952). While one would expect removal of
a hypoxic stimulus to reduce CBF secondary to disengaging hypoxic cerebral vasodilation, the
opposite effect was observed - CBF was elevated by ~14% (Patterson et al., 1952). However,
this elevation in CBF was likely due to the 12 mmHg increase in the partial pressure of carbon
dioxide that occurred during O2 breathing (presumably as a result of hypoventilation). More
recently, a transcranial Doppler study by Cannizzaro and colleagues observed no influence of
O2 normalization on intra-cranial cerebral blood velocity in hypercapnic COPD patients
(Cannizzaro et al., 1997). These latter findings may be due to: 1) transcranial Doppler
ultrasound is limited in its capacity to assess changes in volumetric CBF due to exclusively
quantifying blood velocity (Ainslie & Hoiland, 2014; Hoiland & Ainslie, 2016a); 2) the
hypercapnic vasodilation typically associated with the high PaCO2 observed in the patients
(mean: 64.7mmHg) may have overridden any influence of disengaging hypoxic cerebral
vasodilation to hypoxia; or 3) there is no influence of O2 normalization on CBF in COPD
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patients (i.e. a lack of O2 sensitivity). Our study supports the notion that O2 normalization does
not affect CBF in moderate to very severe CODP patients.

Our data in COPD patients are at odds with those previously collected in healthy individuals
whereby a reduction in gCBF is observed following O2 normalization 1 week after arrival to
5050 m (Willie et al., 2015a). Indeed, the prototypical response to withdrawal of a hypoxic
stimulus is a reduction in CBF. This indicates that the lack of responsiveness to O2
normalization in COPD is not representative of normal cerebrovascular function. To
judiciously interpret this notion, it is important to consider that differences between healthy
individuals and COPD patients to O2 normalization may be the result of differences in systemic
inflammation, oxidative stress, age, or medications and their potential influences in vascular
control (Hoffman et al., 1984b; Barnes, 2014; Austin et al., 2016). Importantly, this abnormal
response (i.e. lack of response) in COPD patients to O2 normalization underlies the primary
finding of unchanged CBF with concurrently improved CDO2 and NVC following O2
normalization in COPD. Of relevance to the experimental stimulus, previous data providing
similar O2 supplementation have shown an increase in PaO2 without a concurrent change in
PaCO2 (van Helvoort et al., 2006) in COPD patients indicating the lack of change of gCBF in
our COPD patients is unlikely due to altered PaCO2 but related to vascular changes that may
be a result of their disease and/or medications. However, while it cannot be ignored that the
physiological consequences of O2 normalization depend to an extent on whether the stimulus
is poikilocapnic or isocapnic, our current experimental design reflects the stimulus associated
with home O2 therapy.

A recently conducted clinical trial (LTOTTR, 2017) has called into question the efficacy of
long-term oxygen therapy on reducing mortality in COPD patients although previous landmark
trials have displayed a reduction in mortality with long-term oxygen therapy (NOTTG, 1980;
MRCWP, 1981). Differences in study patients notwithstanding, this important question arises:
Are there other potential benefits of long-term oxygen therapy worth considering? For
example, there is an increased risk of stroke, dementia, and mild cognitive impairment in
patients with COPD [reviewed in: (Lahousse et al., 2015)]. However, the physiological
pathways linking COPD to deteriorated cerebral vascular function and increased risk have yet
to be disentangled. While cerebrovascular insufficiency is a contributory factor to coinciding
cerebral vascular dysfunction and neurodegeneration (Iadecola, 2010), O2 therapy reduces the
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risk of cognitive impairment in COPD patients (Thakur et al., 2010). Thus, it stands to reason
that a mechanism for this is an improvement in CDO2. Indeed, the observed improvement in
NVC coincided with improved CDO2 and may represent a physiological link between longterm O2 therapy and the reduced risk for dementia. As CDO2 is the product of CaO2 and CBF,
an increase in SaO2 will improve CDO2 if the consequent increase in CaO2 is not outweighed
by disengagement of hypoxic cerebral vasodilation and a reduction in CBF. The lack of
sensitivity to O2 normalization observed in our COPD patients contributed to the increase in
CDO2 with low flow supplementation O2 and may be fortuitously beneficial in the context of
low O2 therapy and cerebrovascular function.
6.4

S TUDY 4 -

SUMMARY

Although low flow supplemental O2 does not alter volumetric gCBF in COPD patients, the
increased SpO2 results in improved CDO2 and neurovascular function. This improvement in
CDO2 and neurovascular function with supplemental O2 may underscore the cognitive benefits,
and reduced risk of cognitive impairment associated with O2 therapy in COPD.
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7
7.1

CONCLUSION
A

REVIEW OF THESIS OB JECTIVES

This thesis aimed to determine the primary physiological processes and regulatory pathways
that act to maintain cerebral oxygen delivery in humans. Study 1 (chapter 3) investigated the
role of adenosine in regulating hypoxic vasodilation at sea-level and HA and determined that
non-selective adenosine receptor antagonism does not influence the CBF response during
hypoxia. This finding is inferred to indicate that adenosine is not an obligatory mediator of
hypoxic cerebral vasodilation. However, as previously noted (see Figure 3.1) adenosine may
also influence hypoxia independent of adenosine receptors via increasing K+ channel
conductance. This latter point highlights the complexities associated with truly isolating a
pathway from any signaling molecule, as there are typically several routes by which they act.

As adenosine was, to some extent, determined not to underlie hypoxic cerebral vasodilation,
Study 2 aimed to investigate the relevance of a different signaling pathway. Here, the focus
was to investigate the role of the erythrocyte, which may regulate hypoxic cerebral vasodilation
via several pathways as previously outlined. By hemodiluting participants and reducing [Hb]
we were, in theory, able to manipulate the magnitude of erythrocyte mediated signaling (see
section “Mechanisms leading to a compromise in cerebral O2 delivery during hemodilution”
for an explanation). Hemodilution elicited a less robust CBF response compared to hypoxemia,
which lead to a reduction in CDO2. Conversely, when hypoxemia was induced following
hemodilution it led, in contrast to our second hypothesis, to an augmented CBF response.
Unexpected, given the lower [Hb], several factors such as the severity of hypoxia, engagement
of additional signaling pathways, altered transduction of NO signaling, or a high-flow
dependent effect of viscosity have all been proposed as potential factors underlying this
surprising finding. Notably, this increased reactivity with experimentally lowered [Hb]
concentration within subjects was consistent with between subject data demonstrating that a
lower [Hb] is correlated to a higher reactivity to hypoxia. How hemodilution leads to a
reduction in erythrocyte signaling and impairs CDO2 is considered in a subsequent section (see
section “Mechanisms leading to a compromise in cerebral O2 delivery during hemodilution”).
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Collectively, these two studies have furthered the general understanding of the mechanisms
that underlie hypoxic cerebral vasodilation in the in vivo human model. Building on previous
studies (Bowton et al., 1988; Nishimura et al., 1993) that suffered several methodological
limitations, Study 1 determined adenosine receptor dependent (not K+ channel) signaling is
not obligatory for hypoxic vasodilation in humans. Study 2, for the first time in humans, was
designed specifically to investigate the role of deoxyhemoglobin mediated signaling in the
regulation of hypoxic cerebral vasodilation in humans. This study is the first to indicate that
the erythrocyte is a key regulator of the hypoxic cerebral vasodilation response and requisite
for the maintenance of CDO2.

To further address the thesis objectives, this thesis aimed to better understanding how long
term exposure to hypoxia at evolutionary and pathological levels influence cerebrovascular
regulation. In study 3, Sherpa, who have lived at altitude for millennia were tested alongside
lowlanders during progressive ascent to high-altitude to investigate how evolutionary
adaptations to hypoxia may influence the regulation of CDO2. Here, it was determined that
Sherpa possess a lower CDO2 during ascent to altitude. It therefore appears that the Sherpa,
who experience less cerebral specific deficits in function than lowlanders (Garrido et al., 1993,
1996), may possesses improved oxygen utilization and/or a reduced oxygen metabolism. This
speculation is supported by evidence suggesting other key regulators of CBF (e.g., blood
pressure, endothelial function, dynamic autoregulation, CO2 reactivity, etc.,) do not explain the
observed differences between Sherpa and lowlanders. Further, a reduced metabolic demand is
characteristic of hypoxia tolerant animals [e.g. crucian carp (Nilsson & Lutz, 2004)] as well as
elite breath hold divers (Bain et al., 2016, 2017a, 2017b, 2018; Bailey et al., 2017). Such an
adaptation may manifest, albeit to a lesser extent, in the clearly hypoxia tolerant Sherpa.

To investigate the influence of pathological hypoxia on CBF, NVC was assessed in COPD
patients. Here, alleviation of hypoxia with low flow oxygen therapy led to an improvement in
the cerebral vasomotor response to neural activation. In other words, the magnitude of NVC
was increased and indicates that chronic hypoxia in a pathological context impairs the
mechanisms that regulate CDO2. Such findings hold great relevance as neurovascular
dysfunction (Nicolakakis & Hamel, 2011) and the related hypoperfusion (Iadecola, 2010) are
thought to underlie, at least in part, the pathogenesis of dementia. For example, oxygen levels
have been demonstrate to influence the accumulation of β-amyloid (Salminen et al., 2017).
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Therefore, future work should aim to understand what mechanisms are leading to this hypoxia
induced reduction in neurovascular function.
7.1.1 MECHANISMS LEADING TO A COMPROMISE IN CEREBRAL O2 DELIVERY DURING
HEMODILUTION

In agreement with Study 2, previous data collected in humans (Hino et al., 1992; Mühling et
al., 1999; Ekelund et al., 2002; Daif et al., 2012) and animals (Todd et al., 1994, 1997;
Tomiyama et al., 1999a) (Figure 7.1) indicated that CDO2 is impaired during reductions in
CaO2 via hemodilution. Why this impairment is thought to occur and the fundamental basis for
our experimental design is as follows: 1) a reduction of total hemoglobin levels during
hemodilution compared to hypoxemic hypoxia will reduce erythrocyte mediated signaling, and
2) a reduction of deoxyhemoglobin produced during hemodilution compared to hypoxemic
hypoxia (i.e., smaller percentage of deoxyhemoglobin) will reduce erythrocyte mediated
signaling. In humans, during hemodilution, jugular venous saturation is not appreciably
reduced (<3% change) compared to baseline (Paulson et al., 1973; Daif et al., 2012) (Figure
4.4), whereas during hypoxemic hypoxia jugular venous saturation is reduced progressively
(up to ~20%) with increases in severity (Ainslie et al., 2014) (Figure 4.4). The higher SaO2
during hemodilution would result in reduced deoxyhemoglobin mediated ATP release, NO2
reductase activity, and NO release from RSNOs (Lima et al., 2010). The downstream
mechanisms governing this difference in reactivity between hypoxemic hypoxia and
hemodilution are thought to be related to KATP channel conductance (Tomiyama et al., 1999a),
which is largely responsible for ATP mediated dilation through vascular smooth muscle
hyperpolarization (Kajita et al., 1996; You et al., 1999; Dietrich et al., 2008) as well as reduced
NO signaling demonstrated by no increase in cGMP during hemodilution (Todd et al., 1997).
These two aforementioned studies indicate a large mechanistic disparity between the regulation
of hypoxemia induced cerebral vasodilation and the less effective hemodilution induced
cerebral vasodilation.
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Figure 7.1. Differential Changes in Cerebral Blood Flow During
Hypoxemic Hypoxia and Hemodilution and the Impact on Cerebral
Oxygen Delivery in Animals.
The cerebral blood flow (CBF) response to both hypoxemic hypoxia and
hemodilution in animals is presented (Todd et al., 1994; Tomiyama et al.,
1999a). Despite similar reductions in arterial oxygen content (CaO2) between
conditions, the CBF response (%Δ from baseline) is ~100% greater during
hypoxemic hypoxia than hemodilution. Consequently, cerebral oxygen
delivery (CDO2) is reduced during hemodilution but not hypoxemic hypoxia.
Reproduced from (Hoiland et al., 2016a), permission not required.
Although the CBF response to a reduction in CaO2 is impaired during hemodilution, it is not
abolished; thus, it seems that some regulatory mechanisms remain intact. These may be a
residual component of the interrogated pathways (i.e., retention of partial NO signaling) or
compensation via other pathways. Some animal studies suggests that NO is a primary factor
mediating the CBF response to hemodilution predominantly through upregulation of neuronal
nitric oxide synthase (Hudetz et al., 1998; McLaren et al., 2009), but, as stated, others have
indicated hemodilution occurs via mechanisms other than NO related signal transduction (Todd
et al., 1997). Whether there is a differential influence from eNOS or nNOS that underlies the
difference in vasodilation that occurs in response to hypoxemia and hemodilution remains to
be determined.
7.1.2 CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS

During or following major surgery (e.g., cardiac artery bypass, grafts, transplant, etc.), patients
often become acutely hemodiluted and are at risk of suffering acute neurological injury and
long-term neurological impairment (Murkin, 2005; Scott et al., 2014). Indeed, evidence from
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animal models indicates that hemodilution reduces tissue oxygenation during cardiopulmonary
bypass (Duebener et al., 2001) and increases neuronal and mitochondrial injury (Dian-San et
al., 2006). For example, in patients refusing blood transfusion during surgery (for religious
reasons), preoperative [Hb] <8g/dL increased the risk of death 16-fold compared with those of
higher [Hb] (Carson et al., 1988). During anesthesia, hemodilution leads to a reduction in
CMRO2 (Daif et al., 2012), which may be indicative that CDO2 is not adequate to maintain
metabolic homeostasis, as would normally occur during hypoxemic hypoxia (Ainslie et al.,
2014). Moreover, the occurrence of tissue hypoxia in traumatic brain injury patients with a
tissue oxygenation probe, was greater in patients with a [Hb] of 7g/dL vs. a [Hb] of 10g/dL
(Yamal et al., 2015). Whether the reduced vasomotor response and thus impaired maintenance
of CDO2 during hemodilution is implicated in the risk for neurological injury in humans during
major surgeries requires further investigation (Hare, 2006). In addition to the implications for
various surgical interventions, elucidation of these mechanistic CBF relationships is paramount
to our comprehension of pathologies associated with arterial hypoxemia (e.g., sleep apnea,
chronic lung diseases, and heart failure) and/or alterations in blood viscosity or hemoglobin
levels (e.g., anemic or polycythemic pathologies including von Hippel-Landau or Chuvash
diseases). Uncovering the molecular basis of hypoxic adaptation in humans will both inform
understanding of hematological and other adaptations involved in hypoxia tolerance and form
the basis of novel methods for treating conditions of pathological brain hypoxia. Optimizing
CDO2 via multi-modal imaging and/or molecular approaches may provide new insight into the
treatment of many hypoxemic, anemic, or polycythemic pathologies and that associated with
cerebrovascular complications.
7.2

A

FRAMEWORK FOR FUTURE INVESTIGATIONS INT O THE SIGNALING

PATHWAYS REGULATING HUMAN CEREBRAL BLOOD FLOW

This thesis has noted several times that human cerebrovascular investigations are plagued by
inconsistent results that are difficult or impossible to reconcile and/or reproduce. Therefore,
improvements in methodology and appropriate experimental design are required. This section
outlines a framework for future investigations aiming to elucidate the signaling pathways
underlying hypoxic cerebral vasodilation using an in vivo human model.
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7.2.1 WHY IS THE DESIGN OF CEREBROVASCULAR EXPERIMENTS SO IMPORTANT?

Stroke is the second leading cause of death world-wide (11.8% of all deaths) (Feigin et al.,
2017) and the overall incidence of first strokes has increased markedly (up 68%) over the past
two decades (Feigin et al., 2014). The prevalence of other vascular brain pathologies, such as
dementia, are also increasing (>35 million people globally with dementia) (Prince et al., 2013).
Aging is a major risk factor for these brain-related diseases, which, coupled with a global
increase in life expectancy (Salomon et al., 2012), will perpetuate the already substantial global
burden of brain vascular disease. Extensive pre-clinical data on vascular brain pathology exists,
yet there is a developing crisis whereby pre-clinical data is failing to translate at an alarming
rate; <5% of pre-clinically discovered “targets” translate to successful drug development (Paul
et al., 2010; Collins, 2011; Dirnagl et al., 2013).
“Although the scientific substrate for drug discovery has never been more
abundant, a more complete understanding of human (disease) biology will
still be required before many true breakthrough medicines emerge” – Paul,
et al., Nat Rev Drug Discov, 2010 (Paul et al., 2010)

The above quotation is an appropriate call to action as we still possess a poor understanding of
the basic mechanisms of in vivo human brain blood flow regulation and lack a robust
physiological assay of brain blood vessel health. Thus, human studies are urgently needed to
better predict/stratify stroke and/or dementia risk. A leading example of our inadequate
knowledge of human brain blood regulation is the lack of data on NO. In other vascular beds
the function of NO is predictive of cardiovascular risk (Green et al., 2011). However, despite
the notion that NO is integral to human CBF regulation (Toda et al., 2009), comprehensive and
definitive demonstration of NO’s role in regulating human CBF does not exist (published work
is inconsistent and severely limited) (Schmetterer et al., 1997; White et al., 1998, 1999; Van
Mil et al., 2002b; Ide et al., 2007). Indeed, throughout this thesis, a theme has emerged: animal
studies highlight multiple important signaling pathways in the regulation of CBF (during
hypoxia or otherwise), yet human studies fail to observe meaningful influences of these
candidate signaling molecules (e.g. NO). Even when studies demonstrate that a molecule is
important in a CBF response, such as that demonstrated by Van Mil et al., (Van Mil et al.,
2002b), whereby infusion if the NOS inhibitor L-NMMA reduced CBF, findings to the
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contrary exist (Ide et al., 2007). Further, methodological limitations with regards to measuring
blood velocity raise doubt on the interpretation of the Van Mil and Ide studies (Schulz et al.,
2018). To date, human studies have, as a whole, provided an unremarkable step forward in our
knowledge of signaling pathways in CBF control. Expensive, invasive, and logistically
complex, these studies are not typically repeated. Therefore, it is critical to utilize an
appropriate experimental protocol to investigate the pathway of interest.

To illustrate in greater detail why it is difficult to delineate signaling pathways in humans, as
well as why it is difficult to reconcile between study differences, the juxtaposition of two
studies with disparate results is utilized. A “framework” for cerebrovascular experiments is
proposed, the extent to which the two studies of interest (Van Mil et al., 2002b; Ide et al., 2007)
adhered to this framework is assessed, and future studies derived from this framework are
suggested.

Three fundamental components of an experimental design should be considered pre-requisites
to effectively investigate signaling pathways in human cerebrovascular regulation: 1)
Manipulation of the pathway of interest; 2) Assessment of changes in that signaling pathway
and molecular bioavailability; 3) Utilization of measures of CBF per se, rather than the use of
surrogate indices.
7.2.2 COMPONENT 1 - MANIPULATING SIGNALING MOLECULE BIOAVAILABILITY

Various methods can be employed for the purpose of manipulating a signaling pathway of
interest. Typically, pharmacology is used to either increase [e.g., (Jahshan et al., 2017)] or
decrease [e.g., (Van Mil et al., 2002b; Ide et al., 2007) signaling molecule bioavailability or to
reduce downstream signal transduction [e.g., block a specific receptor (Bowton et al., 1988)].
If the overall goal is to simulate a disease state, or replicate potential impairments in signaling
that may manifest with disease, it seems most appropriate to decrease signaling molecule
bioavailability or downstream signal transduction. However, as outlined in the following
section (see section “Component 2 - measuring changes in signaling molecule bioavailability”),
manipulating signaling molecule bioavailability, at least with regards to NO, may stand alone
as the most appropriate method. Such an undertaking involves the use of a NOS inhibitor, for
which L-NMMA is typically employed in humans (Van Mil et al., 2002b; Ide et al., 2007). Of
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note, asymmetrical dimethyl arginine, given its endogenous production (Leiper & Vallance,
1999) and increased concentration in disease models (Faraci, 2011), may also be suitable.
Asymmetrical dimethyl arginine has been used safely in humans previously (Kielstein et al.,
2004, 2006). It is important to also note, that while reducing molecular bioavailability will
provide insight in to pathological changes with disease, increasing molecular bioavailability
may be more suitable for understanding how administering a potential treatment, to alleviate
pathological deficits in signaling, will effect physiological function.

In this regard,

administration of NO donors is also important (Jahshan et al., 2017; Schulz et al., 2018).
7.2.3 COMPONENT 2 - MEASURING CHANGES IN SIGNALING MOLECULE BIOAVAILABILITY

If a study utilizes a pharmacological blockade (e.g. L-NMMA) and observes no vascular
consequence, the first question to arise is: Was the blockade effective? Thus, it is critical to
evaluate the extent to which a pharmacological blockade is reflected in altered signaling
molecule bioavailability. Continuing to use NO as the example, it is extremely difficult to
measure NO activity. Indeed, given the half-life of NO is in the magnitude of milliseconds,
studies in living humans do not have the capacity to measure NO directly. However, NO
bioavailability can be measured via several related and bioactive NO species. Both SNO-Hb
and NO2 are derived from NO and convey NO bioactivity – notably, this bioactivity
underscored the rationale for study 2. These NO species can be measured using a technique
called ozone based chemiluminescence (Figure 7.2) (MacArthur et al., 2007; Pinder et al.,
2009).
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Figure 7.2. Ozone based chemiluminescence.
This technique functions through the use of a reductive solution (typically
tri-iodide), whereby injection of a sample (plasma or red blood cells) into a
purge vessel (left of figure) leads to the reduction of all NO compounds and
liberation of NO gas from the solution. Constant bubbling of an inert gas
(e.g., helium) carries this NO gas through the system and into the nitric oxide
analyzer (NOA), where it is charged with ozone. As the NO transitions from
this high energy state to a low energy state it releases a photon, which is the
measured signal. This signal is outputted to a program (Liquid – noted on
laptop image) and data are extracted.
This technique is effective as it is sensitive to 1nM (Figure 7.3). Another advantage of this
technique is that it allows for the measurement of NO species specific to red blood cells and
the plasma. As highlighted in the literature review (see section “Deoxyhemoglobin mediated
signal transduction pathways”), these species may move between locales (erythrocyte/plasma)
as well as SNO-Hb and NO2 may be interconverted to one another. As such it is imperative to
measure both plasma and red blood cell NO species to account for total NO bioavailability and
potential reapportionment during gas exchange with cerebral tissue.
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Figure 7.3. Standard curves for ozone based chemiluminescence.
The above two curves represent the standard curves derived using known
sodium nitrite concentrations. Panels A and B represent curves determined
on two separate days. Note the high r-squared value as well as the similar
slopes (0.0171 vs 0.017). The only difference is the y-intercept, which is a
product of varying nitrite levels in the water used to create the dilution. Highperformance liquid chromatography water is utilized, but given the ubiquity
of nitrite, some contamination is inevitable. However, this is accounted for
when calculating sample concentrations. As depicted in Panels C and D, the
nitric oxide analyzer (Seivers, NOA 280i) outputs a millivolt signal. Panel C
displays the raw signal, which is then smoothed using a 150 window adjacent
averaging function. The area under the curve of this signal (Panel D) is
calculated at each concentration of sodium nitrite and then used to create the
standard curve. Note the most rightward peak is highlighted grey and has a
corresponding area under the curve output.
A methodological process for the measurement of NO has been outlined; however,
consideration of how the study design impacts the capacity to measure changes in a signal
transduction pathway warrants further discussion. Downstream of NO, upregulation of soluble
guanylyl cyclase and cGMP lead to VSMC relaxation. Thus, soluble guanylyl cyclase may
appear to be an attractive target for pharmacological interventions. Previous studies in animals
have utilized methylene blue infusions to inhibit soluble guanylyl cyclase activity (Pearce et
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al., 1990) and it has been used in humans for other purposes (Hosseinian et al., 2016).
However, it would not be possible in humans to measure VSMC cGMP levels, where the
influence of methylene blue infusion occurs. This lack of ability to assess the effectiveness of
the intervention indicates methylene blue may not be an appropriate intervention. Therefore,
careful consideration of the pharmacological intervention to be utilized is paramount in study
design of mechanistic cerebrovascular experiments.
7.2.4 COMPONENT 3 - MEASUREMENT OF VOLUMETRIC CBF

Multiple techniques are now utilized to measure, or index, CBF responses during hypoxia (see
section “Modern measurement techniques”). As has been outlined in the literature review each
technique possesses its own strengths and limitations. For the purpose of determining a
mechanistic pathway, volumetric measurements should be utilized. Simply, the method of
choice should not be confounded by the vasoactive influence of a pharmacological
intervention. Such a requirement precludes the use of TCD in research aiming explore
mechanistic pathways, especially related to NO, which has been shown to cause MCA
vasodilation (Schulz et al., 2018). Techniques such as arterial spin labelling MRI and duplex
ultrasound appear to hold more merit. Importantly, arterial spin labelling, and duplex
ultrasound, due to their volumetric measures, allow for the calculation of the net exchange
(uptake or release) of a relevant signaling molecule (e.g., SNO-Hb). These approaches are
integral for the determination of signaling molecule bioavailability across the brain.
7.2.5 WHERE ARE WE NOW?

The above sections have provided a framework for investigating signaling pathways that may
regulate hypoxic cerebral vasodilation in humans. Here, the extent to which Van Mil et al.,
(Van Mil et al., 2002a) and Ide et al., (Ide et al., 2007) adhered to this framework, and how
this impacts one’s ability to reconcile their disparate results is discussed.

Van Mil et al., (Van Mil et al., 2002a) have demonstrated that NO is an important regulator of
hypoxic cerebral vasodilation, whereas Ide et al., (Ide et al., 2007) have demonstrated that NO
does not influence CBF in hypoxia. Both studies utilized L-NMMA to non-selectively inhibit
NOS activity. Van Mil et al., administered a 3mg/kg bolus following 30-minutes of hypoxia
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(SpO2 ~80%), whereas Ide et al., performed a hypoxic reactivity test (PETO2 = 50mmHg, didn’t
measure SpO2) followed by a 5mg/kg bolus and 50μg/Kg/min maintenance dose (Figure 7.4).
Following initiation of the maintenance dose a second reactivity test was performed. So with
relevance to component one of the proposed experimental framework, Van Mil et al., and Ide
et al., adhered to the requirements by utilizing a pharmacological NOS blockade. However,
neither Van Mil et al., nor Ide et al., undertook any measurements to determine the
effectiveness of their blockades, failing to adhere to component two of the proposed
framework.

Relative to component three, the study by Van Mil et al., used phase contrast MRI to index
CBF (Van Mil et al., 2002a). Importantly, phase contrast measures cerebral blood velocity, not
flow. Similarly, Ide et al., also measured cerebral blood velocity, not flow, albeit with TCD.
Therefore, neither study possessed a measure of volumetric CBF. Further, under the
assumption (and hypothesis) that NO influences CBF, one would expect it to influence vascular
diameter and invalidate velocity measures. This has recently been demonstrated following
sodium nitroglycerin administration and CBF measurement with a 7 Tesla MRI (Schulz et al.,
2018)

Given the disparate results between studies, one must look at each experimental component to
determine if one study can be considered to provide the more accurate and meaningful findings.
However, as the effectiveness of the blockades were not measured, it is not possible to discern
if study differences are related to differences in NO bioavailability post-intervention. Further,
it is not possible to determine if the indexes of CBF utilized provide an accurate representation
of the underlying physiology. For example, perhaps flow was decreased in both studies due to
a reduction in MCA diameter, which seems plausible given NO can dilate the MCA (Schulz et
al., 2018), but this reduction was not detectable with the methods used. Such a conundrum
perpetuates the issue whereby inconsistent and methodologically limited data in humans are
hindering our understanding of the mechanistic pathways that regulate hypoxic cerebral
vasodilation. Future studies must address these gaps in the literature (see section “Future
directions: nitric oxide and hypoxic vasodilation”)
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Figure 7.4. Results from the studies by Van Mil in 2002 and Ide in 2007.
Panel A outlines the experimental protocol and cerebral blood flow (CBF)
results from Van Mil et al., 2002. Hypoxia increased CBF, while subsequent
infusion of L-NMMA reduced CBF to baseline levels. Panel B depicts the
individual reactivity data for the study by Ide et al., 2007 with the mean
change denoted by the red line. Here reactivity was determined as the
stimulus-response relationship both prior to and following L-NMMA
infusion, which was unaltered. Reproduced from (Ide et al., 2007) with
permission as well as from (Van Mil et al., 2002b), permission not required.
7.3

F UTURE

DIRECTIONS : NITRIC OXIDE AND HYPO XIC VASODILATION

In light of the outlined pitfalls in cerebrovascular research, future studies must aim to use
innovative and valid methodologies to provide significant steps forward in our understanding
of cerebrovascular regulation. Below, a study designed to investigate the role of NO in
regulating human CBF during hypoxia is outlined as a logical future direction.
7.3.1 AIMS AND HYPOTHESES

1) To determine the impact of NOS blockade on CBF regulation during hypoxia.


We hypothesize that NOS blockade will reduce the increase in CBF observed during
hypoxia.

7.3.2 METHODOLOGY
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To address the project aims, CBF will be measured using duplex ultrasound of the ICA and
VA. Measurement of signaling molecule bioavailability we be achieved through radial arterial
and jugular venous cannulation, with serial sampling at each experimental stage. Samples will
be analyzed for standard blood gas parameters (PaO2, PaCO2, [Hb], HCT, pH, [HCO3-], etc.,)
while SNO-Hb and NO2 will be measured using ozone base chemiluminescence. Systemic LNMMA infusions (5mg/kg bolus and 50μg/Kg/min maintenance dose etc.) will be utilized to
manipulate NO levels, with hypoxic reactivity measured prior to and during infusion. End-tidal
forcing will be utilized to target the desired blood gas values as was done in studies 1 and 2.
7.4

F INAL

CONSIDERATIONS ON MECHANIS TIC INVESTIGATION IN TO CEREBRAL

BLOOD FLOW REGULATION

Throughout this thesis a recurrent theme has emerged. First, there has been an extensive
amount of research into signaling pathways using in vitro and in vivo animal models. These
studies have produced variable results, although the majority consistently demonstrate the
importance of each signaling pathway (KATP channels, adenosine, NO, PGs, etc.). However,
data in humans are scarce, and while variable, often support the notion that the prototypical
candidate signaling molecules do not regulate hypoxic vasodilation in humans. It is important
to consider that the technological and safety constraints inherent to cerebrovascular
investigations in humans largely precludes the use of highly valid metrics and leads to
relatively unfounded speculations. Thus, several key considerations are required when
juxtaposing animal and human research in cerebrovascular regulation:

1) It is important to be cognizant of the fact that animal studies measuring pial arteriolar
dilation have not necessarily measured “flow”. Given changes in vascular resistance
can occur throughout the entire arterial circulation (see section “Cerebral blood flow
and microvascular pressure with changes in Segmental ” and “CO2: site(s) of vascular
regulation”), the collective proportional changes in each segment influence flow, not
just the pial arteriolar changes in resistance.
2) Studies conducted using in vivo animal models typically involve the use of anesthesia.
Anesthetics can affect the level of neural activity/metabolism, cyclic nucleotide levels,
nNOS activity, and impact on calcium channels to name but a few confounding actions
[reviewed in: (Tran & Gordon, 2015)].
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3) Differences in cerebral vascular anatomy and structure exist between species that may
be important when considering difference between species (Edvinsson & Krause,
2002).
4) Hypoxia elicits an integrative physiological response that may activate multiple
regulatory pathways, not just those relevant to hypoxia based alterations in vascular
tone. Acknowledgement of the potential for extraneous influences is necessary,
although difficult to handle in human research. Nevertheless, appropriate experimental
and statistical considerations can mitigate this issue.
5) Typically, authors of “negative finding” studies call upon redundant mechanisms as the
reason for no influence of a pharmacological blockade (e.g. L-NMMA) on hypoxic
vasodilation. However, the intricacies required to manipulate, measure, and detect
relevant signaling pathways are typically absent in the discussion of human research.
Systemic versus localized infusions, limits to drug dosage, and non-invasive
measurements/indices of flow are typical, and essentially required given the safety
concerns of more invasive techniques. However, as has become clear throughout this
thesis, the regulatory pathways of interest are exceptionally complex and highly
unlikely to be mediated via one or two molecules alone.
6) In humans consideration needs to be given as to where in the signaling cascade
experimental manipulations are being made. For example, to investigate the role of NO
in hypoxic cerebral vasodilation, one could theoretically inhibit NOS activity (e.g. LNMMA infusion) or cGMP activity (e.g. Methylene Blue infusion). A consideration,
however, is which target may be better suited for analytical and interpretive purposes.
Blockade of NOS will lead to measureable reductions in NO bioavailability, thus
providing an index of blockade efficacy, whereas determining the impact of cGMP
blockade would not be possible in vivo given the localization of relevant cyclic
nucleotides to the VSMCs.
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INTRODUCTION

The endothelium is integral to the maintenance of vascular health and function in humans.
Endothelial dysfunction is an early and integral event in the pathogenesis of atherosclerosis as
well as cardio- and cerebro-vascular diseases (Heitzer et al., 2001). In the peripheral and
coronary vasculature, flow mediated dilation (FMD) has been used as a functional bioassay to
assess endothelial health. The FMD test strongly predicts cardiac events (Green et al., 2011),
potentially allowing for pre-clinical detection of future cardiovascular disease (Celermajer et
al., 1992). While the conventional FMD test is based on the notion that a healthy endothelium
produces autocoids (e.g. nitric oxide) that induce a quantifiable dilator response to an imposed
increase in shear stress (Green et al., 2014), there is currently no equivalent assessment of
cerebrovascular function in humans. Although standard carbon dioxide (CO2) reactivity tests
using transcranial Doppler are predictive of cerebrovascular events (i.e. stroke) in individuals
with pre-existing carotid stenosis (Gupta et al., 2012), its use is limited as it does not provide
significant predictive value pertaining to stroke risk in apparently healthy individuals
(Portegies et al., 2014). Other metrics of cerebrovascular function such as neurovascular
coupling (Phillips et al., 2016) and cerebral autoregulation (Tang et al., 2008; Vianna et al.,
2011) are similarly impaired in clinical populations, but are not predictive of risk in apparently
healthy individuals. Therefore, the development of an FMD-type test that could potentially
provide an index of cerebrovascular endothelial function may prove to be clinically impactful.

Recently, our group has provided the first evidence in humans of shear-mediated dilation in
the internal carotid artery (ICA) (Carter et al., 2016a). Here, we demonstrated that vascular
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responsiveness to CO2 was related to the rise in intra-arterial shear stress, leading to
vasodilation with a similar time dependency to that of peripheral FMD. However, the carotid
vasodilation observed in that study coincided with elevated arterial PCO2 levels and we could
not partition the effects of shear stress from those occurring secondary to sustained hypercapnia
[e.g. elevated blood pressure (Regan et al., 2014), cardiac output (Balanos et al., 2003),
chemoreceptor-mediated sympathoactivation (Pitsikoulis et al., 2008), potential direct
vasomotor effects of CO2 (Kontos et al., 1977a; Willie et al., 2012; Hoiland et al., 2016b)]. As
a result, the contribution of shear-dependent mechanisms to human CBF regulation and carotid
dilator function requires further investigation in vivo.

Therefore, the primary purpose of this experiment was to extend our previous findings (Carter
et al., 2016a), using a test without sustained hypercapnia, to quantify the role that shear stressdependent mechanisms play in carotid dilation in response to CO2 reactivity. It was
hypothesized that transient (30-second) increases in end-tidal PCO2 (PETCO2) would produce
an ICA shear response similar to that of a peripheral FMD test (i.e. bell-curve). We further
reasoned that upon return of PETCO2 to baseline values, and consequent withdrawal of the
direct effects of CO2, a time dependent dilation of the ICA would occur (e.g. 30-60 second
delay from shear onset), implying a shear-specific mechanism that is consistent with that
observed in peripheral vessels of young healthy individuals (Black et al., 2008).

MATERIALS AND METHODS

Ethical Approval

This study was approved by the University of British Columbia Clinical Research Ethics Board
and the University of Western Australia Human Research Ethics Committee, and data was
subsequently collected at both institutions. Prior to participation in the study, all participants
completed written informed consent. All procedures conformed to the standards set by the
Declaration of Helsinki.
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Research Participants

Twenty-seven healthy (twenty two male, five female), young volunteers (mean±SD; 22±3
years; body mass index=22±2 kg/m2) were recruited to participate in this study. Following
written informed consent and familiarization the participants attended the laboratory on one
occasion having fasted for ≥2 hours and refrained from exercise, alcohol and caffeine for 24
hours. During familiarization, participants were screened to ensure that reliable ICA ultrasound
images and middle cerebral artery (MCA) signals could be obtained. Participants were
familiarized with the remaining experimental equipment and procedures during this session.
All participants were free of cardiovascular, respiratory, and cerebrovascular disease, were
non-diabetic, and were not taking any prescription drugs (other than oral contraceptives; n=4)
at their time of participation, as determined by a screening questionnaire. All females were
tested in days 1-3 of their follicular phase. Of the 27 participants recruited, 24 completed both
CO2 protocols, while three only completed the transient CO2 protocol.

Experimental Measures

Cardiorespiratory Measures.

All cardiorespiratory variables were sampled continuously at 1KHz via an analogue-to-digital
converter (Powerlab, 16/30; ADInstruments, Colorado Springs, CO). Heart rate (HR) was
measured by 3-lead electrocardiogram (ADI bioamp ML132), while beat-to-beat blood
pressure was measured by finger photoplethysmography (Finometer PRO, Finapres Medical
Systems, Amsterdam, Netherlands). The Finometer reconstructed brachial waveform was used
for the calculation of mean arterial pressure (MAP) after values were back calibrated to the
average of three automated brachial blood pressure measurements made over 5-minutes at rest
(Tango+; SunTech, Morrisville, NC). Both PETCO2 and the end-tidal partial pressure of O2
(PETO2) were sampled at the mouth and recorded by a calibrated gas analyzer (model ML206,
ADInstruments), while respiratory flow was measured by a pneumotachograph (model HR
800L, HansRudolph, Shawnee, KS) connected in series to a bacteriological filter. All data were
interfaced with LabChart (Version 7).
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Dynamic End-Tidal Forcing.

The PETO2 and PETCO2 were controlled by a portable dynamic end-tidal forcing system that
has been previously described in detail (Tymko et al., 2015, 2016b). Our end-tidal forcing
system effectively controls end-tidal gases through wide ranges of PETCO2 and PETO2
independent of ventilation (Tymko et al., 2015, 2016b) and has been previously used for
similar P ETCO2 manipulations (Hoiland et al., 2016b).

Cerebrovascular Measures.

Blood velocity in the right MCA (MCAv) was measured using a 2MHz transcranial Doppler
ultrasound (TCD; Spencer Technologies, Seattle, WA). The TCD probe was fixed to a
headpiece (model M600 bilateral head frame, Spencer Technologies) and secured into place.
The MCA was insonated through the middle trans-temporal window, using previously
described location and standardization techniques (Willie et al., 2011).

Internal Carotid Artery Measurements

Right ICA blood velocity (ICAv) and vessel diameter were measured using a 10MHz multifrequency linear array duplex ultrasound (Terason T3200, Teratech, Burlington, MA).
Specifically, B-mode imaging was used to measure arterial diameter, while pulse-wave mode
was used to concurrently measure peak blood velocity. Diameter and velocity of the ICA were
measured at least 1.5 cm distal to the common carotid bifurcation to eliminate recordings of
turbulent and retrograde flow and non-uniform shear. Great care was taken to ensure that the
insonation angle (60°) was unchanged throughout each test. Further, upon acquisition of the
first ultrasound image (i.e., resting baseline) there was no alteration of B-mode gain to avoid
any artificial changes in arterial wall brightness/thickness. All recordings were made in
accordance with published guidelines (Thomas et al., 2015).

All recordings were screen captured and stored as video files for offline analysis. This analysis
involved concurrent determination of arterial diameter and peak blood velocity at 30Hz, using
customized edge detection and wall tracking software (BloodFlow Analysis, Version 5.1)
designed to mitigate observer bias (Woodman et al., 2001). Our within day coefficient of
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variation for the assessment of ICA diameter is 1.5% using this technique (Hoiland et al.,
2016b). Blood flow and shear rate were subsequently calculated as previously described (Black
et al., 2008; Hoiland et al., 2016b).

Experimental Protocol

Carotid Shear-Mediated Dilation Tests

Prior to commencing the study, pilot testing was ran to determine the optimal P ETCO2 change
required to elicit a maximal transient shear stress response. Although it is well established that
the cerebral blood flow response is linear with elevations in PETCO2 (Ainslie & Duffin, 2009),
we determined that there was no appreciable difference in the transient test shear response
between a targeted PETCO2 stimuli of +9 or +15mmHg. Given that +15 leads to a greater extent
of participant discomfort, and a larger ventilatory response, which would increase the difficulty
of acquiring ultrasound recordings of the ICA, we reasoned that a +9mmHg stimulus would be
better suited to address our research question. In addition, the +9mmHg stimulus is roughly
comparable to what would be induced by an FICO2 of 0.05 – this level is commonly used in
other studies (Ainslie & Duffin, 2009).
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Figure 1. Representative traces for the transient and steady state CO2
tests.
Panel A depicts a typical response for the transient CO2 test and panel B
depicts a typical response for the steady state CO2 test. Each panel displays
PETCO2, PETO2, MCAv, ICA shear rate, and ICA diameter, with the raw data
represented by the open grey circles, and the smoothed data represented by
the closed black circles. The circled X’s indicate the response start and
subsequent peak value of each hemodynamic variable, while the black bar
denotes the duration of CO2 manipulation. Reproduced from (Hoiland et al.,
2017c), permission not required.

Two separate CO2 tests were utilized to assess the influence of shear and flow on ICA vascular
tone: 1) a transient CO2 test (+9 mmHg PETCO2) to simulate the shear dynamics characteristic
of a post occlusion brachial cuff release in standardized peripheral FMD tests (Thijssen et al.,
2011) (Figures 1 & 2), and 2) a steady state CO2 test to determine maximal reactivity/dilation
to the same +9mmHg stimulus. The steady state CO2 test was conducted fifteen minutes
following the transient test.
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1) Transient CO2 Test: Participants lay supine, while breathing room air. Following five
minutes of resting data collection, participants breathed simulated room air delivered
from the end-tidal forcing system (i.e. PETO2 & PETCO2 did not change) for two
minutes. Participants were then paced at 20 breaths per minute through verbal coaching
and visual feedback while end-tidal values were maintained (i.e. did not change) for an
additional two minutes. Breathing was maintained at 20 breaths per minute for the
remainder of the trial. This approach was utilized to improve the end-tidal forcing
systems ability to abruptly manipulate PETCO2 in a controlled fashion, as a higher
breathing rate allows for quicker gas manipulations. Further, this eliminated the
potential for abrupt changes in VE due to CO2 chemosensitivity, which could interfere
with ultrasound imaging (e.g., large neck muscle movements) and act as a confounding
physiological factor. At the two minute mark, PETCO2 was abruptly (~five seconds)
elevated to +9 mmHg above baseline for 30-seconds and then quickly returned to
baseline values, which were maintained for three additional minutes. Reported data are
from the last minute of hyperventilation onwards.

2) Steady State CO2 Test: Participants lay supine, while breathing room air. Following five
minutes of resting data collection, the participant breathed simulated room air on the
end-tidal forcing system. Following two minutes of steady breathing, PETCO2 was
abruptly (~five seconds) elevated to +9 mmHg above baseline and maintained for four
minutes. Following four minutes, participants returned to room air breathing.
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Figure 2. Shear rate and diameter during the transient CO2 test.
This figure highlights the temporal dynamics of the 30-second transient CO2
test in one subject. Time zero represents the onset of the 30-second CO2
stimulus (+9mmHg PETCO2). The increase in CO2 produced an increase in
CBF and therefore cerebral shear rate (grey circles) which mirrors that
subsequent to brachial cuff release during a peripheral FMD test [see figure
2 in (Thijssen et al., 2011)]. Shear rate area under the curve is highlighted in
grey. Following the transient increase in shear rate, ICA diameter (open
squares) increased approximately 30 seconds after peak shear rate was
reached (51-seconds from CO2 onset). Peak diameter was reached
approximately 60-seconds after peak shear occurred (80-seconds from CO2
onset). Reproduced from (Hoiland et al., 2017c), permission not required.
Data Analysis

Data Extraction and Carotid Shear-Mediated Dilation Software

All data from LabChart (e.g. MCAv, MAP, PETCO2 and PETO2) were down sampled to 50Hz
and exported into Microsoft Excel. Vascular data were interpolated at 50Hz and exported into
the same excel spreadsheet and time-aligned with the LabChart data. The excel spreadsheet
was re-opened as a LabChart data file and all cardiovascular/cerebrovascular data were
exported to a new excel spreadsheet in beat-by-beat averages, while all respiratory variables
were exported on a breath-by-breath basis. These variables were subsequently analyzed using
custom designed shear-mediated dilation software (Labview®) as previously explained in
detail (Carter et al., 2016a). In brief, the data were filtered and the following variables were
automatically detected and calculated: 1) Baseline values; 2) Peak responses, and; 3) Relative
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(%) changes. In addition, a threshold selection algorithm was applied to each data array (e.g.,
ICA shear, ICA diameter,), which identified threshold points for the increase in each variable
following the onset of CO2 administration. Once the software had automatically detected the
threshold points, they were depicted on the filtered and raw data array and visually inspected
to ensure they met the following criteria: a) the algorithm-detected threshold point occurred
prior to the peak value and, b) the variable did not decrease below the algorithm-detected
threshold point prior to the peak value occurring. Of the 240 responses analyzed, 151 met the
agreed criteria and their automatically detected points were accepted. In the remaining 89 cases
(37%) the threshold points were manually adjusted by two independent investigators to a point
where each deemed there was a clear deviation from baseline that met the above criteria. The
mean of these manually assessed points were entered in the analysis. The coefficient of
variation for the analysis of the threshold points detected using the above systematic approach
was 4.2% overall, and 11.2% between the 89 manually adjusted files. Shear rate area under the
curve (AUC) was also calculated for both the transient and steady state trials, in accordance
with the analytical methods used for brachial FMD (Black et al., 2008; Thijssen et al., 2011)
(i.e., from the onset of CO2 stimulus until peak dilation occurred).

Data Exclusion Criteria

Of the subjects tested, four trials were excluded from analysis of the steady state CO2 tests
while seven were excluded from the transient CO2 tests. Additionally, there were three subjects
who only completed the transient CO2 test (not both trials). Thus, the resulting samples sizes
were n=20 for both the steady state CO2 and transient CO2 tests, with 13 subjects having
repeated measures across both trials. Ultrasound videos were visually inspected prior to
analyses and were excluded based upon the following criteria: 1) the occurrence of an overt
angle change (n=2); 2) excessive movement of the vessel [e.g., due to high ventilation (n=3)];
and 3) overall poor image quality [e.g., blurry vessel walls (n=4)]. In two cases a test was
excluded following video analysis due to low fidelity wall tracking despite the visual
appearance of a clear vessel wall. Therefore, sample size is noted throughout the text for all
statistical comparisons.
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Statistical Analyses

No statistical differences were found between male and female vascular responses in the
current study; therefore, data were pooled for analyses. Sample sizes were based off of previous
research by our group investigating vasomotion of the ICA (Willie et al., 2012; Carter et al.,
2016b; Hoiland et al., 2016b). Comparisons between baseline and peak values within trial were
made using two-tailed paired t-tests. Due to the differing participants for each trial (see Data
Exclusion Criteria), between trial comparisons were made using a linear mixed model analysis
with a compound symmetry covariance structure (Fixed factor: steady state vs. transient test)
to account for this drop out. Pearson correlations were used to assess the relationship between
vasodilatory responses during the transient and steady state CO2 protocols in the subjects with
repeated measures (n=13), and to determine the relationship between shear AUC and dilation
in each trial (transient n=19; steady state n=20). For the shear AUC and dilation bivariate
analysis, a statistical outlier was determined utilizing bagplot analysis (Rousseeuw et al.,
1999). All statistical analyses were performed using SPSS (IBM statistics, Version 22.0).

RESULTS

Carotid Shear-Mediated Dilation

From the onset of elevated PETCO2 (Figure 3), the delay for ICA shear to increase was
16.8±13.2s in the transient trial and 18.2±14.2s (P=0.61) in the steady state trial. Peak shear
occurred at 42.2±9.9s in the transient trial and 163.6±87.5s in the steady state trial (P<0.01).
The onset of dilation in the transient trial occurred 59.4±60.3s from onset of elevated PETCO2,
while the delay was 110.3±79.6s in the steady state trial (P=0.047). Peak dilation occurred
110.3±69.1s and 283.6±56.1s in the transient and steady state trial, respectively (P<0.01). In
both the steady state (18.2±14.2 vs. 110.3±79.6s; P<0.01) and transient test (16.8±13.2 vs.
59.4±60.3s; P<0.01) the increase in ICA shear preceded ICA dilation (Figure 3).
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Figure 3. The time course of cerebral vascular responses to steady state
and transient CO2 breathing.
The presented data represents the threshold at which middle cerebral artery
blood velocity (MCAv), internal carotid artery (ICA) shear, and ICA
diameter begin to deviate (increase) from baseline. * Denotes a significant
difference between steady state CO2 and transient CO2 response times. †
Denotes a significant difference in the time delay between ICA shear and
ICA dilation within a trial. Reproduced from (Hoiland et al., 2017c),
permission not required.

During the transient and steady state hypercapnic tests the ICA dilated by 3.3±1.9% (n=20;
P<0.01) and 5.3±2.9% (n=20; P<0.01), respectively. The steady state elevation in P ETCO2
produced the greatest dilation as reflected in a 60% greater increase (P=0.03; Figure 4). Shear
rate increased from 330.0±74.2s-1 to a peak value of 448.5±111.7s-1 (n=20; P<0.01) in the
transient CO2 trial and from 337.3±56.6s-1 to 526.8±83.5s-1 (n=20; P<0.01) in the steady state
trial. The increase in shear rate during the steady state trial was greater than during the transient
test (189.5±49.9s-1 vs. 118.5±53.8s-1; P<0.01). Shear rate AUC for the transient trial was
43,053±21,277s-1 (n=19), and 131,476±30,880s-1 (n=20) in the steady state trial (p<0.01;
independent samples t-test). Shear rate AUC was correlated to the magnitude of vasodilation
in the transient test (r2=0.44; P<0.01; n=19); however, this relationship was not present in the
steady state trial (r2=0.02; P=0.53) (Figure 5).
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Figure 4. Peak internal carotid artery dilation during the steady state
and transient CO2 tests.
The left panel shows the change in diameter of the internal carotid artery
(ICA) from baseline to peak dilation after a transient 30-second period of
hypercapnia (+9mmHg) for 20 subjects. The right panel shows the change in
diameter of the ICA from baseline to peak dilation during four minutes of
steady state hypercapnia (+9mmHg) for 20 subjects. The %change in
diameter in the steady state trial was greater than the %change in diameter in
the transient 30-second trial (comparison of deltas between trials, P=0.03).
Mean±SD is indicated for each trial by the filled circles (●) and error bars.
Reproduced from (Hoiland et al., 2017c), permission not required.
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Figure 5. The relationship between shear AUC and ICA dilation in the
transient and steady state CO2 trials.
The present data represent the stimulus-response relationship between shear
area under the curve (AUC) and ICA vasodilation. In the transient trial,
following removal of the statistical outlier (circled), shear area AUC was
positively correlated with ICA vasodilation (r2=0.44; P<0.01). No
relationship was present between shear AUC and ICA vasodilation in the
steady state trial (r2=0.02;P=0.53). Reproduced from (Hoiland et al., 2017c),
permission not required.

Intra- vs. Extra-Cranial Cerebral Hemodynamics

Elevations in MCAv occurred at the same time as ICAv following the onset of hypercapnia in
the transient (13.0±10.0 vs. 16.7±14.5; P=0.18) and steady state trials (15.1±14.9 vs.
16.9±13.9s; P=0.11), respectively (Figure 3). Peak MCAv and ICAv occurred at the same time
in the transient (40.1±7.5 vs. 42.8±9.3s; P=0.09) and steady state (182.1±99.0 vs. 199.6±91.3s;
P=0.24) trials. In the transient and steady state tests, peak ICA flow occurred 41.7±9.5s and
234.2±84.3s following the onset of CO2 breathing, respectively.

Blood Pressure Regulation

During the transient CO2 test, MAP increased from 94.6±12.5mmHg to peak value of
104.2±13.6mmHg (P<0.01), while the time of occurrence for peak MAP (81.2±73.1s) was not
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statistically different from the time of peak dilation (110.1±69.1s; P=0.20). However, the time
to peak MAP and dilation were not related within subject (r2=0.14; P=0.06), nor was the
magnitude of dilation and change in MAP (r2=0.09; P=0.22). During the steady state
hypercapnia, MAP increased from 94.2±10.4mmHg to a peak value of 105.8±11.3mmHg
(P<0.01), while the time of occurrence for peak MAP (169.0±96.3s) was earlier than that for
peak dilation (283.6±56.1s; P<0.01). There was no relationship in the time to peak dilation and
peak MAP (R2=0.002; P=0.43).

DISCUSSION

The present study outlines a novel experimental design aimed at: 1) assessing shear-mediated
dilation of cerebral conduit arteries without the confounding influence of sustained increases
in PaCO2, and 2) reinforcing the existence of shear mediated dilation of the ICA (Carter et al.,
2016a; Hoiland et al., 2016b). We observed dilation of the ICA in response to both transient
and steady state hypercapnia. Under both conditions, increases in shear stress preceded dilation
of the ICA in a time-dependent manner. Vasodilation of the ICA in the transient trial was
strongly correlated to the increase in shear AUC, implicating shear as the primary stimulus for
dilation, consistent with observations in the brachial, femoral, and coronary arteries (Pyke &
Tschakovsky, 2007).

The assessment of FMD in peripheral arteries dates back >20 years to the landmark study by
Celermajer et al., 1992 (Celermajer et al., 1992). This technique evolved into a method for
assessing the function and health of endothelial cells in the general circulation (Green et al.,
2014). However, to date, there is no equivalent method of assessing cerebral conduit artery
shear-mediated regulation. In humans, the ICA conveys blood flow to the brain and bilaterally
this accounts for ~70% of global CBF (Zarrinkoob et al., 2015). In addition to serving as
cerebral conduit vessels, the ICAs regulate CBF (Willie et al., 2014c) and provide the most
accessible avenue (Thomas et al., 2015) to assess cerebral endothelial function using duplex
ultrasound. Therefore, the measurement of ICA diameter during a controlled and transient
elevation in shear stress may provide a valid paradigm and for the specific assessment of
cerebral conduit artery endothelial function (or dysfunction) (Thijssen et al., 2011). Whilst
ischemia-induced hyperemia is utilized in peripheral FMD tests, this is obviously not possible
in the cerebral vasculature (Smith et al., 2011). However, the present study indicates that
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hypercapnia-induced vasodilation, in particular utilizing transient exposure, induces ICA
dilation following increases in intra-vascular shear stress of a similar manner and profile to
post-occlusion cuff release (Carter et al., 2016a). Given the congruent shear dynamics of a
peripheral FMD test and the current carotid FMD test, in addition to the strong relationship
between shear AUC and vasodilation, it appears that transient elevations in CO2 provide a
robust (and relatively specific) method to perturb shear-mediated regulation of CBF. We
therefore propose a novel technique to assess “cerebrovascular FMD” in the present study;
however, pharmacological inhibition of endothelial NO synthase is necessary to confirm the
potential applicability of this technique. The lack of correlation between shear AUC and
dilation in the steady state trial indicates that sustained hypercapnia is likely not an adequate
method to assess shear-mediated regulation of the ICA due to a larger influence of confounding
factors (increased blood pressure etc.,).

Our data implicate shear dependent mechanisms as key contributors to vasodilation in the ICA
during a CO2 reactivity test (Figures 4 & 5) in accordance with previous study (Carter et al.,
2016a). Considering the transient CO2 test elicited a more rapid, albeit lower, ICA dilation
compared to the steady state test, our findings suggest that ICA dilation in the transient test is
less influenced by extraneous factors (e.g., BP, sympathetic nervous activity, metabolism,
direct effects of CO2/pH etc.,) As depicted in figure 5, the relationship between shear AUC and
dilation occurs within a range between 0-100,000s-1, but in the steady state trial where shear
AUC is >100,000s-1 this relationship is lost. This may be due to two potential factors: 1) a
ceiling effect of shear on ICA vasodilation, and 2) that as previously mentioned, sustained CO2
engages other confounding physiological responses (e.g., elevated BP) that obscures the
relationship between Shear AUC and vasodilation. Therefore, it appears the transient trial more
closely resembles the NO-mediated FMD observed in the peripheral vasculature (Thijssen et
al., 2011; Green et al., 2014), which is further supported by observations that other endothelial
derived relaxing factors [e.g. prostaglandins (Hoiland et al., 2016b)] do not possess an
obligatory role in hypercapnic cerebral vasodilation. That the percent dilation was only
modestly correlated within subjects between the transient and steady state CO2 tests indicates
that distinct mechanisms may be evoked differentially in response to varying stimuli (i.e. time
of hypercapnia). This is consistent with findings from the peripheral FMD test, where five
minutes of ischemia induces a largely NO-mediated dilation, whereas longer periods of
ischemia induce compensatory redundant mechanisms resulting in less NO dependency
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(Mullen et al., 2001). However, it must be stressed that studies pharmacologically inhibiting
endothelial nitric oxide synthase activity have not consistently demonstrated a role for NO in
hypercapnic vasodilation (Schmetterer et al., 1997; White et al., 1998; Ide et al., 2007). These
variable findings may be related to the use of velocity indices of cerebral blood flow (CBF)
[i.e. TCD; discussed in (Ainslie & Hoiland, 2014)], which are unable to detect and quantify
changes in vessel diameter. In addition, systemic administration of NO blockers such as LNMMA have both direct, and indirect reflex, effects on vasomotor tone and these are
countervailing, making the impacts of such drugs difficult to interpret.

A delayed response (~60sec) to reach maximal steady state CBF for a given step change in
PETCO2 has been demonstrated previously (Shapiro et al., 1966; Carter et al., 2016a). Further,
steady state hypercapnia is reported to elicit higher cerebrovascular reactivity than non-steady
state tests [e.g., rebreathing (Pandit et al., 2003)]. This disparity in reactivity may be explained
by the time dependent nature of endothelial NO synthase upregulation and consequent NO
mediated vasodilation, which may not be fully engaged at the termination of a progressive and
dynamic stimulus. By quantifying the maximal dilation to a steady-state CO2 stimulus in
addition to the vasomotor reaction to a transient elevation in CO2 and shear, we have provided
insight into the percent contribution of shear-dependent mechanisms to total CO2 reactivity.
Further, this highlights that ~40% of CO2 reactivity is not explained by shear, and may be
partially attributable to changes in MAP (Przybyłowski et al., 2003; Ainslie et al., 2012;
Peebles et al., 2012), increases in cardiac output, and/or direct effects of PaCO2 /pH. The
difference in time to peak dilation during the transient and steady-state CO2 test likely indicates
a different time course of these mechanism(s) on vasomotor tone. Therefore, while shear
mechanisms likely acted in the same time course between tests, it is the additional stimuli that
results in a further and delayed maximal dilation during steady state elevations in CO2.

When considering the contribution of shear dependent mechanisms to cerebrovascular dilation
one must also consider the potential for myogenic influences during hypercapnia-mediated
increases in MAP (Faraci et al., 1989). Increases in cerebral perfusion pressure have been
shown to produce cerebral vasoconstriction (Fog, 1939); therefore, myogenic constriction may
have masked vasodilation to some degree (resulting in underestimation of shear-mediated
vasodilation), and/or be related to the variable contribution of shear dependent mechanisms to
hypercapnia mediated vasodilation. The opposing forces of shear-mediated dilation and
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myogenic constriction has been previously demonstrated in peripheral vessels (Pohl et al.,
1991; Atkinson et al., 2015).

Methodological considerations

Recently it has become convention to normalize peripheral FMD tests via logarithmic
transformation of baseline diameter, peak diameter, and shear rate AUC to allometrically scale
for artery size and account for between subject variations in the shear stimulus (Atkinson &
Batterham, 2013; Atkinson et al., 2013). The purpose of these corrections is to better estimate
the endothelial responsiveness to a shear stimulus. Here, we have not scaled for baseline
diameter and shear AUC between trials as the purpose of the current study was not to evoke
and subsequently quantify a change in endothelial function, but to determine the experimental
feasibility of a transient increase in ICA shear (via elevated PETCO2) in eliciting a measureable
change in arterial diameter. Indeed endothelial function should not be different between the
two trials given no intervention was present.

While we have used dynamic end-tidal forcing to control PETCO2, determining the efficacy of
the Douglas bag technique for a 30-second manipulation of CO2 may provide great utility,
given the reduced technical demand and consequently easier transition into a clinical setting.
Further determining the within and between-day variation in transient CO2 mediated ICA
vasodilation will help determine its potential translation into a clinical setting.

Perspective

Turbulent flow and non-uniform shear stress, which are characteristic of the carotid bulb and
ICA, render the carotid vasculature a ‘high risk’ area for atherogenesis, wall thickening, and
consequent vascular dysfunction (Glagov et al., 1988; Takeuchi & Karino, 2010; Bijari et al.,
2014). Therefore, the present carotid FMD test may possess future potential to detect early
carotid and cerebral vascular dysfunction, before the development of overt wall thickening or
intractable plaque deposition. Analogous to the peripheral FMD approaches, which predict
future cardiovascular events (Green et al., 2011), our carotid test may provide a useful clinical
window into sub-clinical atherogenesis and also enable treat-to-target assessment of
management efficacy. While steady state CO2 reactivity tests have shown a strong ability to
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predict cerebral vascular events in clinical populations [e.g., carotid stenosis (Gupta et al.,
2012)], they have yet to demonstrate predictive value relative to cerebral vascular risk in
healthy individuals (Portegies et al., 2014). The inability to specifically predict cerebral
vascular risk may be related to several factors including: 1) previous use of velocity indices of
CBF and consequent inability to directly quantify vasomotion (Ainslie & Hoiland, 2014;
Coverdale et al., 2014), and 2) the confounding nature of the myriad physiological
consequences secondary to sustained hypercapnia [i.e., elevated blood pressure (Regan et al.,
2014) and cardiac output (Balanos et al., 2003), chemoreceptor mediated sympathoactivation
(Pitsikoulis et al., 2008), and the potential for direct vasodilatory effects of CO2/pH (Kontos et
al., 1977a; Willie et al., 2012; Hoiland et al., 2016b)]. Our approach mitigates these limitations
by directly visualizing arterial diameter change and quantifying the magnitude and profile of
the shear stimulus. It is tailored to perturb cerebrovascular endothelial function with reduced
input from confounding physiological factors and couples concurrent measurement of cerebral
conduit artery diameter, flow and shear at high temporal and spatial resolution. Future research
should aim to 1) determine the influence of transiently elevated shear on ICA vasodilation prior
to and following NO blockade to confirm endothelial involvement, and 2) determine the
magnitude by which carotid shear-mediated dilation may be reflective of cerebral vascular
health and risk of cerebrovascular events.
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