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Thesis Format

This thesis contains a general introduction (Chapter 1), which provides a brief background on
the importance of cerebral blood flow regulation for brain health and outlines the general aim
of the thesis. The literature review (Chapter 2) then outlines, in more depth, the background
literature, the current gaps in knowledge, and the main research aims presented in the thesis.
This thesis contains a study conducted to establish the operator reliability of duplex and
transcranial Doppler ultrasound that are used in the subsequent empirical chapters (Chapter 3).
The thesis consists of three empirical chapters. The first empirical chapter investigates the
bilateral regional blood flow response in the extracranial cerebral conduit arteries to acute
poikilocapnic hypoxia and unilateral duplex ultrasound measurement error (Chapter 4). The
second empirical chapter investigates regional dynamic cerebral autoregulation in the
intracranial and extracranial cerebral conduit arteries in hypoxia (Chapter 5). The third
empirical chapter investigates, in normoxia and hypoxia, the effect of the metabolic state of the
visual cortices on regional extracranial vascular tone and dynamic cerebral autoregulation in
the intracranial cerebral conduit arteries (Chapter 6). The empirical chapters in this thesis are
presented in a paper format. Chapter 4 is a peer-reviewed article accepted by the journal
Experimental Physiology and has been included as published. Chapter 5 is under review to the
Journal of Cerebral Blood Flow and Metabolism and has been included according to the
journal’s formatting requirements, except for conversion of the reference format to be
consistent with the rest of the thesis. A general discussion (Chapter 7) provides a summary and
critical analysis of the main findings in relation to the broader literature, with a consideration

of the limitations, and potential areas for future research.
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Summary of Findings

The aim of this thesis was to investigate regional blood flow regulation between the cerebral
conduit arteries that source the anterior and posterior regions of the brain in acute poikilocapnic

hypoxia.

The aims of the first study (Chapter 3) were to determine if bilateral extracranial blood flow
response to acute poikilocapnic hypoxia is different between the internal carotid arteries (ICA)
and vertebral arteries (VA), and to determine the measurement error in unilateral extracranial
artery assessments compared to bilateral. Hypoxia caused the same vasodilation and similar
relative increases in blood flow in the ICA and VA. These responses were not influenced by
vessel side, i.e., if measured unilaterally on the left- or right- side only. Compared to bilateral
assessment, unilateral measurements of extracranial arteries with smaller resting normoxic
blood flow caused the greatest and most varied error. Methodologically, assessing the vessel
with the larger resting blood flow, rather than selecting a vessel based on location (left or right),

is most effective at reducing unilateral measurement error.

The second study (Chapter 4) aimed to determine whether the extra- and intra-cranial posterior
cerebral conduit arteries [VA and posterior cerebral artery (PCA)] have an exacerbated
reduction in dynamic cerebral autoregulation (dCA) compared to the anterior cerebral conduit
arteries [ICA and middle cerebral artery (MCA)] in acute poikilocapnic hypoxia. Here, in a
mixed-sex cohort, we report that volumetric dCA to abrupt reductions in blood pressure is
comparable between the ICA and VA in normoxia and hypoxia. With sex as an additional fixed
effect, hypoxia reduced the rate of regulation of the VA in men only, indicating a reduced dCA
(i.e., pressure-passive) of the posterior circulation. In contrast, hypoxia did not reduce dCA in

the ICA in men. Hypoxia induced vasodilation of the ICA, but not the VA in men. dCA of the

Vi



MCA and PCA were comparable by region, condition, and sex. These findings suggest that
volumetric dCA of the cerebral conduit arteries to hypoxia is regionally different in men and

may not be influenced by changes in vascular tone.

In the final empirical chapter (Chapter 5), we investigated whether the metabolic activation of
the visual cortices from ambient light modulates a lower basal vascular tone of the posterior
cerebral circulation and contributes to the reduced dCA of the posterior compared to the
anterior circulation. In normoxia and hypoxia, high ambient visual input (lights on — eyes
open), compared to low ambient visual input (lights off — eyes closed), evoked a greater
response in blood velocity and blood flow in the posterior (VA and PCA) than anterior
circulation (ICA and MCA). In contrast, extracranial vascular tone was unchanged with visual
stimulation in normoxia and hypoxia. Visual stimulation reduced very low-frequency phase of
the PCA, but not the MCA, to spontaneous oscillations in blood pressure at rest in normoxia,
indicating a reduced posterior compared to anterior intracranial dCA. In contrast, there was no
regional difference in dCA with visual stimulation in hypoxia. This study concluded visual
stimulation elicited a regional intracranial and extracranial blood velocity increase in normoxia
and hypoxia but did not reduce extracranial vessel tone, suggesting other mechanisms are

responsible for the regional differences in intracranial dCA to visual stimulation.

In conclusion, the findings of this thesis suggest regional differences between the anterior and
posterior cerebral conduit arteries exists in dCA in hypoxia and with visual stimulation in
normoxia, but not the blood flow response to hypoxia. This thesis also emphasises the
importance of capturing vascular tone and volumetric blood flow measurements to fully

understand the regional regulation of the cerebral circulation.
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List of Figures

Figure 2.1. The anatomical structure of the cerebral conduit artery network. Image was
acquired using magnetic resonance angiography. The purple, light blue, dark blue, and green
pathway reflects the anterior circulation through the common carotid artery (CCA), internal
carotid artery (ICA), middle cerebral artery (MCA), and anterior cerebral artery (ACA),
respectively. The purple and brown pathway reflects the CCA and the external carotid artery
(ECA) that perfuses structures of the neck, head, and face. The pink, yellow, and orange
pathway reflects the posterior circulation through the vertebral artery (VA), basilar artery (BA),
and posterior cerebral artery (PCA), respectively.

Figure 2.2. Cerebral conduit arteries supply blood flow to different regions of the brain.
The cerebral conduit arteries can be categorised into those that supply the anterior regions and
those that supply the posterior regions of the brain. The middle cerebral artery (MCA, blue)
and anterior cerebral artery (ACA, green) supply the anterior motor and somatosensory cortices
within the frontolateral and parietal lobes. The posterior cerebral artery (PCA, orange) supplies
the thalamus above the midbrain and visual cortices within the occipital lobes. The upper
portion of the vertebral artery (VA) and basilar artery (BA, yellow) supply the cerebellum and
cardiorespiratory control brain regions, such as the pons, midbrain, and medulla that form the
brainstem. Created with BioRender.com.

Figure 2.3. Transcranial Doppler ultrasound of the intracranial cerebral conduit arteries.
Transcranial Doppler ultrasound is a non-invasive device with high temporal resolution that
captures beat-to-beat measurements of intracranial artery haemodynamics. Four acoustic
windows are used in transcranial Doppler ultrasound. The transtemporal window is used for
insonation of the anterior cerebral artery (ACA), middle cerebral artery (MCA), and posterior
cerebral artery (PCA) before (PCA-1) or after (PCA-2) the posterior communicating artery.
The suboccipital window is used for insonation of the basilar artery (BA) and upper portions
of the vertebral artery (VA). The transorbital window is used for the insonation of the carotid
siphon segment of the internal carotid artery (ICA) and ophthalmic artery. The submandibular
window (not shown) is located under the chin for insonation of the distal portion of the ICA.
A representative example of the Doppler spectra waveform, vessel depth, and mean cerebral
blood velocity (CBvmean) accompany each intracranial artery. Created with BioRender.com.

Figure 2.4. Duplex ultrasound of the extracranial cerebral conduit arteries. Concurrent
measurements of vessel diameter from B-mode imaging (left, top) and blood velocity spectra
from pulse wave Doppler imaging (left, bottom) are captured from the extracranial artery using
Duplex ultrasound. Post-capture calculations of volumetric blood flow are captured using
automated-edge detection software (right). The high spatial and temporal resolution of duplex
ultrasound enables the automated wall-edge detection software to track frame-by-frame
diameter changes of a specfic region of interest within the vessel across each cardiac cycle
(right, A). The Doppler spectral signal of one complete cardiac cycle is analysed for its peak
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velocity, velocity integral, and the time-averaged maximum velocity (right, B). The time-
averaged maximum velocity calculates the mean from the average peak envelope velocity
across the cardiac cycle. Half the time-averaged maximum velocity is estimated to be the mean
blood velocity. Estimations of volumetric blood flow can be calculated from the formula: blood
flow (ml.min) = [time-averaged maximum velocity (cm.s1)/2] * [r * (mean artery diameter
(cm)/22)] * 60. Created with BioRender.com.

Figure 2.5. Representative example of vertebral artery imbalance. Top: Magnetic
resonance angiography image of the vessel imbalances in vertebral artery (VA) calibre (red
circle) before forming the basilar artery (BA), whereas the internal carotid arteries (ICA) are
similar in size. Bottom: Duplex ultrasound-derived cross-section of the vertebral arteries
between the vertebrae. Red line (of same length) reflects the vessel size imbalance comparison
between the vertebral arteries.

Figure 2.6. Segmental cerebrovascular regulation. An illustration of how segmental changes
in vascular tone (cerebrovascular resistance) between the upstream and downstream arteries
organized in-series influence flow and microvascular pressure. Upstream-downstream
segmental regulation may occur between the extracranial and intracranial arteries, or between
the intracranial arteries and smaller arterioles or pial arteries, or along different sections of an
intracranial artery. Changes in vasoactive tone (dilation or constriction) are labelled on each
artery. Directional arrows reflect the changes in blood flow and microvascular pressure for
each scenario, with more arrows representing a larger magnitude of effect and a sideways arrow
representing no change. All blood flow and microvascular pressure changes are relative to the
top row (upstream and downstream artery both at rest). Adapted from Hoiland et al., 2019.

Figure 2.7. The relationship between cerebral blood flow and changing tensions of oxygen
and carbon dioxide. Representative schematic between cerebral blood flow (CBF, A%) and
partial pressure of oxygen (PO2, mmHg) at differing partial pressures of carbon dioxide (PCO»,
mmHg). Adapted from Mardimae et al., 2012.

Figure 2.8. The contemporary view of the cerebral autoregulation curve. Relationship
between change in mean arterial pressure (MAP, A%) and concomitant change in cerebral
blood flow (CBF, A%) using nonpharmacological methodologies. The grey section represents
the autoregulatory plateau where the assessment of spontaneous dynamic cerebral
autoregulation (dCA) occurs. The yellow section represents the area of induced hypotension
for assessments of dynamic cerebral autoregulation using forced manoeuvres i.e., rapid thigh
cuff deflation, sit-to-stand. Adapted from Brassard et al., 2021.
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Figure 2.9. Summary of the evidence of anterior-posterior regional differences in the
cerebral conduit arteries and the aims addressed in this thesis. Chapter 4) Anatomical
variabilities, which are more prevalent in the posterior cerebral conduit arteries such as vessel
flow imbalances and artery hypoplasia, are related to a reduced cerebrovascular function and
may impact on regulation of posterior circulation to vasoactive stimuli, such as hypoxia, in
comparison to the anterior circulation (Q1). It is proposed that cerebral blood flow regulation
is different in the posterior cerebral conduit arteries compared to the anterior cerebral conduit
arteries to hypoxia to preferentially maintain circulation of the posterior regions of the brain
involved in homeostatic and cardiorespiratory control. However, due to small sample sizes,
unilateral measurements of cerebral conduit arteries, and a limited number of studies which
have directly measured vascular tone changes, evidence of regional differences in vascular tone
and cerebral blood flow regulation between the anterior and posterior cerebral conduit arteries
during hypoxia remains equivocal (Q2 & 3). Unilateral measurements of the posterior cerebral
conduit arteries may not be reflective of the true bilateral cerebral blood flow regulation if
lateral arteries are asymmetrical in size and blood flow (Q4). Chapter 5) Due to differences in
vascular tone, the posterior circulation is proposed to have a greater capability to dampen
fluctuations in blood pressure than the anterior circulation during normoxia at rest. To date,
there is only one study that has explored regional intracranial artery regional dynamic cerebral
autoregulation during hypoxia. Therefore, concurrent intracranial and extracranial artery
regional dynamic cerebral autoregulation differences to capture volumetric and vasoactive
regulation during hypoxia is yet to be explored (Q5). Chapter 6) The differences in dynamic
cerebral autoregulation between the anterior and posterior cerebral conduit arteries may be a
consequence of a lower resting vascular tone in the posterior circulation in response to an
increased neuronal metabolic demand of the visual cortices caused by individuals eyes being
open during cerebrovascular assessments (Q6). Abbreviations; AMS, acute mountain sickness;
CBF, cerebral blood flow; CBv, cerebral blood velocity; dCA, dynamic cerebral
autoregulation; HUT, head-up tilt; MAP, mean arterial pressure; MCA, middle cerebral artery;
NO, nitric oxide; PCA, posterior cerebral artery; VA, vertebral artery; VAH, vertebral artery
hypoplasia. Created with BioRender.com.

Figure 3.1. Coefficient of variation of the extracranial arteries measured using Siemens
duplex ultrasound by logged hours of practice. Coefficient of variation of vessel diameter
(@), blood velocity (b), and blood flow (c) in the left (circle) and right (triangle) common carotid
artery (CCA, red), internal carotid artery (ICA, blue), and vertebral artery (VA, green) from
repeat between-trial reliability studies with increasing hours of logged practice. Reliability was
assessed at 50 h (left N = 6, right N = 4) and at 100 h (left and right N = 10) using the Siemens
duplex ultrasound. A dotted line marked at 10% represents the recommended guidelines for
proficiency in duplex ultrasound of the extracranial arteries (Thomas et al., 2015). Values are
mean * standard deviation.
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Figure 4.1. Extracranial artery blood flow regulation in normoxia and acute
poikilocapnic hypoxia. Left and right internal carotid artery (ICA) and vertebral artery (VA)
blood flow regulation was measured from normoxia (fraction of inspired oxygen [FiO2] =
20.9%) to acute poikilocapnic hypoxia (FiO2 = 12.0%). Linear mixed model analysis revealed
no ‘Condition’ (normoxia or hypoxia) X ‘Vessel Type’ (ICA or VA) X “Vessel Side’ (left or
right) interaction for blood flow (a, mL-min™; P = 0.62), vessel diameter (b, mm; P = 0.70),
and flow velocity (c, cm-s; P = 0.64), adding ‘Participant ID’ as a random effect. Data points
are estimated marginal means (estimated SD) from LMM analysis. Raw mean (SD) data are
presented in Table 2.

Figure 4.2. Extracranial artery blood flow response and reactivity to acute poikilocapnic
hypoxia. Left and right internal carotid artery (ICA; grey circle or bars) and vertebral artery
(VA; white triangle or bars) blood flow response to acute poikilocapnic hypoxia (fraction of
inspired oxygen [FiO2] = 12.0%). Linear mixed model (LMM) analysis revealed no ‘Vessel
Type’ (ICA or VA) X ‘Vessel Side’ (left or right) interaction for the absolute change in blood
flow to hypoxia (a, AmL-min%; P = 0.32), absolute hypoxic reactivity (¢, AmL-min 1-ASpO; };
P = 0.37), the relative change in blood flow to hypoxia (e, A%; P = 0.15), or relative hypoxic
reactivity (g, A% ASpO; 1; P = 0.13). There were no main effects of ‘Vessel Side’ for these
blood flow variables (all P > 0.05). Main effects of “Vessel Type’ were revealed for the absolute
change in bilateral blood flow to hypoxia (b; P < 0.001), absolute bilateral hypoxic reactivity
(d; P <0.001), but not for the relative change in bilateral blood flow to hypoxia (f; P = 0.053),
or relative bilateral hypoxic reactivity (h; P = 0.12). * P < 0.001 between ICA and VA. Data
points represent individuals' ICA and VA blood flow responses to acute hypoxia. Bars are
estimated marginal means (estimated SD) from LMM analysis.

Figure 4.3. Relationships between resting normoxic blood flow and the absolute or
relative blood flow response to acute poikilocapnic hypoxia in the extracranial arteries.
Internal carotid arteries (ICA) and vertebral arteries (VA) blood flow response were assessed
from normoxia (fraction of inspired oxygen [FiO2] = 20.9%) to acute poikilocapnic hypoxia
(FiO2 = 12.0%). The blood flow response to hypoxia is presented as the absolute change
(AmL-min!; a and b) and the relative change (A%; ¢ and d) from resting normoxic blood flow
(mL-min™Y). Data plots include the left and right vessels of the ICA and the VA.

Figure 4.4. Bland-Altman plots of the measurement bias between a unilateral assessment
of the vessel with the smaller or larger resting normoxic blood flow and the bilateral
calculation of the relative change in blood flow from normoxia to acute poikilocapnic
hypoxia of the extracranial arteries. Internal carotid arteries (ICA) and vertebral arteries
(VA) relative blood flow response from normoxia (fraction of inspired oxygen [FiO2] = 20.9%)
to acute poikilocapnic hypoxia (FiO, = 12.0%) were calculated from doubling unilateral
measurements of the vessel with the smaller (a and c) or larger (b and d) resting normoxic
blood flow and compared to the bilateral calculation of the relative blood flow response to
hypoxia. Average bias (solid black line) is reported with respective 95% confidence intervals
(dashed black lines), and £1.96SD limits of agreement (dotted black lines).
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Figure 4.5. Bland-Altman plots of the measurement bias between a unilateral assessment
of the left or right vessel and the bilateral calculation of the relative change in blood flow
from normoxia to acute poikilocapnic hypoxia of the extracranial arteries. Internal carotid
arteries (ICA) and vertebral arteries (VA) relative blood flow response from normoxia (fraction
of inspired oxygen [FiO2] = 20.9%) to acute poikilocapnic hypoxia (FiO2 = 12.0%) were
calculated from doubling unilateral measurements of the left (a and c) or right (b and d) side
and compared to the bilateral calculation of the relative blood flow response to hypoxia.
Average bias (solid black line) is reported with respective 95% confidence intervals (dashed
black lines), and £1.96SD limits of agreement (dotted black lines).

Figure 5.1. Representative illustration of the dynamic cerebral autoregulation metrics
after rapid thigh cuff deflation induced hypotension. Mean arterial pressure (MAP, circle),
cerebral blood flow (CBF) or velocity (CBv, square), and cerebrovascular conductance (CVC)
or index (CVCi, triangle) after rapid thigh cuff method assessment of dynamic cerebral
autoregulation. Data were normalised relative to their respective means during the four seconds
immediately before the thigh cuff release. In accordance with previous methods (Labrecque et
al., 2021), dCA after rapid thigh cuff deflation was characterised as the following metrics: 1)
maximal reduction, 2) time to counter-regulation, and 3) rate of regulation (RoR).

Figure 5.2. Rate of regulation following rapid thigh cuff deflation induced hypotension in
normoxia and hypoxia. Rate of regulation (RoR) of the extracranial internal carotid (ICA)
and vertebral (VA) arteries (a) and of the intracranial middle cerebral (MCA) and posterior
cerebral (PCA) arteries (b) in normoxia (white bars, fraction of inspired oxygen [FiO2] =
20.9%) and acute poikilocapnic hypoxia (grey bars, FiO2 = 12.5%). %). Data are raw means
(standard deviation) and are presented with individual responses of a mixed cohort of men and
women. Data were analysed by linear mixed model analysis.

Figure 5.3. Rate of regulation following rapid thigh cuff deflation induced hypotension
and pre-thigh cuff deflation vessel diameter in normoxia and hypoxia in men. Rate of
regulation (RoR) and vessel diameter of the ICA (a and b) and VA (c and d) in normoxia (white
bars, fraction of inspired oxygen [FiO2z] = 20.9%) and acute poikilocapnic hypoxia (grey bars,
FiO2 = 12.5%) in men (N = 13). Data are raw means (standard deviation) and are presented
with individual responses. Data were analysed by linear mixed model analysis.

Figure 5.4. Cerebrovascular responses after thigh cuff deflation induced hypotension in
normoxia and hypoxia. Maximal relative reduction in cerebrovascular conductance (CVC) or
index (CVCi) and time to CVVC or CVCi counter-regulation in the extracranial (a and c) internal
carotid (ICA) and vertebral (VA) arteries and the intracranial (b and d) middle cerebral (MCA)
and posterior cerebral (PCA) arteries in normoxia (white bars, fraction of inspired oxygen
[FiO2] = 20.9%) and acute poikilocapnic hypoxia (grey bars, FiO2 = 12.5%). Data are raw
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means (standard deviation) and are presented with individual responses of a mixed cohort of
men and women. Data were analysed by linear mixed model analysis.

Figure 6.1. Cerebrovascular response from low to high visual input in the intracranial
and extracranial arteries in normoxia. Relative change from low (lights off — eyes closed)
to high (lights on — eyes open) visual input in blood velocity (a, P = 0.02) of the middle cerebral
artery (MCA) and posterior cerebral artery (PCA), and blood velocity (b, P = 0.08), vessel
diameter (c, P = 0.23), and blood flow (d, P = 0.31) of the internal carotid artery (ICA) and
vertebral artery (VA) in normoxia (fraction of inspired oxygen = 20.9%). Variables were
analysed by a linear mixed model analysis with the primary outcome of interest was the effect
of region, adding participant as random effect. Additional fixed effects of interest (e.g., sex or
PeTCOy) did not change the statistical outcome for any other variable. Data are raw data means
(standard deviation) with individual data points. *P < 0.05 between regions. TP < 0.08 between
regions.

Figure 6.2. Visual stimulation in normoxia reduced dynamic cerebral autoregulation in
the posterior but not anterior circulation. Very low frequency (VLF) phase of blood velocity
in the middle cerebral artery (MCA) and posterior cerebral artery (PCA) during spontaneous
oscillations in blood pressure at rest in low (lights off — eyes closed) to high (lights on — eyes
open) visual input in normoxia (fraction of inspired oxygen = 20.9%). Variables were analysed
by a linear mixed model analysis with the primary outcome of interest the interaction effect of
visual input (low and high) and region (MCA and PCA), adding participant as random effect
and partial pressure of end-tidal carbon dioxide (PeTCOy) at rest since it that improved the
model fit using the Chi-square likelihood ratio test. Data are presented as estimated marginal
mean (estimated standard deviation). *P < 0.05 between low and high visual input for PCA.
1P < 0.05 between region.

Figure 6.3. Cerebrovascular response from low to high visual input in the intracranial
and extracranial arteries in acute hypoxia. Relative change from low (lights off — eyes
closed) to high (lights on — eyes open) visual input in blood velocity (a, P < 0.05) of the middle
cerebral artery (MCA) and posterior cerebral artery (PCA), and blood velocity (b, P < 0.05),
vessel diameter (c, P = 0.98), and blood flow (d, P = 0.08) of the internal carotid artery (ICA)
and vertebral artery (VA) in normoxia (fraction of inspired oxygen = 20.9%). Variables were
analysed by a linear mixed model analysis with the primary outcome of interest was the effect
of region, adding participant as random effect. The addition of sex as a fixed factor to the
change in blood velocity of the extracranial arteries improved the model fit and revealed that
this regional difference was present in men only [Men; ICA, 1.7 (11.3) % and VA, 13.5 (14.8)
%, P < 0.05, Women; ICA, 4.7 (7.4) % and VA, -1.1 (10.2) %, P = 0.39]. Data are raw data
means (standard deviation) with individual data points. *P < 0.05 between regions. P < 0.08
between region.

XVi



List of Tables

Table 2.1. Cerebral autoregulation during hypoxia. Abbreviations; AMS, acute mountain
sickness; ARI, autoregulatory index; BBB, blood-brain barrier; CA, cerebral autoregulation;
CCADbf, common carotid artery blood flow; CCAdia, common carotid artery diameter; D, day;
dCA, dynamic cerebral autoregulation; EX, exercise; F, female; FiO2, fraction of inspired
oxygen; HA, high altitude; HH, hypobaric hypoxia; HLs, highlanders; ICADf, internal carotid
artery blood flow; IH, isocapnic hypoxia; LBNP, lower body negative pressure; LLs,
lowlanders; MAP, mean arterial pressure; MCAv, middle cerebral artery velocity; NH,
normobaric hypoxia; PCAv, posterior cerebral artery velocity; PetCO-, partial pressure of end-
tidal carbon dioxide; PetOg, partial pressure of end-tidal oxygen; PH, poikilocapnic hypoxia;
ROR, rate of regulation; TCD, transcranial Doppler ultrasound; TFA, transfer function analysis;
WK, Week.

Table 3.1. Between-trial variation of cerebrovascular haemodynamics of the extracranial
arteries at rest using Siemens duplex ultrasound with 100 h of logged practice. Extracranial
arteries were measured on two trials separated by at least 24 h. The left and right common
carotid, internal carotid, and vertebral arteries were assessed by the left- and right-hand,
respectively. The coefficient of variation (CV) and intra-class correlation (ICC) were
calculated as an index of inter-rater reliability. Values are means * standard deviation.

Table 3.2. Between-trial variation of cerebrovascular haemodynamics of the extracranial
arteries at rest using Terason duplex ultrasound with 200 h of logged practice. The
extracranial arteries were measured on two trials separated by at least 24 h. The left and right
common carotid, internal carotid, and vertebral arteries were assessed by the left- and right-
hand, respectively. The coefficient of variation (CV) and intra-class correlation (ICC) were
calculated as an index of inter-rater reliability. Values are means + standard deviation.

Table 3.3. Between-trial variation of blood velocity of the intracranial arteries at rest
using Spencer Technologies transcranial Doppler ultrasound. The intracranial arteries were
measured on two trials separated by at least 24 h. The coefficient of variation (CV) and intra-
class correlation (ICC) were calculated as an index of inter-rater reliability. Values are means
+ standard deviation.

Table 4.1. Cardiorespiratory responses to normoxia and acute poikilocapnic hypoxia.
Data were collected during a seated baseline and during supine rest between 30-90 min in a
temperature [26 (2) °C] and humidity [30 (4) %] controlled environmental chamber during
normoxia (fraction of inspired oxygen [FiO2] = 20.9%) and acute poikilocapnic hypoxia (FiO:
=12.0%). Linear mixed model analysis was completed for the period of supine rest. Values are

XVii



mean (SD). Abbreviations: SpO2, peripheral arterial oxygen saturation; MAP, mean arterial
pressure; PErCO, partial pressure of end-tidal carbon dioxide; VE, minute ventilation.

Table 4.2. Extracranial artery blood flow, vessel diameter, and flow velocity in normoxia
and acute poikilocapnic hypoxia. Blood flow (mL-min™), vessel diameter (mm), and flow
velocity (time-averaged maximum velocity; cm-s™1) were assessed in the left and right internal
carotid arteries (ICA) and vertebral arteries (VA) during normoxia (fraction of inspired oxygen
[FiO2] = 20.9%) and acute poikilocapnic hypoxia (FiO2 = 12.0%). Left and right vessel blood
flows were calculated by doubling unilateral measurements, whereas bilateral blood flow was
calculated as the sum of left and right unilateral measurements. Data are mean (SD) of the raw
values, with the absolute (A) and relative change (A%) from normoxia. Linear mixed model
analysis revealed no ‘Condition’ (normoxia or hypoxia) X ‘Vessel Type’ (ICA or VA) X
“Vessel Side’ (left or right) interaction for blood flow (a, mL-min™t; P = 0.62), vessel diameter
(b, mm; P = 0.70), and flow velocity (c, cm-st: P = 0.64), with ‘Participant ID’ as a random
effect. LMM revealed no ‘Condition’ X ‘Vessel Side’ interactions. * Interaction effect of
‘Condition” X ‘Vessel Type’ (P < 0.001).

Table 5.1. Cardiorespiratory and cerebrovascular responses before the rapid thigh cuff
method in normoxia and hypoxia. Data were analysed by linear mixed model analysis. The
primary outcome of interest for these cardiorespiratory and cerebrovascular variables was the
effect of condition (normoxia and acute poikilocapnic hypoxia). Abbreviations: PErCO., partial
pressure of end-tidal carbon dioxide; PetO2, partial pressure of end-tidal oxygen; SpOs-,
peripheral arterial oxygen saturation. Data are raw means (standard deviation).

Table 5.2. Haemodynamic responses to the rapid thigh cuff deflation induced hypotension
in normoxia and hypoxia. Data were analysed by linear mixed model analysis. The primary
outcome of interest for mean arterial pressure and cerebrovascular variables was the effect of
condition (normoxia and acute poikilocapnic hypoxia). Data are raw means (standard
deviation).

Table 6.1. Cardiorespiratory and cerebrovascular responses to low (lights off — eyes
closed) and high (lights on — eyes open) visual input in normoxia (fraction of inspired
oxygen = 20.9%). Data were analysed by a linear mixed model analysis. The primary outcome
of interest for cardiorespiratory variables was the effect of visual input (low and high). The
primary outcome of interest for cerebrovascular variables was the effect of interaction of visual
input and region (anterior and posterior) with the intracranial (middle cerebral artery and
posterior cerebral artery) or extracranial arteries (internal carotid artery and vertebral artery).
There was no interaction effect between condition and region for any intracranial or
extracranial cerebrovascular variable (all P > 0.05). * Main effect of condition (P < 0.05) t
Main effect of region (P < 0.05). Additional fixed effects of interest (e.g., sex or PerCO>) did

XViii



not change the statistical outcome for any other variable. Abbreviations: PerCO,, partial
pressure of end tidal carbon dioxide; PetO,, partial pressure of end tidal oxygen; SpO,
peripheral oxygen saturation. Values are raw data means (standard deviation).

Table 6.2. Transfer function analysis of the intracranial arteries during spontaneous
oscillations in blood pressure in low (lights off — eyes closed) and high (lights on — eyes
open) visual input in normoxia. Transfer function metrics of the middle cerebral artery and
posterior cerebral artery at very low (0.02-0.07 Hz), low (0.07-0.2 Hz), and high (0.2-0.5 Hz)
frequencies were collected during a period of seated rest with low and high visual input in
normoxia (fraction of inspired oxygen = 20.9%). To accommodate for uneven group sizes, data
were analysed by a linear mixed model analysis. The primary outcome of interest was the
interaction effect of visual input (low and high) and region (middle cerebral artery and posterior
cerebral artery), adding participant as random effect. Partial pressure of end-tidal carbon
dioxide (PetCO») at rest was also added into the model as a covariate for each variable and
model fits were compared using the Chi-square likelihood ratio test. The model which had the
best fit is reported for each variable. * Main effect of visual input (P < 0.05). ¥ Main effect of
region (P < 0.05). 2 Interaction effect when modelled with PetCO; (P < 0.05). ° Main effect of
visual input when modelled with PETCO. (P < 0.05). ¢ Main effect of region when modelled
with PETCO: (P < 0.05). Additional fixed effects of interest (e.g., sex or PETCO3) did not change
the statistical outcome for any other variable. Abbreviations: CBv, cerebral blood velocity;
MAP, mean arterial pressure; nGain, normalised gain. Values are raw data means (standard
deviation).

Table 6.3. Cardiorespiratory and cerebrovascular responses to low (lights off — eyes
closed) and high (lights on — eyes open) visual input in acute poikilocapnic hypoxia
(fraction of inspired oxygen = 12.5%). Data were analysed by a linear mixed model analysis.
The primary outcome of interest for cardiorespiratory variables was the effect of visual input
(low and high). The primary outcome of interest for cerebrovascular variables was the effect
of interaction of visual input and region (anterior and posterior) with the intracranial (middle
cerebral artery and posterior cerebral artery) or extracranial arteries (internal carotid artery and
vertebral artery). There was no interaction effect between condition and region for any
intracranial or extracranial cerebrovascular variable (all P > 0.05). * Main effect of condition
(P < 0.05) + Main effect of region (P < 0.05). Additional fixed effects of interest (e.g., sex or
PetCQO) did not change the statistical outcome for any other variable. Abbreviations: PETCOp,
partial pressure of end tidal carbon dioxide; PeTO, partial pressure of end tidal oxygen; SpO-,
peripheral oxygen saturation. Values are raw data means (standard deviation).

XiX



Table 6.4. Transfer function analysis of the intracranial arteries during spontaneous
oscillations in blood pressure in low (lights off — eyes closed) and high (lights on — eyes
open) visual input in acute poikilocapnic hypoxia. Transfer function metrics of the middle
cerebral artery and posterior cerebral artery at very low (0.02-0.07 Hz), low (0.07-0.2 Hz), and
high (0.2-0.5 Hz) frequencies were collected during a period of seated rest with low and high
visual input in acute poikilocapnic hypoxia (fraction of inspired oxygen = 12.5%). To
accommodate for uneven group sizes, data were analysed by a linear mixed model analysis
with the primary outcome of interest the interaction effect of visual input (low and high) and
region (middle cerebral artery and posterior cerebral artery), adding participant as random
effect. Partial pressure of end-tidal carbon dioxide (PETCO>) at rest was also added into the
model as a covariate for each variable and model fits were compared using the Chi-square
likelihood ratio test. The model which had the best fit is reported for each variable. * Main
effect of visual input (P < 0.05). T Main effect of region (P < 0.05). ? Interaction effect when
modelled with PeTCO; (P < 0.05). ® Main effect of visual input when modelled with PeTCO-
(P < 0.05). ¢ Main effect of region when modelled with PerCO (P < 0.05). Additional fixed
effects of interest (e.g., sex or PETCOy) did not change the statistical outcome for any other
variable. Abbreviations: CBv, cerebral blood velocity; MAP, mean arterial pressure; nGain,
normalised gain. Values are raw data means (standard deviation).

XX



A%

0

°C
ACA
ANCOVA
BA
BOLD
bpm
Ca2+
CCA
Cl

cm
CVv
CVvC
CVCi
dCA
dL
ECA
FiO2
FMD

o
HF
Hz
ICA
ICC
K
kg

List of Abbreviations

absolute change

relative change

degrees

degrees Celsius

anterior cerebral artery
analysis of covariance

basilar artery

blood oxygen level dependent
beats per minute

calcium ion

common carotid artery
confidence interval
centimetre

coefficient of variation
cerebrovascular conductance
cerebrovascular conductance index
dynamic cerebral autoregulation
decilitre

external carotid artery
fraction of inspired oxygen
flow-mediated dilation

hour

hydrogen ion

high frequency

hertz

internal carotid artery
intra-class correlation
potassium ion

kilogram

XXi



LF
LMM
MAP
MCA
MHz
min
mL
mm
mmHg
MRI

N
nGain
PCA
PCO2
PET
PerCO2
PetO;
PO,
RoR

S

SD
SEM
Sp02
TAMX
TCD
VA
VE
VLF
yr

litre

low frequency

linear mixed model

mean arterial pressure

middle cerebral artery

megahertz

minute

millilitre

millimetre

millimetres of mercury

magnetic resonance imaging
number

normalised gain

posterior cerebral artery

partial pressure of carbon dioxide
positron emission tomography
partial pressure of end-tidal carbon dioxide
partial pressure of end-tidal oxygen
partial pressure of oxygen

rate of regulation

second

standard deviation

standard error of the mean
peripheral oxygen saturation
time-averaged maximum velocity
transcranial Doppler ultrasound
vertebral artery

minute ventilation

very low frequency

years

XXii



Chapter One

General introduction

The brain is a highly metabolically active organ that constitutes only 2% of body mass yet
receives a disproportionate portion (up to 20%) of cardiac output to compensate for its limited
capacity to store metabolites (Raichle & Gusnard, 2002). Accordingly, nutrient- and oxygen-
rich cerebral blood flow is tightly coupled with cerebral oxygen delivery in the face of dynamic
changes to oxygen supply and demand (Ainslie et al., 2016). Several overlapping mechanisms,
such as chemoregulation, cerebral autoregulation, and neurovascular coupling work
integratively to regulate cerebral blood flow (Ainslie & Duffin, 2009; Claassen et al., 2021).
Too little or too much cerebral blood flow can cause neurocognitive symptoms and disorders
such as headaches and slowed mental processing or, if left untreated, severe life-threatening
complications like ischaemic injury, stroke, and death (Ainslie & Brassard, 2014; Claassen et
al., 2021). The maintenance of cerebral blood flow is also important for optimal brain function
and health throughout life. Indeed, progressive decline of cerebral blood flow with ageing is
related to cognitive decline (Tarumi & Zhang, 2018), and an exaggeration of this age-related

decline is one of the earliest biomarkers of Alzheimer’s disease (Korte et al., 2020).

Recent evidence suggests that neurodegenerative disease-related reductions in cerebral blood
flow are not uniform at the brain capillary beds (i.e., microvasculature) (Swinford et al., 2023;
Weijs et al., 2023; H. Zhang et al., 2021). Furthermore, regional differences in blood flow
regulation of the posterior compared to anterior cerebral conduit arteries may explain the
stronger association of the posterior arteries with cerebrovascular and cardiovascular diseases
(Hart, 2016; Liu et al., 2016; Ryan et al., 2015), age-related declines (Olesen et al., 2019), and
pathophysiological conditions, such as acute mountain sickness (Barclay et al., 2021; Bian et

al., 2014), orthostatic (in)tolerance (Kay & Rickards, 2016) and migraine (Chuang et al., 2012).



Regional differences in cerebral blood flow regulation may exist upstream of the capillary beds
at the extra- and intra-cranial cerebral conduit arteries (i.e., large vasculature) given that the
cerebral conduit arteries are known to modulate vessel tone to regulate cerebral blood flow
(Coverdale et al., 2014; Liu et al., 2013; Verbree et al., 2014, 2017). Structural and functional
differences between the cerebral conduit arteries that feed the anterior and posterior regions of
the brain (Koep et al., 2022) may exist to preferentially preserve cerebral blood flow to the
posterior regions involved in homeostatic, autonomic, and cardiorespiratory control (Sato,
Sadamoto, et al., 2012; Willie et al., 2012), particularly during physiological stress such as
orthostasis (Sato, Fisher, et al., 2012), and hypoxia (Kellawan et al., 2017; Lewis et al., 2014;
Ogoh et al., 2013; Willie et al., 2012). This regional difference highlights that exposure to
physiological stressors can be useful to elucidate the regulatory mechanisms of the cerebral
circulation because the additional stress requires compensatory homeostatic responses. A
reduction in oxygen availability in hypoxia is a particularly relevant manipulation to aid

understanding of pathology as clinical populations are often afflicted with hypoxia.

Additional investigation of the cerebral conduit arteries during physiological stress, such as
hypoxia, is warranted due to its importance in understanding regional differences in blood flow
regulation. Indeed, evidence of regional differences in the mechanisms that regulate cerebral
blood flow, such as chemoregulation, cerebral autoregulation, and neurovascular coupling
remains conflicting or largely unexplored. Several ultrasound techniques are available to assess
the cerebral conduit arteries non-invasively, with a high temporal resolution. Such high
temporal resolution is essential to capture the dynamic nature of cerebrovascular regulation,

that may be missed if other techniques, such as magnetic resonance imaging, are relied upon.

Therefore, the aim of this thesis was to investigate regional blood flow regulation between the
cerebral conduit arteries that source the anterior and posterior regions of the brain in acute

poikilocapnic hypoxia.



Chapter Two

Literature review

2.1 Cerebral conduit artery anatomy

The network of cerebral conduit arteries that deliver blood to the brain can be segmented into
the extracranial arteries located outside of the cranium and the intracranial arteries located
inside the cranium (Figure 2.1). Oxygenated blood ejected from the left ventricle through the
aortic arch ascends towards the cerebrum via one of three major arteries located below the
clavicle: the left common carotid artery, the left subclavian artery, and the brachiocephalic
trunk, which in turn subdivides into the right subclavian artery and right common carotid artery.
The common carotid arteries (Figure 2.1, purple) are the largest extracranial arteries in the neck
and carry the greatest quantity of cerebral blood flow. At the distal end of each common carotid
artery is the carotid bifurcation where each common carotid artery subdivides into the external
carotid artery (Figure 2.1, brown) and the internal carotid artery (Figure 2.1, light blue). The
external carotid artery supplies blood to areas outside of the cranium, including the neck, head,
and face, whilst the internal carotid artery supplies blood to the cerebrum and the anterior
regions of the brain. Located posteriorly in the neck, the vertebral arteries (Figure 2.1, pink)
originate from the subclavian arteries and ascend parallel to the vertebrae from C6. The
vertebral arteries provide circulation to the posterior and infratentorial regions of the brain
before merging to form the basilar artery (Figure 2.1, yellow) within the cranium at the base of
the pons. Total cerebral blood flow delivery can be calculated as the sum of the internal carotid
arteries and vertebral arteries, with the relative internal carotid artery to vertebral artery
contributions estimated to be 75% and 25%, respectively (Schoning et al., 1994; Zarrinkoob et

al., 2015).
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Figure 2.1. The anatomical structure of the cerebral conduit artery network. Image was acquired using magnetic resonance angiography. The
purple, light blue, dark blue, and green pathway reflects the anterior circulation through the common carotid artery (CCA), internal carotid artery
(ICA), middle cerebral artery (MCA), and anterior cerebral artery (ACA), respectively. The purple and brown pathway reflects the CCA and the
external carotid artery (ECA) that perfuses structures of the neck, head, and face. The pink, yellow, and orange pathway reflects the posterior
circulation through the vertebral artery (VA), basilar artery (BA), and posterior cerebral artery (PCA), respectively.




As they ascend into the cranial cavity, the internal carotid arteries give rise to the middle
cerebral arteries (Figure 2.1, dark blue), which extend laterally, and the anterior cerebral
arteries (Figure 2.1, green), which extend anteriorly to form the anterolateral portion of the
circle of Willis. Blood from the internal carotid and middle cerebral arteries perfuse the
cerebrum, including the motor and somatosensory cortices in the frontal and parietal lobes. The
basilar artery gives rise to the posterior cerebral artery (Figure 2.1, orange) that forms the
posterolateral portion of the circle of Willis. Blood from the basilar artery and posterior cerebral
arteries feed the homeostatic, autonomic, and cardiorespiratory control brain regions, including
the pons, medulla oblongata, thalamus, brainstem, and cerebellum. The posterior
communicating artery connects the internal carotid/middle cerebral/anterior cerebral artery
complex to the posterior cerebral arteries and the anterior communicating artery connects the
two anterior cerebral arteries. These communicating arteries complete the ring-like structure of
the circle of Willis and provide an avenue for collateral and compensatory circulation. From
here, smaller branching arterioles extend from the intracranial arteries and vascularize the brain
surface before pial arteries penetrate the cortex. Cerebral blood flow delivery from the cerebral
conduit arteries can be categorised regionally by those that supply the anterior regions of the
brain (Figure 2.2, blue and green, i.e., internal carotid and middle cerebral arteries) and those
that supply the posterior regions of the brain (Figure 2.2, yellow and orange, i.e., the vertebral

and posterior cerebral arteries) (Sato, Sadamoto, et al., 2012; Willie et al., 2012).
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Figure 2.2. Cerebral conduit arteries supply blood flow to different regions of the brain. The cerebral conduit arteries can be categorised into
those that supply the anterior regions and those that supply the posterior regions of the brain. The middle cerebral artery (MCA, blue) and anterior
cerebral artery (ACA, green) supply the anterior motor and somatosensory cortices within the frontolateral and parietal lobes. The posterior cerebral
artery (PCA, orange) supplies the thalamus above the midbrain and visual cortices within the occipital lobes. The upper portion of the vertebral
artery (VA) and basilar artery (BA, yellow) supply the cerebellum and cardiorespiratory control brain regions, such as the pons, midbrain, and
medulla that form the brainstem. Created with BioRender.com.



2.2 Doppler ultrasound assessment of cerebral blood flow

Cerebral blood flow can be assessed by several techniques. Invasive quantification of
volumetric cerebral blood flow and cerebral metabolism was revolutionised with the Kety-
Schmidt technique using the arterio-venous difference of inhaled nitrous oxide over a ten-
minute period (Kety & Schmidt, 1945). Positron emission tomography is considered the
reference standard for cerebral blood flow measurements, which requires injection of the
radiotracer [*°O]-water that is absorbed by the cerebral tissues and the emitted radioactivity is
detected by the scanner as a measure of brain perfusion (Fan et al., 2016). High spatial
resolution whole-brain imaging with magnetic resonance imaging is also available, with
several modalities including blood oxygen level dependent (BOLD) imaging for the
assessment of neuronal activation, arterial spin labelling for tissue perfusion mapping, and
four—dimensional blood flow quantification angiography within the cerebral arteries (Arngrim
et al., 2016; Buck et al., 1998; Harris et al., 2013; Kellawan et al., 2017). The invasive nature,
lower temporal resolution for beat-to-beat integration with other cardiorespiratory variables,
high cost of assessment, additional requirements for specialist persons, and limitations to
patient positioning and movement may preclude the use of these techniques as an appropriate

measurement to capture the dynamic nature of cerebrovascular regulation.

Doppler ultrasound is a non-invasive, portable technique with high temporal resolution that can
be used to produce real-time measurements of cerebral haemodynamics (Ng & Swanevelder,
2011; Oglat et al., 2018). High-frequency sound waves are emitted from the transducer and
propagate through soft tissue to be either absorbed by the tissue or reflected to the transducer.
Within an insonated blood vessel, the velocities of all moving blood cells are presented as a
spectral display forming the Doppler signal and are calculated from the difference between the

received and transmitted pulses using the Doppler frequency shift formula, also known as the



Doppler Principle (Ng & Swanevelder, 2011; Oglat et al., 2018). Transcranial Doppler
ultrasound (TCD) and duplex ultrasound use the Doppler Principle and are commonly used to

assess cerebral haemodynamics of the cerebral conduit arteries.

2.2.1 Transcranial Doppler ultrasound

The blood velocity of the intracranial arteries can be assessed using TCD (Aaslid et al., 1982).
Small transducers emit low frequency ultrasound signals (2.0-3.5 MHz) that can travel through
specific thin portions of the skull, known as acoustic windows, to enable the insonation of the
major intracranial arteries, such as the middle cerebral artery (Figure 2.3). These probes are
secured to the skull with the addition of a headband to maintain a fixed position for continuous
measurements of blood velocity. The sonographer is required to insonate the strongest possible
signal of a vessel by the audible and visual Doppler shift only. Whilst a variety of acoustic
windows help achieve the advised lowest possible Doppler angle to minimise error of blood
velocity measurements, the angle of insonation and subsequent measurement error is unknown.
Therefore, TCD ultrasound only estimates the blood velocity measurement of a vessel from the
spectral Doppler signal and can only be used as an index of cerebral blood flow since it does
not provide an image of the vessel calibre. TCD is regularly used as an index of cerebral blood
flow under the assumption that the intracranial arteries do not change in diameter, however
emerging evidence of vasoactive responses in the intracranial arteries has led to an increased
awareness of its utility and validity in investigations of cerebrovascular regulation (Ainslie &
Hoiland, 2014). The high temporal resolution of TCD, coupled with time aligned beat-to-beat
and breath-by-breath cardiorespiratory measurements, stability of signal, and low operator
dependency once a signal is achieved makes TCD a widely accepted method to capture cerebral
haemodynamics during dynamic movements where it may otherwise be difficult with other

methods (e.g., squat-to-stand, exercise).
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Figure 2.3. Transcranial Doppler ultrasound of the intracranial cerebral conduit arteries. Transcranial Doppler ultrasound is a non-invasive
device with high temporal resolution that captures beat-to-beat measurements of intracranial artery haemodynamics. Four acoustic windows are
used in transcranial Doppler ultrasound. The transtemporal window is used for insonation of the anterior cerebral artery (ACA), middle cerebral
artery (MCA), and posterior cerebral artery (PCA) before (PCA-1) or after (PCA-2) the posterior communicating artery. The suboccipital window
is used for insonation of the basilar artery (BA) and upper portions of the vertebral artery (VA). The transorbital window is used for the insonation
of the carotid siphon segment of the internal carotid artery (ICA) and ophthalmic artery. The submandibular window (not shown) is located under
the chin for insonation of the distal portion of the ICA. A representative example of the Doppler spectra waveform, vessel depth, and mean cerebral
blood velocity (CBvmean) accompany each intracranial artery. Created with BioRender.com.



2.2.2 Duplex ultrasound

Duplex ultrasound concurrently measures blood velocity and vessel diameter of a vessel to
estimate volumetric blood flow (Figure 2.4). Handheld transducers emit high frequency
ultrasound signals (10-15 MHz) through soft tissue structures at the neck to enable the
insonation of the extracranial arteries, including the internal carotid and vertebral arteries.
These high frequency probes provide blood velocity measurements from the spectral Doppler
signal (Pulse-wave Doppler imaging) and high-spatial resolution measurements of vessel
diameter from a greyscale 2-dimensional image where the brightness of the image is based on
the intensity of each reflected sound wave and its depth (B-Mode Imaging). Most ultrasound
systems can only record a brief period (< 30 s) of images and have a small storage capacity, so
real-time images are screen-grabbed using an external screen capture system (e.g., Camtasia),
stored, and processed offline later. Modern duplex ultrasound methodologies use automated
edge-detection software to minimise investigator bias in blood vessel diameter measurements.
Several commercial (Medical Imaging Applications' Vascular Research Tools, Quipu, Maui
Hedgehog Medical), laboratory own brand (Woodman et al.,, 2001), and open source
(Flowave.US) automated edge-detection software are available. A particular strength of
Duplex ultrasound is it can be used to measure cerebral blood flow and the vasoactive responses
of an extracranial artery at a high temporal resolution in a range of non-supine experimental

procedures such as sitting, standing, and during exercise.

Doppler ultrasound techniques (TCD and duplex ultrasound) require highly skilled operators
to acquire accurate high-quality images of the cerebral conduit arteries. In an untrained
sonographer, tiny alterations in a spectral Doppler signal and/or a loss of resolution on the B-
Mode image cause inaccuracies in diameter that cause gross deviations to cerebral blood flow

volume estimations (Schoning et al., 1994, Thomas et al 2015). Before completing any
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Figure 2.4. Duplex ultrasound of the extracranial cerebral conduit arteries. Concurrent measurements of vessel diameter from B-mode
imaging (left, top) and blood velocity spectra from pulse wave Doppler imaging (left, bottom) are captured from the extracranial artery using
Duplex ultrasound. Post-capture calculations of volumetric blood flow are captured using automated-edge detection software (right). The high
spatial and temporal resolution of duplex ultrasound enables the automated wall-edge detection software to track frame-by-frame diameter changes
of a specfic region of interest within the vessel across each cardiac cycle (right, A). The Doppler spectral signal of one complete cardiac cycle is
analysed for its peak velocity, velocity integral, and the time-averaged maximum velocity (right, B). The time-averaged maximum velocity
calculates the mean from the average peak envelope velocity across the cardiac cycle. Half the time-averaged maximum velocity is estimated to
be the mean blood velocity. Estimations of volumetric blood flow can be calculated from the formula: blood flow (ml.min") = [time-averaged
maximum velocity (cm.s1)/2] * [ * (mean artery diameter (cm)/2?)] * 60. Created with BioRender.com.
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investigative research, sonographers should be thoroughly trained in the ultrasound technique
and show evidence of proficiency by completing a measure of intra-rater reliability, such as
the intra-class correlation coefficient (ICC) or coefficient of variation (CV) (Bahner et al.,

2016; lhnatsenka & Boezaart, 2010; Thomas et al., 2015).

To understand the regulation of the cerebral conduit arteries it is integral to measure vessel
diameter and changes in vascular tone. Duplex ultrasound provides concurrent vessel diameter
and blood velocity (and blood flow) measurements of the extracranial arteries that supply the
intracranial arteries and can be used complimentary to TCD in partially modified dynamic
procedures e.g., rapid thigh cuff deflation method for dynamic cerebral autoregulation and
semi-recumbent cycling for exercise testing. Utilizing complimentary Doppler ultrasound
methodologies (TCD and duplex ultrasound) to enable an integrative view of upstream (i.e.,
extracranial arteries) and downstream (i.e., intracranial arteries) cerebral conduit artery
function is frequently employed (Lewis et al., 2015; Sato, Sadamoto, et al., 2012; Washio et

al., 2022; Willie et al., 2012).

2.3 Cerebral conduit artery anatomical variability

The influence of anthropometrics on the cerebrovasculature have been explored previously
(Hwaung et al., 2019; Krejza et al., 2006), whereas the influence of within-individual
variability between lateral pairs of a cerebral conduit artery has been less researched. The
classic circle of Willis structure is reported to be present in 20-51% of the population with the
remaining population exhibiting either a missing vessel(s) forming an incomplete circle of
Willis or exhibiting a hypoplastic vessel(s) forming a complete yet abnormal circle of Willis
(Krabbe-Hartkamp et al., 1998; Riggs & Rupp, 1963; Ryan et al., 2015; Zarrinkoob et al.,
2015). An incomplete or abnormal circle of Willis is associated with the development of white

matter disease (Ryan et al., 2015), increased risk of stroke (Chuang et al., 2008), and increased
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risk of infarcts (Zhou et al., 2016). Blood velocity of the intracranial arteries tend to be reported
as similar between lateral pairs, but the accuracy of these values is unclear as the measurements
are essentially captured ‘blind’ because there is no visualisation of the Doppler angle, therefore
the angle is likely to be inconsistent both between and within individuals. Whilst speculative,
there may be an unconscious bias against finding any within-individual differences because
historically there has been an arbitrary set value for identification of an intracranial artery (i.e.,

guidance suggests basal middle cerebral artery velocity is 50cm/s).

In the extracranial arteries, whilst the common carotid and internal carotid arteries tend to have
comparable vessel diameters and blood flow between lateral pairs, 68-97% of individuals
exhibit asymmetrically sized vertebral arteries (Figure 2.5) (Gaigalaite et al., 2016; Jeng & Yip,
2004; Katsanos et al., 2013). Asymmetrical vessel diameters between lateral vertebral arteries
are reported to cause the right vertebral artery to have approximately 20-30% less blood flow
than the left (Jeng & Yip, 2004; Khan et al., 2017; Schoning et al., 1994; Seidel et al., 1999).
This imbalance is speculated to be the result of architectural differences at the aortic arch,
which alter shear stress and vascular resistance, therefore impacting flow profiles between

lateral arteries (Hu et al., 2013; van Campen et al., 2018).

Vertebral artery hypoplasia is a common type of vertebral artery imbalance whereby one
vertebral artery is substantially smaller than the contralateral vertebral artery. Vertebral artery
hypoplasia reduces net vertebral artery and global blood flow since there is no compensatory
increase in blood flow by the non-hypoplastic contralateral artery (Chen et al., 2010) nor by
the internal carotid arteries (Acar et al., 2005). This contrasts with the compensatory increase
in vertebral artery blood flow observed with internal carotid artery occlusion (Nicolau et al.,
2001). Incidence rates of vertebral artery hypoplasia vary greatly and are a consequence of the

many definitions that may include an arbitrary threshold of the vessel diameter, or the absolute
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Figure 2.5. Representative example of vertebral artery imbalance. Top: Magnetic
resonance angiography image of the vessel imbalances in vertebral artery (VA) calibre (red
circle) before forming the basilar artery (BA), whereas the internal carotid arteries (ICA) are
similar in size. Bottom: Duplex ultrasound-derived cross-section of the vertebral arteries
between the vertebrae. Red line (of same length) reflects the vessel size imbalance comparison
between the vertebral arteries.
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differences, or ratios between lateral artery diameters (Acar et al., 2005; Chen et al., 2010;
Gaigalaite et al., 2016; Jeng & Yip, 2004; Mazioti et al., 2013; Min & Lee, 2007; J. H. Park et

al., 2007; Thierfelder et al., 2014).

The influence of vertebral artery hypoplasia on cerebrovascular pathophysiology is mixed.
Some reports suggest of direct associations between vertebral artery hypoplasia with posterior
ischaemic stroke and ischaemic posterior circulation symptoms of headache, migraine, vertigo,
and syncope (Chuang et al., 2012; Gaigalaite et al., 2016; Katsanos et al., 2013; J. H. Park et
al., 2007; Y. Wang et al., 2009). In contrast, some report that vertebral artery hypoplasia is
frequently reported in healthy individuals suggesting that it is harmless anatomical variant, and
that only in incidents of severe reductions in net vertebral artery blood flow can the
vertebrobasilar pathophysiology and symptomology manifest (Jeng & Yip, 2004; Min & Lee,
2007; Touboul et al., 1986). Indeed, severe reductions in net vertebral artery blood flow (<
100ml/min), with or without hypoplasia, is defined as vertebrobasilar insufficiency (Chen et
al., 2010). Incidence of vertebrobasilar insufficiency is higher in individuals with vertebral
artery hypoplasia than those without (Chen et al., 2010) and is associated with symptoms of
dizziness or vertigo, headaches, vomiting and nausea, imbalance, weakness, ataxia (Neto et al.,
2017; Savitz & Caplan, 2005) and ischaemic attacks and infarcts in the vertebrobasilar
territories (Chuang et al., 2012; Katsanos et al., 2013; Seidel et al., 1999). Furthermore, these
congenital anatomical abnormalities in the posterior circulation that cause regional cerebral
hypoperfusion and increased cerebrovasculature resistance are thought to instigate an elevated
sympathetic nerve activity and essential hypertension to maintain cerebral perfusion in what is
described as the ‘selfish brain hypothesis’ (Hart, 2016; Warnert, Hart, et al., 2016; Warnert,

Rodrigues, et al., 2016).
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Since there is a high incidence and a wide range of anatomical variations with the posterior
cerebral conduit arteries, caution is advised with the interpretation of cerebral haemodynamic
measurements of the posterior circulation (Min & Lee, 2007). Indeed, vertebral artery
hypoplasia and net vertebral artery flow insufficiency are found to have lower absolute and
relative carbon dioxide reactivities compared to healthy controls (Sato et al., 2015) and impact
the neural-vascular coupling complex with delayed latencies during a vestibular evoked
myogenic potential test (Chuang et al., 2012). Whilst associations between within-individual
variability of lateral pairs of cerebral conduit arteries and symptomology is promising, the

knowledge of its impact on the regulation of cerebral blood flow remains in its infancy.

It is common for investigators to complete unilateral assessment of the cerebral conduit arteries
due to the technical interference that occurs between multiple probes in close vicinity to each
other, the requirement of two trained sonographers, and the logistical difficulties which may
come with certain experimental procedures, e.g., a short data collection window to capture the
haemodynamic response. Calculations of regional and global cerebral blood flow are then
doubled from a single-sided (unilateral) measurement, and cerebral conduit arteries are
assumed to regulate similarly between lateral pairs. Despite the acknowledgment of side-to-
side differences in basal cerebral blood flow within a vertebral artery pair (Lewis et al., 2014;
Subudhi et al., 2014; Willie et al., 2012), the right vertebral artery is regularly chosen in
unilateral assessments under the assumption that it is the smaller artery and that any
cerebrovascular haemodynamic responses would underestimate the true value (Lewis et al.,
2014). Whilst this is true for absolute values of cerebral blood flow, it is yet to be fully
investigated whether the haemodynamics response (cerebral blood flow reactivity/sensitivity)
between left-right cerebral conduit arteries are comparable (see Thesis Chapter 3). Whilst
screening for abnormal anatomical architecture is more common (Hoiland et al., 2017), the

range of vessel sizes, non-universal vessel side dominance, and hypoplasia presence is less
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commonly screened, and we currently have a poor understanding of the impact these factors
may have on the regulation of cerebral blood flow. This could contribute to why the posterior
regions, where vessel flow imbalances are most prevalent, are reported to regulate differently
from the anterior regions. Indeed, unilateral estimations may not be reflective of the true total

posterior blood flow regulation of both lateral arteries.
2.4 Mechanisms of cerebral blood flow regulation

The brain requires tightly regulated mechanisms that modulate cerebral blood flow to maintain
adequate perfusion for a constant nutrient and oxygen delivery, acid-base balance, and
metabolic homeostasis (Hoiland et al., 2019). Mechanisms that modulate cerebral blood flow
are unique within the body and require an independent understanding, such that observations
from the peripheral vasculature act as a poor predictor for the cerebral vasculature (Claassen et
al., 2021). The principal mechanisms of cerebral blood flow control are metabolic, neurogenic,
myogenic, and endothelial and these mechanisms work as an integrative system for
fundamental cerebrovascular regulatory responses such as cerebral autoregulation and
neurovascular coupling (Ainslie & Duffin, 2009). The smaller microvascular pial arteries and
capillaries beds within the parenchyma are regularly construed as the only site to modulate
cerebrovascular resistance for maintenance of perfusion pressure and blood flow (Hoiland et
al., 2019). In support of early animal model evidence (Faraci et al., 1987; Heistad et al., 1978),
recent evidence in humans has confirmed that vascular tone regulation does occur outside the
parenchyma within the cerebral conduit arteries (Coverdale et al., 2014; Verbree et al., 2014,
2017). Differences in the vascular tone regulation between the upstream cerebral conduit
arteries relative to the downstream arteries dictate microvasculature driving pressure and blood
flow (Figure 2.6). Moreover, the positive relationship between the prevalence of small and
large artery diseases (Brisset et al., 2013) supports the proposal of crosstalk processes between

the development of pathological dysfunction of the cerebral conduit arteries, such as

17



atherosclerosis and increased arterial stiffness, and the development of cerebral small vessel
disease, such as white matter lesions, and its associated cognitive decline (Xu, 2014).
Understanding the fundamental mechanisms underpinning the regulation of cerebral blood
flow is integral when investigating for possible regional differences between conduit cerebral
arteries as these mechanisms may reveal the targets to optimise resilience to, and to develop

preventative therapies for, cerebrovascular diseases.
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Figure 2.6. Segmental cerebrovascular regulation. An illustration of how segmental changes
in vascular tone (cerebrovascular resistance) between the upstream and downstream arteries
organized in-series influence flow and microvascular pressure. Upstream-downstream
segmental regulation may occur between the extracranial and intracranial arteries, or between
the intracranial arteries and smaller arterioles or pial arteries, or along different sections of an
intracranial artery. Changes in vasoactive tone (dilation or constriction) are labelled on each
artery. Directional arrows reflect the changes in blood flow and microvascular pressure for
each scenario, with more arrows representing a larger magnitude of effect and a sideways arrow
representing no change. All blood flow and microvascular pressure changes are relative to the
top row (upstream and downstream artery both at rest). Adapted from Hoiland et al., 2019.
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2.4.1 Metabolic

Maintaining an oxygen supply to the brain is dependent on arterial oxygen content and cerebral
blood flow. Local increases in cerebral metabolism by neural activation are tightly coupled to
local increases in cerebral blood flow using various feedforward and feedback mechanisms and
is termed neurovascular coupling (see 2.5.5 Neurovascular Coupling) (Hoiland et al., 2019;
Paulson et al., 1990; Peterson et al., 2011; Phillips et al., 2016; Willie, Tzeng, et al., 2014).
Proposed mediators of neurovascular coupling include K+, H+, adenosine, and nitric oxide,
which are all involved in increasing Ca?* mobilization and synaptic transmission of the vascular
smooth muscle to modulate arterial vascular tone (Paulson et al., 1990; Peterson et al., 2011).
For example, cyclooxygenase, a prostaglandin, is involved in the regulation of basal
cerebrovascular tone of the anterior and posterior intracranial and extracranial arteries
(Kellawan et al., 2020), and blockade of nitric oxide synthase by L-NMMA to reduce nitric
oxide bioavailability is shown to reduce global cerebral blood flow and reduce intracranial and

extracranial cross-sectional area (K. J. Carter et al., 2021).

A potent metabolic regulator of cerebral blood flow is chemoregulation and refers to the
response to changes in systemic carbon dioxide (and subsequent pH) and oxygen. Whilst
moderate to severe hypoxia routinely evokes a cerebral blood flow response, the brain is much
more sensitive to hypocapnia and hypercapnia, as such manipulations of carbon dioxide are
commonly used to assess vascular reactivity (Poulin et al., 1996; Sato, Sadamoto, et al., 2012;
Willie et al., 2012). The relationship between oxygen and carbon dioxide modulates the
sensitivity and overall change of cerebral blood flow, such that hypercapnia increases and
hypocapnia decreases the cerebral blood flow response to hypoxia (Figure 2.7). Emerging
evidence suggests that the cerebral conduit arteries are sensitive to altered blood gases, which

act as an upstream modulator of cerebral blood flow to maintain brain perfusion, in addition to
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the well-established role of the downstream pial arteries (Willie et al., 2012; Willie, Tzeng, et
al., 2014). Mechanisms that elicit the cerebrovascular response to blood gases may include the
movement of carbon dioxide molecules across the blood-brain barrier and subsequent alteration
to pH of the extracellular space, and hypoxia-induced increases in extracellular acidosis at the
neurovascular unit or adenosine and/or nitric oxide release, each in turn activating K+ channels
and Ca®" mobilization of the vascular smooth muscle to modulate arterial vascular tone (Ainslie
& Duffin, 2009; Willie, Tzeng, et al., 2014). Indeed, adenosine-triphosphate-sensitive K+
channels have been shown to play a key role in mediating hypoxia-induced cerebral

vasodilation of the anterior circulation in humans (Rocha et al., 2020).
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Figure 2.7. The relationship between cerebral blood flow and changing tensions of oxygen
and carbon dioxide. Representative schematic between cerebral blood flow (CBF, A%) and
partial pressure of oxygen (PO., mmHg) at differing partial pressures of carbon dioxide (PCO»,
mmHg). Adapted from Mardimae et al., 2012.
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2.4.2 Neurogenic

It is fundamentally agreed that the cerebral vasculature is innervated by a variety of adrenergic
and cholinergic nerves (Brassard et al., 2017). Intrinsic nerves deep within the parenchyma
originating from the nucleus basalis, locus coeruleus, and raphe nucleus interact with astrocytes
and local GABAnergic interneurons to innervate microvasculature (Brassard et al., 2017;
Cipolla, 2009; Paulson et al., 1990; Silverman & Petersen, 2023). The cerebral conduit arteries
are provided with sympathetic, parasympathetic, and sensory input by the extra-parenchyma
extrinsic perivascular nerves that originate from the trigeminal ganglion, superior cervical
ganglion, and sphenopalatine ganglion (Claassen et al., 2021; Paulson et al., 1990; Peterson et
al., 2011). Despite the plethora of innervation in the cerebrovasculature, the role of sympathetic
and parasympathetic activity in the regulation of cerebral blood flow has provided an historic
area of contention (Brassard et al., 2017; Strandgaard & Sigurdsson, 2008; van Lieshout &
Secher, 2008). Under normal resting conditions the impact of increased sympathetic activity
on cerebral blood flow regulation may be marginal and clouded by other more potent regulatory
mechanisms, whereas under more severe circumstances sympathetic control may play a more
integral role (Ainslie & Duffin, 2009; ter Laan et al., 2013). Neuronal control of the
cerebrovasculature may directly be related to the regulation of changes in perfusion pressure,
impact on cerebral blood volume, and intracranial pressure (Koep et al., 2022; Paulson et al.,
1990). Notwithstanding, alpha-adrenergic receptor blockade during static handgrip exercise
has shown to attenuate the contralateral-ipsilateral differences in internal carotid artery blood
flow, suggesting a role of sympathetic nerve activity regulation in the internal carotid arteries
(Fernandes et al., 2016). Differences in anatomical and receptor complexities compared to the
peripheral vasculature are reported within the cerebrovasculature and cause cerebral
sympathetic nerve activity to act opposingly to the peripheral vasculature (Koep et al., 2022).

Consequently, using the peripheral vascular regulation as an index of cerebrovascular
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regulation should be done with caution and further highlights the need to complete research

examining regulation of both extra- and intra-cranial cerebral conduit arteries.

2.4.3 Myoqgenic

Myogenic control of cerebral blood flow refers to the intrinsic property of the vascular smooth
muscle to alter vascular resistance in response to alterations in transmural pressure. The
cerebral conduit arteries are encircled by multiple layers of vascular smooth muscle cells (Koep
et al., 2022). In the face of changes to perfusion pressure, reflex alterations in vascular
resistance normalize wall tension, where tension = pressure x radius, to maintain normal
haemodynamic function (Cipolla, 2009). Known as the Bayliss Effect, the cerebral conduit
arteries constrict in response to an increase in pressure to protect smaller downstream
capillaries from damage and dilate in response to a decrease in blood pressure to maintain
prefusion (Cipolla, 2009; Voets & Nilius, 2009). Vascular tone to changes in transmural
pressure are primarily mediated by mechanotransduction of the artery, depolarization of the
vascular smooth muscle, the release of Ca?*, and the activation of myosin by phosphorylation

(Claassen et al., 2021; Silverman & Petersen, 2023; VVoets & Nilius, 2009).

2.4.4 Endothelial

The endothelium is a layer of specialised cells that line the lumen of the cerebral conduit
arteries and have been shown to be a key regulator of vasoactive tone (Paulson et al., 1990;
Peterson et al., 2011). The endothelium releases several vasoactive mediators that regulate
vasoactive tone including nitric oxide, endothelium-derived hyperpolarizing factor,
eicosanoids, and endothelin-1 (Ashby & Mack, 2021; Peterson et al., 2011). Increases in shear
stress release signalling molecules, such as Ca?*, to elicit the synthesis and release of

endothelium vasoactive mediators to cause vasodilation and vasoconstriction (Ashby & Mack,
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2021; Peterson et al., 2011). The endothelium plays an important role in neurovascular
coupling propagated vasodilation, integrity of the blood-brain barrier, and prevention of
circulating toxins and pathogens for maintenance of brain homeostasis (Ashby & Mack, 2021;
Claassen et al., 2021). Dysfunction of the endothelial dependent vasodilation mechanism, as
occurs in patients with hypertension, is shown to impair the cerebral vasodilation response to
I-arginine, an important pre-cursor molecule for nitric oxide production, as well as to isocapnic

hypoxia (Fernandes et al., 2018; Vianna et al., 2018).

2.4.5 Neurovascular coupling

The intricate relationship between local neural activity and local vascular blood flow to meet
demand is termed neurovascular coupling. The three-component neurovascular unit comprises
of the neuron, the astrocyte, and the blood vessel, whereby the astrocyte is thought to mediate
the coupling between neuronal activity and cerebral blood flow (Hoiland et al., 2019; Paulson
et al., 1990; Peterson et al., 2011; Phillips et al., 2016; Willie, Tzeng, et al., 2014). Functional
hyperaemia, a region-specific gross influx in cerebral blood flow, occurs in response to an
increased regional neuronal activity. Imaging the functional hyperaemia response at the
microvasculature can be measured using BOLD imaging, whereby the displacement of the
neuronal activity-induced increase in deoxyhaemoglobin by the large influx of oxygenated
blood a few seconds later is captured (Glover, 2011). Functional hyperaemia can also be
captured in the large vasculature using TCD of the intracranial arteries using visual stimulation.
Visual stimulation can involve a single light stimulus (reading, eyes-open eyes-closed, or
flashing checkerboard), and is a reproducible response for the assessment of neurovascular
coupling in the intracranial arteries (Phillips et al., 2016). Visual stimulation-induced increases
in blood velocity of the posterior cerebral artery between 10-20% are thought to reflect

reductions in vascular tone of the capillary beds and recruitment of blood towards activated
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neurovascular units in the occipital cortices as the posterior cerebral artery sources the posterior
lobe. In comparison, the increase in blood velocity to the same visual stimulation in the middle
cerebral artery (approx. 5%) is significantly lower (Aaslid, 1987; Phillips et al., 2016). Eliciting
a visual stimulation evoked neurovascular coupling response in the posterior circulation that is
different to the anterior circulation is a key example of localised regional regulation that occurs
at the level of the cerebral conduit arteries (Phillips et al., 2016). Nitric oxide is thought to be
a key mechanism involved in the localised neurovascular coupling response at the pial arteries
and capillary beds, since inhibition of nitric oxide synthase with L-NMMA has shown to reduce
the peak neurovascular coupling response in the posterior cerebral artery (Hoiland et al., 2020).
Whether regional regulation extends to extracranial vertebral arteries during visually-evoked
neurovascular coupling protocols remains relatively unexplored, with only one study
investigating extracranial regulation to neurovascular coupling during lower body negative
pressure (Samora et al., 2020). Capturing the vascular tone changes of extracranial arteries with
duplex ultrasound may provide an insight into the vasoactive regulation of the intracranial

cerebral conduit arteries.

2.4.6 Cerebral autoregulation

Blood pressure is known to fluctuate cyclically over time at rest and is challenged during
postural movements, exercise, and exposure to environmental stress. If left unregulated,
hypoperfusion or hyperperfusion of the brain from low or high systemic blood pressure can
lead to complications, such as loss of consciousness and ischaemic injury or headaches and
stroke, respectively (Ainslie & Brassard, 2014; Claassen et al., 2021; van Mook et al., 2005).
Cerebral autoregulation is the ability for the cerebrovasculature to maintain a relatively
constant blood flow, through changes in vascular tone, in the face of changes in perfusion

pressure (Paulson et al., 1990; Strandgaard & Paulson, 1984). A maintained cerebral blood
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flow despite fluctuations in blood pressure reflects an intact cerebral autoregulation, whereas
if cerebral blood flow becomes pressure-passive to fluctuations in blood pressure this indicates
a poorer cerebral autoregulation. Historically, the fundamental relationship between blood
pressure and cerebral blood flow suggested that the cerebrovasculature can buffer a wide range
of blood pressures and is only compromised with extreme changes in blood pressure (Lassen,
1959). The modern-day relationship (Figure 2.8) describes a smaller plateau region in the
relationship between blood pressure and cerebral blood flow (£ 10 mmHg) and a more
curvilinear relationship across both hypotension and hypertension (Brassard et al., 2021; Lucas
etal., 2010). Two types of cerebral autoregulation are referred to in the literature: static cerebral
autoregulation and dynamic cerebral autoregulation. Both refer to the relationship between a
change in blood pressure and concomitant change in cerebral blood flow but at different

temporal resolutions.

Static cerebral autoregulation

Static cerebral autoregulation refers to the response of cerebral blood flow to slow and
progressive changes in blood pressure. Using a step-change style methodology, cerebral blood
flow is measured over a period of > 30 s pre- and post- a manipulation to arterial blood pressure
during a range of blood pressures (60-150 mmHg) (Panerai, 2008). Invasive phenylephrine
infusions have been used to assess static cerebral autoregulation by eliciting an increase in
blood pressure and are quantified using linear regression analysis as an autoregulatory index
(Jansen et al., 2000, 2007). Static cerebral autoregulation determines the cerebral pressure-flow
relationship after the autoregulatory response has occurred and subsequently can make

interpretation of the vasoactivity of the cerebral conduit arteries difficult.
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Figure 2.8. The contemporary view of the cerebral autoregulation curve. Relationship
between change in mean arterial pressure (MAP, A%) and concomitant change in cerebral
blood flow (CBF, A%) using nonpharmacological methodologies. The grey section represents
the autoregulatory plateau where the assessment of spontaneous dynamic cerebral
autoregulation (dCA) occurs. The yellow section represents the area of induced hypotension
for assessments of dynamic cerebral autoregulation using forced manoeuvres i.e., rapid thigh
cuff deflation, sit-to-stand. Adapted from Brassard et al., 2021.

Dynamic cerebral autoregulation

Dynamic cerebral autoregulation refers to the rapid response of cerebral blood flow to
spontaneous oscillations or a sudden change in blood pressure back to its original value within
a few seconds (Panerai, 2008). Dynamic cerebral autoregulation assesses the beat-to-beat

relationship of cerebral blood flow and blood pressure at a high temporal resolution that can be
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time-aligned with concomitant cardiorespiratory measurements. Dynamic cerebral
autoregulation can be assessed during the steady-state spontaneous oscillations in blood
pressure when an individual is at rest and that occur within the plateau region of the
autoregulatory curve (R. Zhang et al., 1998). Alternatively, dynamic cerebral autoregulation
can be assessed during forced oscillations in blood pressure during specific manoeuvres (e.g.,
sit-to-stand, tilt table, rapid thigh cuff deflation) that occur towards the extremities of the
autoregulatory curve (Aaslid et al., 1989; Tzeng & Ainslie, 2014). Assessments of dynamic
cerebral autoregulation have been described as a sensitive and reliable indicator for

compromised cerebrovascular circulations in clinical applications (Panerai, 2008).

Dynamic cerebral autoregulation during spontaneous oscillations in blood pressure

To quantify the cerebral blood flow-blood pressure relationship during spontaneous
oscillations in blood pressure, dynamic cerebral autoregulation is treated as a frequency-
dependent phenomenon and assessed using transfer function analysis (Panerai et al., 2023; R.
Zhang et al., 1998). Transfer function analysis assumes a simple linear control system model
of cerebral autoregulation and, whilst it is recognised by investigators that the cerebral blood
flow-blood pressure relationship is not linear in nature, this modelling provides an insight into
the relationship (Claassen et al., 2016). Transfer function analysis outputs individual metrics
of coherence function, transfer function gain, and transfer function phase in the very low-
(0.02-0.07 Hz), low- (0.07-0.20 Hz), and high- (0.20-0.50 Hz) frequency ranges to reflect
different patterns of the steady state blood pressure-cerebral blood flow relationship. Research
suggests that focus should be in low and very low frequencies where cerebral autoregulation is
most active and is least influenced by respiratory cycle and reflect autoregulatory mechanisms

(Diehl et al., 1995; Subudhi et al., 2009; R. Zhang et al., 1998).
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Coherence describes the linear relation between blood pressure and cerebral blood flow, where
low coherence (< 0.5) reflects a tight autoregulation and higher coherence (towards 1.0) reflects
a poor autoregulation and a dependence of cerebral blood flow on blood pressure (Iwasaki et
al., 2007; Nishimura et al., 2010; R. Zhang et al., 1998). A high (> 0.5) coherence also indicates
that the transfer function gain and transfer function phase metrics are valid (Ainslie, Ogoh, et
al., 2008; lwasaki et al., 2007). Transfer function gain describes the relative amplitude (signal
transmission) of the blood pressure-cerebral blood flow relationship and reflects the ability of
the cerebrovascular bed to buffer changes in cerebral blood flow induced by transient changes
in blood pressure (lwasaki et al., 2007, 2011; Ogoh et al., 2018; R. Zhang et al., 1998). Transfer
function phase determines the temporal (time) relationship between blood pressure and cerebral
blood flow and describes the tendency of cerebral blood flow to follow fluctuations in blood
pressure (R. Zhang et al., 1998). Transfer function phase has been suggested as the primary
criterion for evaluating cerebral autoregulation (Ogoh et al., 2018; R. Zhang et al., 1998). In
short, increases in gain and decreases in phase reflect an increased effect of transmission of
blood pressure on cerebral blood flow and are interpreted as a reduced cerebral autoregulation
(i.e., a pressure-passive relationship) implying that any given change in blood pressure leads
to greater change in cerebral blood flow (Nishimura et al.,, 2010; Ogoh et al., 2018).
Conversely, decreases in gain and increases in phase reflects a decreased transmission effect
of blood pressure on cerebral blood flow and are interpreted as an intact or improved cerebral
autoregulation, implying that changes in blood pressure lead to little to no change in cerebral

blood flow (Ainslie, Ogoh, et al., 2008).

Historically, the approach to transfer function analysis of dynamic cerebral autoregulation
varied within the literature and made comparison between studies difficult. In recent years, the
emergence of a frequently updated White Paper for transfer function analysis of dynamic

cerebral autoregulation that incorporates global expert opinion and common practice guidelines
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(Claassen et al., 2016; Panerai et al., 2023). In addition, readily available software from
repositories (CARNet.org) and other commercial systems (Ensemble, Elucimed), have begun
to improve the standardisation of transfer function analysis investigations and aid the

translation of this method for clinical application.

Dynamic cerebral autoregulation during forced oscillations in blood pressure

The rapid thigh cuff release technique is one of the earliest and highest cited techniques for
assessing dynamic cerebral autoregulation during forced oscillations in blood pressure (Aaslid
et al., 1989). Bilateral thigh cuffs are inflated to a supra-systolic pressure for approximately 3
min following a period of baseline rest, and then rapidly deflated (< 1 s) causing a large
transient fall in blood pressure (>15 mmHg). Repeated deflations (approx. 2-3 repeats) are
conducted and the average response is reported. Another common non-invasive method of
assessing forced oscillations in blood pressure involves a single manoeuvre or repeated
manoeuvres at a defined depth and rate (i.e., a specified oscillatory frequency) from squat- or
sit- to-stand (Querido et al., 2013; Smirl et al., 2014). Incremental lower-body negative
pressure (van Helmond et al., 2018), tilt table manoeuvres (Blaber et al., 2003), and a transient
carotid compression test (Ter Minassian et al., 2001) have also been used to assess response to
a forced change in blood pressure. For a single forced oscillation in blood pressure, the
calculation of the autoregulatory index (Tiecks et al., 1995) or rate of regulation (Aaslid et al.,
1989; Labrecque et al., 2021; Sorond et al., 2005) can be used to describe dynamic cerebral
autoregulation. For repeated squat- or sit- to-stand manoeuvres at the specified induced
oscillation frequency, transfer function analysis can be used much like that for spontaneous
oscillations in blood pressure (Smirl et al., 2014; van Helmond et al., 2018). Additional metrics
such as a linear regression from the nadir to the peak response for each induced oscillation in

blood pressure, the maximum reduction in cerebral blood flow, and time to recovery to change
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in blood pressure have also been adopted for single and repeat oscillations in blood pressure

(Labrecque et al., 2021; Querido et al., 2013).

Comparisons between metrics of cerebral autoregulation

The abundance of metrics available to assess dynamic cerebral autoregulation report a low
level of agreement and poor convergence validity with each other, which consequently has
made it difficult to compare results across studies (Tzeng et al., 2012). Only metrics that share
mathematical parameters (LF gain vs LF n-gain) or that overlap frequency bands (0.10 Hz gain
vs LF [0.07-0.20 Hz] gain) were strongly correlated, whereas there was poor agreement
between transfer function analysis metrics and rate of regulation or autoregulatory index
(Tzeng et al., 2012). This suggests that mechanisms of dynamic cerebral autoregulation during
spontaneous and forced oscillations in blood pressure may not be reflective of one another and
should be investigated individually. Without an agreed gold standard technique, it remains
inconclusive which is the best method to assess dynamic cerebral autoregulation and therefore
the method selected for any study should be governed by the research question. For example,
whether a researcher wishes to use what is most appropriate for the population investigated
(i.e., those with a lack of mobility), to reflect day-to-day functioning (i.e., postural changes),
or to determine mechanistic insight to cerebral blood flow control (i.e., foot strike induced
blood pressure oscillations during running) (Smirl et al., 2014; Subudhi et al., 2009; van Beek
et al., 2008). To overcome some of these difficulties, researchers have adopted a holistic
approach to assess dynamic cerebral autoregulation by incorporating multiple methodologies

within the same cohort (Labrecque et al., 2021).
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2.5 Cerebral blood flow response to hypoxia

Herein the focus of this thesis will be on the global and regional cerebral blood flow regulation
of cerebral conduit arteries to acute hypoxia. Since the brain regulates cerebral blood flow to
maintain oxygen delivery, altering the oxygen availability of the environment can help unravel
and better understand the regulatory mechanisms involved in maintaining optimal functioning,
and avoiding ischaemic brain damage and life-threatening complications. Environmental
hypoxia reduces the partial pressure of oxygen throughout the oxygen transport cascade and
causes arterial hypoxaemia (Kane et al., 2020). Reduced partial pressure of oxygen during
environmental hypoxia causes a diffusion-limitation between the alveolar and pulmonary
capillary since the transit time of a red blood cell to transverse the pulmonary capillary is
insufficient to equalize the partial pressure of oxygen between the lung and capillary. Further,
arterial hypoxaemia reduces tissue oxygenation delivery and compromises the metabolic needs
of the cells. Hypobaric hypoxia arises through a reduction in barometric pressure with
maintained inspired fraction of oxygen, which occurs in the natural high-altitude environment,
whereas normobaric hypoxia arises through a maintenance of barometric pressure with a
reduction in the inspired fraction of oxygen and is commonly used in simulated hypoxia

environments e.g., altitude chambers.

Exposure to acute hypoxia is a commonly used stimulus to investigate the regulation of cerebral
blood flow where oxygen availability and oxygen delivery is compromised. It is well
documented that acute hypoxia elicits a reliable and repeatable increase in global cerebral blood
flow via cerebral vasodilation of the vascular beds (Kellawan et al., 2017; Lawley et al., 2017,
Lewis et al., 2014). However, the global and regional vascular regulation of the cerebral

conduit arteries to acute hypoxia remains complex and contentious.
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Cardiorespiratory response to acute hypoxia

Exposure to systemic hypoxia elicits a pronounced and highly-individualised cardiorespiratory
response that impacts the mechanisms that regulate cerebral blood flow to maintain global
cerebral oxygen delivery. Therefore, it is necessary to monitor and account for the magnitude
of cardiorespiratory responses when investigating the regulation of cerebral blood flow. In
response to acute hypoxia, alterations in ventilation and cardiac output occur to attenuate
arterial hypoxaemia (West, 1982). Peripheral chemoreceptor stimulation in response to reduced
partial pressure of oxygen initiates the triphasic hypoxic ventilatory response (Pamenter &
Powell, 2016), which involves a rapid initial rise in ventilation within minutes of hypoxia,
before the subsequent hypoxic ventilatory response associated hypocapnia returns ventilation
towards baseline values over the following hours. With prolonged exposure, ventilation
steadily increases alongside prolonged hypocapnia and a resetting of chemoreceptor
sensitivities to carbon dioxide (Pamenter & Powell, 2016; Powell et al., 1998). Hypoxia is also
a potent stimulant of the sympathetic nervous system. Hypoxia-induced elevations in
sympathetic nerve activity increase myocardial contractility, heart rate, and cardiac output,
whilst stroke volume remains unchanged, to attenuate tissue hypoxaemia (Hainsworth et al.,
2007; West, 1982). Elevated sympathetic excitation also induces hypoxic pulmonary
vasoconstriction and pulmonary hypertension that increases systemic total peripheral

resistance and raises blood pressure (Hainsworth et al., 2007).

Cerebral blood flow response to acute hypoxia

Cerebral blood flow increases in response to reduced arterial oxygen content to preserve
cerebral oxygen delivery (Ainslie et al., 2014; Hoiland et al., 2016; Subudhi et al., 2014), but
is also dependent on the magnitude of the hypocapnia induced by the hypoxic ventilatory

response (Poulin et al., 1996, 2002). Doppler ultrasound measurements of cerebral

32



haemodynamics at the intracranial and extracranial arteries report rapid increases in cerebral
blood flow to acute poikilocapnic normobaric hypoxia (Poulin et al., 1996, 2002), reaching its
peak within a couple hours before steadily falling at approximately 6% per hour towards
baseline values (Lewis et al., 2014). This response is mirrored with exposure to hypobaric
hypoxia, with cerebral blood flow peaking between the first and second day at high-altitude
before decreasing thereafter and returning to near sea level values at a fortnight (Hoiland et al.,
2018; Huang et al., 1987; Subudhi et al., 2014; Willie, Smith, et al., 2014). Reductions in
cerebrovascular resistance mediate the increase in cerebral blood flow, reflecting the dilation
of arteriolar pial vessels (Cohen et al., 1967). Historically, the cerebral conduit arteries were
thought not to dilate in response to acute hypoxia (Poulin et al., 1996). Recent evidence using
Doppler ultrasound and magnetic resonance imaging suggests that vasodilation of the cerebral
conduit arteries is involved in mediating the increase in cerebral blood flow during hypoxia
(Arngrim et al., 2016; Kellawan et al., 2020; Lewis et al., 2014), however this has not always
been replicated (Lafave et al., 2019; Ogoh et al., 2013) and may be limited by small sample

sizes (< 14 participants).

Influence of carbon dioxide on cerebral blood flow response to acute hypoxia

The relationship between the partial pressure of arterial oxygen and partial pressure of arterial
carbon dioxide plays a defining role in the overall change in cerebral blood flow during
exposure to hypoxia (Bruce et al., 2016; Lucas et al., 2010). The strength of the increase in
cerebral blood flow to acute poikilocapnic hypoxia is greatly dependent on the balance between
the contrasting cerebrovascular activity of the hypoxia-induced vasodilation and the hypoxic
ventilatory response associated hypocapnic vasoconstriction (Mardimae et al., 2012; Poulin et
al., 1996, 2002). Cerebrovascular reactivity challenges have shown that cerebral conduit artery

blood flow sensitivities to carbon dioxide and oxygen are altered when the opposing arterial
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blood gas is changed (i.e., carbon dioxide reactivity is attenuated during hypoxia and hypoxic
reactivity is augmented during hypocapnia) (Ainslie & Poulin, 2004; Ogoh et al., 2014; Poulin
et al., 2002). Gas clamping systems, such as the dynamic end-tidal forcing (Poulin et al., 1996)
and Respiract (Fisher, 2016), are available to investigate the interaction of changing tensions
of carbon dioxide and oxygen during acute poikilocapnic hypoxia. For example, tightly
controlling against the prevailing hypocapnia during hypoxia (i.e., isocapnic hypoxia) and
alleviation of the hypocapnia-induced vasoconstriction has shown to increase cerebral

haemodynamics and improve cognitive function (Friend et al., 2019; van Dorp et al., 2007).

Mechanisms of cerebral blood flow response to acute hypoxia

The inter-individual variability of the cerebral blood flow response to acute hypoxia is as high
as 640% on the first night at high altitude (Willie, Smith, et al., 2014), therefore elucidating the
mechanisms involved in regulating the cerebral blood flow response to hypoxia is a complex,
multifactorial phenomenon that remains unclear. An attenuated increase in cerebral blood flow
to haemodilution-induced hypoxia compared to hypoxemia-induced hypoxia suggests that
deoxyhaemoglobin is a key signalling mechanism for the release of vasoactive factors during
hypoxia (Hoiland et al., 2016). Specifically, erythrocytes are thought to be a key regulator of
hypoxic cerebral vasodilation through the release of the vasodilator S-nitrosothiols (Hoiland et
al., 2023). Of the vasoactive factors, it is thought that cerebral hypoxic vasodilation is nitric
oxide dependent, with reductions in vasodilation following nitric oxide synthase inhibition
(Hoiland et al., 2023). In contrast, adenosine, another vasoactive factor, does not mediate the
cerebral vasodilation and increased cerebral blood flow response during normobaric and
hypobaric hypoxia (Hoiland et al., 2017). In contrast to cyclooxygenase’s role in regulating
basal cerebrovascular tone and hypercapnic vasodilation (Kellawan et al., 2020; Peltonen et

al., 2015), cyclooxygenase may only play a role in hypoxic vasodilation when in combination
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with reactive oxygen species (Harrell et al., 2019). The sympathetic nervous system is thought
to have minimal contribution in the regulation of cerebral blood flow during hypoxia. Indeed,
alpha-1 blockade does not alter the acute hypoxia-induced increase in cerebral blood flow at
the internal carotid and vertebral arteries (Lewis et al., 2014) and no relationship was found
between a heightened sympathetic nervous activity, as occurs in hypertensive men, and an
attenuated hypoxia-induced increase in cerebral blood flow (Fernandes et al., 2018). A recent
review has summarised the current mechanisms that mediate hypoxic cerebral vasodilation in
humans, including nitric oxide synthase, oxygenation-coupled S-nitrosothiols, potassium
channel-related vascular smooth muscle hyperpolarization, and prostaglandin and reactive

oxygen species (Carr et al., 2023).

2.5.1 Cerebral autoregulation during hypoxia

Evidence overwhelmingly suggests that normobaric hypoxia [fraction of inspired oxygen
(FiO2) = 12-15%; peripheral arterial oxygen saturation (SpO.) = 92-80%] and hypobaric
hypoxia [elevation = 3,424-5,400m; SpO2 = 90-75%] reduces cerebral autoregulation (Table
2.1) (Ainslie et al., 2007, 2012; Ainslie, Hamlin, et al., 2008; Ainslie, Ogoh, et al., 2008; Bailey
et al., 2009; Blaber et al., 2003; Horiuchi et al., 2016, 2022; lwasaki et al., 2007, 2011; Jansen
etal., 2000, 2007; Levine et al., 1999; Nishimura et al., 2010; Ogoh et al., 2010, 2018; Querido
et al., 2013; Smirl et al., 2014; Subudhi et al., 2009, 2010, 2014, 2015; Ter Minassian et al.,
2001; Tymko et al., 2020; van Helmond et al., 2018) with only a few studies concluding no
change (Ainslie et al., 2007; Ogoh et al., 2014; Van Osta et al., 2005), or improved cerebral
autoregulation to hypoxia at rest (Ainslie, Ogoh, et al., 2008). Much of the literature has
assessed dynamic cerebral autoregulation during hypoxia using TCD and transfer function
analysis of the middle cerebral artery. However, few studies have assessed dynamic cerebral

autoregulation using forced oscillations, such as rapid thigh cuff technique and lower body
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negative pressure, or measured volumetric blood flow with duplex ultrasound (Hoiland et al.,
2019; Horiuchi et al., 2016, 2022; Tymko et al., 2020; van Helmond et al., 2018). Stepwise-
models of hypoxic dosage have shown that reductions in dynamic cerebral autoregulation occur
during exposure to low to moderate hypoxia (FiO2 = 15%; SpO2 = 93-90%), with no further
reductions experienced during severe hypoxia (FiO2 = 12%; SpO. = 79%) (Horiuchi et al.,
2016; Iwasaki et al., 2007). Reductions in dynamic cerebral autoregulation occur within
minutes of hypoxic exposure (lwasaki et al., 2007; Ogoh et al., 2018; Querido et al., 2013;
Subudhi et al., 2009; van Helmond et al., 2018) and are shown to be sustained at 5 (Nishimura
et al., 2010) and 9 h of exposure (Subudhi et al., 2010). Acclimatization to moderate or high-
altitude hypoxia does not reverse reductions in dynamic cerebral autoregulation, with evidence
of sustained reductions at 13 days (Subudhi et al., 2015), 16 days (Subudhi et al., 2014), one
month (Iwasaki et al., 2011), and over 31 days (Levine et al., 1999), and upon re-exposure
(Subudhi et al., 2014). Sherpa and Himalayan high-altitude natives also present reduced static
cerebral autoregulation (Jansen et al., 2000, 2007), whereas they are reported to have intact
dynamic cerebral autoregulation by squat-stand manoeuvre (Smirl et al., 2014) and rapid thigh

cuff technique (Tymko et al., 2020).

The magnitude of reduction in dynamic cerebral autoregulation is related to an increased
severity of acute mountain sickness during moderate to severe levels of normobaric hypoxia
(Horiuchi et al., 2016). This relationship is thought to occur selectively in individuals with the
greatest arterial hypoxaemia (Bailey et al., 2009; Van Osta et al., 2005). Poorer sea level
dynamic cerebral autoregulation has been shown to account for 60% of the observed variance
in acute mountain sickness and was suggested to be a useful indicator to identify acute
mountain sickness-susceptible individuals for targeted pharmacological prophylaxis (Cochand

et al., 2011). Whilst this evidence is promising, there are several studies that have not found a

36



relationship between dynamic cerebral autoregulation and acute mountain sickness (Smirl et

al., 2014; Subudhi et al., 2010, 2014, 2015; Ter Minassian et al., 2001; Tymko et al., 2020).

Although evidence overwhelmingly suggests that cerebral autoregulation is reduced during
hypoxia, of the studies that have compared spontaneous and forced dynamic cerebral
autoregulation methodologies during hypoxia, some only report forced dynamic cerebral
autoregulation to be reduced (Subudhi et al., 2009, 2015), whereas others only report a
reduction to spontaneous dynamic cerebral autoregulation (Smirl et al., 2014). The conflicting
results between comparisons of spontaneous and forced dynamic cerebral autoregulation
(Smirl et al., 2014; Subudhi et al., 2009, 2015) has questioned the interpretation, reliability,
and significance of reduced dynamic cerebral autoregulation during hypoxia. Forced dynamic
cerebral autoregulation assessments, such as sit-to-stand, rapid thigh cuff deflation, are thought
to have more relevance to daily activities at altitude, such as posture changes and exercise
(Smirl etal., 2014). Whether reductions in spontaneous dynamic cerebral autoregulation reflect
physiologically important alterations in capacity of the brain to regulate blood pressure and
pose a threat to healthy individuals in hypoxia is thought to be unlikely (Smirl et al., 2014;
Subudhi et al., 2015). However, assessment of spontaneous dynamic cerebral autoregulation
may be more advantageous for individuals with limited capacity to complete repeated,
uncomfortable thigh cuff or sit-to-stand challenges (Subudhi et al., 2009). Nevertheless, the
underlying mechanisms of dynamic cerebral autoregulation during spontaneous and forced
oscillations are likely to be different and could be attributed to the contrasting results.
Therefore, future studies should incorporate assessments of both spontaneous and forced
assessments to maximise understanding of dynamic cerebral autoregulation across a range of

blood pressure perturbations during hypoxia.
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Age (Years Hypoxia
Author [Mean £ SD (FiO2 [%], PETO2  SpO:2 - . Assessment Calculation Hypoxic
(Year) N (F) or Mean + Artery  Measure [mmHg], or (%) Duration Alm of CA of CA effect?
Range]) Altitude [m])
Levine et al., Acclimatization HA Spontaneous dCA
(1999) 11 (4) N/A N/A TCD 5,200 m 84-91 > 1 month With LLs Vs HLs - Rest TFA Yes
S Static CA - .
Jansen et al., 10 LLs 27+10 Acclimatization HA . Regression
(2000) 9 HLs 26+10 MCAv TCD 4,243 m 88-89 D5-D7 with LLs vs HLs Phe_nylephrlne Slope Yes
infusion
5,000 m 90 Hypobaric chamber .
Ter . Transient response .
. . 27 6,000 m 90 hypoxia, %Change in
'\g'lna(s';(')%nlf t 800) (23-37) MCAv TCD 7,000 m 80 31 days stepwise to Everest cocr: ?eigon MCAv Yes
. 8,000 m 74 (8,848m) P
. Coarse-
Orthostatic tolerance - A
B'a(l’z%roe,o,t)a"’ 14 (8) 241 MCAv  TCD 3,660 m N/A 1h during hypabaric Suate oA g Yes
chamber hypoxia P pectra
analysis
. Forced dCA -
VanOstaet o5 g 40 MCAv  TCD 4,559 m 79 20hz)  UCAAAMSWIh o high cuff ARI No
al., (2005) (26-58) preventive drugs -
deflation
Ainslie et al., N . Acute hypoxia dCA at  Spontaneous dCA No (rest)
(2007) () 25%4 MCAv TCD 12% 80 20 min rest and exercise - Rest TFA Yes (EX)
21% 98
Ilwasaki et 19 % 97 . dCA effect of stepwise  Spontaneous dCA
al., (2007) 15 (0) 2242 MCAv TCD 17 % 9% 10 min NH - Rest TFA Yes
15 % 93
1,330 m 97 . .
40 ' Resided Static CA -
EET E L [4 groups 2 MCAv TCD 2{e0 ) 59 >3.5yrs at HLs at different HA Phenylephrine ARI Yes
(2007) 32110 3,440 m 93 : A
of 10 HLs] each altitude infusion
4,243 m 88
Hypoxic exercise
Ainslie et al., 28 (12) 2645 MCAV TCD 14 % 80 10 min following !ntermltte_nt Spontaneous dCA TEA Yes
(2008a) hypercapnia, hypoxia, - Rest
or continuous hypoxia
Ainslieetal,  10(1) 28+5 MCAY  TeD 10% 80 5 min dCAgg;”guarfr‘]“e NH " spontaneous dCA A No (NH)
(2008b) 7(3) 34+11 5,400 m 75 D1-2 g - Rest Yes (HH)

acclimatization to HA
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Age (Years Hypoxia
Author [Mean + SD (FiO2 [%], PETO2  SpO:2 . . Assessment Calculation Hypoxic
(Year) N (F) or Mean + Artery  Measure [mmHg], or (%) Duration Alm of CA of CA effect?
Range]) Altitude [m])
Bailey et al., . dCA, BBB function, Spontaneous dCA
(2009) 18 2616 MCAv TCD 12 % 80-85 6h and AMS - Rest TFA Yes
Forced - Rapid
thigh cuff RoR Yes
deflation
Subudhi et Compare two methods Forced dCA -
12 (6) 24-40 MCAv TCD 12 % 85 10 min of dCA assessment Rapid thigh cuff ARI Yes
al., (2009) . :
during NH deflation
Spontaneous dCA TFA Yes
- Rest
Nishimura et . Assess hourly changes ~ Spontaneous dCA
al., (2010) 13 (2) 28+7 MCAv TCD 15 % 92 5h in dCA during NH - Rest TFA Yes
CO: effect on dCA Forced dCA -
Og(c;r(l)leé)al., 9 (0) 2346 MCAv TCD 14 % gg 8 min during hypoxia Rapid thigh cuff RoR \l\(lgs(g:;
(IH and PH) deflation
Subudhi et 4h Hypaobaric chamber Spontaneous dCA
al., (2010) 55 (14) 29+7 MCAv TCD 89 mmHg 77-80 9h hypoxia and AMS. - Rest TFA Yes
Forced dCA -
Cochandet g 5 29+9 MCAv  TCD 3,800 m N/A 6h SLdCAscoreand  poid thigh cuff N/A
al., (2011) AMS at HA :
deflation ARI
. . dCA during acute NH
Iwasaki et 10.5 % 78 30 min ST Spontaneous dCA
al., (2011) 11 2314 MCAv TCD 5,260 m 9 1 month and acclm;tlzatlon to - Rest TFA Yes
- Determine
Ainslieetal., 5 ) 2818 MCAv  TCD 5,050 m 85 D3-10  sympathoexcitation on  SPOntaneous dCA TFA Yes
(2012) dCA at HH - Rest
. dCA during hypoxia, Forced dCA - .
3“6&%‘15; 11 (3) 2945 MCAv  TCD 50 mmHg 81 20 min effect of CO, Squat-to-stand at Reg[ﬁsse'on Ilf)s(gm
- (IH and PH) 0.10 Hz P
Static CA -
50 mmH Sodium Regression No
8 (4) 29+6 MCAv TCD g 82 20 min Static CA during IH nitroprusside 9
PetCO2 clamped - Slope
Static CA -
. Yes
Phenylephrine
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Age (Years Hypoxia
Author [Mean + SD (FiO2 [%], PETO2  SpO:2 . . Assessment Calculation Hypoxic
(Year) N (F) or Mean + Artery  Measure [mmHg], or (%) Duration Alm of CA of CA effect?
Range]) Altitude [m])
Effects hypoxia on
Sggnctel, 8 (0) 23+4 MCAv  TCD 12% 82 8 min CO; reactivityand ~ SPONtaneous dCA TFA No
(2014) - Rest
dCA
. 96 SL S .
Smirletal., 16 (2) LLs 3017 MCAv Acclimatization with ~ Spontaneous dCA
(2014) 16 (O)HLs 3315 pcay  '¢P 5,050 m gg vl\?lfz LLs vs HLs on dCA - Rest TFA Yes
Forced - Squat-to-
stand at 0.05 Hz TFA No
and 0.10 Hz
Subudhi et D1 Acclimatization, Spontaneous dCA
al., (2014) 21 (9) 21+1 MCAv TCD 5,260m N/A D16 AMS, and dCA - Rest TFA Yes
. Compare two methods
SURIEHCGE g 2142 MCAv  TCD 3424'm 90 n2 of CA assessmentat  SPontaneous dCA TFA No
al., (2015) D13 - - Rest
during HA
Forced dCA -
Rapid thigh cuff ARI Yes
deflation
21 % 97
— . Forced dCA -
Horiuchi et 18 % 94 Effect of stepwise NH S
al., (2016) 11 (0) 2312 CCAbf  Duplex 15 % 90 1h on dCA Rapcljde ftlt;ltgi;:ncuff RoR Yes
12 % 79
Ogoh et al., o . dCA during cognitive  Spontaneous dCA
(2018) 14 (9) 2241 MCAv TCD 12% 80 35 min task with hypoxia ” Rest TFA Yes
van Helmond MCAv TCD N . Hypoxia during LBNP  Spontaneous dCA
etal., (2018) 1) 32+6 CCAdia  Duplex 12-15% 8 5 min on dCA - During LBNP TFA Yes
11% 70 1h dCA during acute NH Forced dCA -
Ty%%g; T Y, 2847 (':CCAA%‘; Duplex 3,440 m 90 D5 Acclimatization HA  Rapid thigh cuff RoR e Euﬂ;
5,050 m 83 D10 with LLs vs HLs deflation
— - . Forced dCA -
REHUEMEL o g 2142 ICAbf  Duplex 13% 85 1h Dietary nitrate ondCA i thigh cuff RoR Yes
al., (2022) in hypoxia deflation
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Table 2.1. Cerebral autoregulation during hypoxia. Abbreviations; AMS, acute mountain sickness; ARI, autoregulatory index; BBB, blood-
brain barrier; CA, cerebral autoregulation; CCAbf, common carotid artery blood flow; CCAdia, common carotid artery diameter; D, day; dCA,
dynamic cerebral autoregulation; EX, exercise; F, female; FiO», fraction of inspired oxygen; HA, high altitude; HH, hypobaric hypoxia; HLs,
highlanders; ICAbf, internal carotid artery blood flow; IH, isocapnic hypoxia; LBNP, lower body negative pressure; LLs, lowlanders; MAP, mean
arterial pressure; MCAv, middle cerebral artery velocity; NH, normobaric hypoxia; PCAv, posterior cerebral artery velocity; PETCOg, partial
pressure of end-tidal carbon dioxide; PetO., partial pressure of end-tidal oxygen; PH, poikilocapnic hypoxia; RoR, rate of regulation; TCD,
transcranial Doppler ultrasound; TFA, transfer function analysis; Wk, Week.
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Mechanisms of reduced cerebral autoregulation during hypoxia

Vasodilation of the cerebral conduit arteries account for the marked reduction in dynamic
cerebral autoregulation during hypoxia, akin to that postulated with an acute bout of
hypercapnia (Panerai et al., 1999). Indeed, the balance of alterations in vascular tone to hypoxia
and the prevailing hypoxic ventilatory associated hypocapnia may regulate dynamic cerebral
autoregulation during hypoxia. During isocapnic hypoxia, where the effects of hypoxia are
isolated from hypocapnia, dynamic cerebral autoregulation is reduced (Ogoh et al., 2010;
Querido et al., 2013). In contrast, dynamic cerebral autoregulation is maintained when exposed
to poikilocapnic hypoxia and is likely related to the hypocapnic-induced vasoconstriction
(increased vascular tone) counteracting the hypoxia-induced vasodilation (Ogoh et al., 2010;
Querido et al., 2013). Supplemental hyperoxia has also been shown to restore dynamic cerebral
autoregulation during acute hypoxia (Ainslie, Ogoh, et al., 2008), possibly due to a reversal of

hypoxia-induced vasodilation.

Whilst the role of nitric oxide in dynamic cerebral autoregulation remains equivocal (White et
al., 2000; R. Zhang et al., 1998), its integral role for hypoxia-induced vasodilation (Umbrello
et al., 2013) makes it a prime candidate to contribute to the reduction in dynamic cerebral
autoregulation during hypoxia. Elevated levels of sympathetic outflow at high altitude may
also play arole by disrupting cerebral vascular regulation since blockade of sympathoexcitation
improved dynamic cerebral autoregulation (Ainslie et al., 2012). Heightened autonomic
nervous activity with hypoxia may compromise integrity of blood brain barrier, mediate
increased cerebral perfusion, and impact dynamic cerebral autoregulation (Subudhi et al.,
2009). However, whilst dynamic cerebral autoregulation is selectively reduced in acute
mountain sickness positive individuals, there was no evidence for hyper-perfusion, blood brain

barrier disruption, or neuronal-parenchymal damage, in comparison to acute mountain sickness
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negative individuals who had no alteration to dynamic cerebral autoregulation (Bailey et al.,
2009). Other mechanisms likely to be involved in the development of reduced dynamic cerebral
autoregulation during hypoxia include metabolic factors, myogenic factors, intracranial
nervous system, autonomic nervous system, and endothelial factors and have yet to be fully

elucidated (Paulson et al., 1990).
2.6 Regional regulation of blood flow at the cerebral conduit arteries

The cerebral conduit arteries can be categorised by those that supply the anterior regions of the
brain and those that supply the posterior regions of the brain. It is proposed that the posterior
cerebral conduit arteries may regulate differently to the anterior cerebral conduit arteries to
prioritise maintenance of cerebral blood flow to the posterior regions of the brain involved in
homeostatic, autonomic, and cardiorespiratory function, e.g., pons, medulla oblongata,
thalamus, brainstem, and cerebellum (Sato, Sadamoto, et al., 2012; Willie et al., 2012). Possible
structural differences such as receptor density (Koep et al., 2022) may also contribute to
segmental within-region (i.e., located in the anterior or posterior region) differences in
regulation between the intracranial and extracranial arteries. To date, evidence of regional
cerebral blood flow regulation between the anterior and posterior cerebral conduit arteries

remains equivocal.

2.6.1 Reqional cerebral autorequlation during normoxia

Whilst there are reports of no differences in dynamic cerebral autoregulation between the
anterior and posterior regions in otherwise normal conditions (Labrecque et al., 2021; Reehal
et al., 2021), there is evidence that the posterior cerebral artery has a lower damping capacity,
and is more susceptible, to spontaneous oscillations in blood pressure compared to the middle
cerebral artery (Haubrich et al., 2004; Nakagawa et al., 2009). A poorer dynamic cerebral

autoregulation in the posterior circulation compared to the anterior circulation could be
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resultant of a lower basal resting vascular tone at rest akin to that postulated with reductions in
dynamic cerebral autoregulation during an acute bout of hypercapnia (Panerai et al., 1999).
The lower basal resting vascular tone of the posterior cerebral arteries may be a consequence
of an increased neuronal metabolic demand of the visual cortices, located in the occipital lobe
and supplied blood flow by the posterior circulation, caused by individuals eyes being open
during cerebrovascular assessments even without forced visual simulation (Nakagawa et al.,
2009). Indeed, in comparison to measurements collected with eyes closed, eyes open caused a
significant increase in TCD-derived blood velocity and higher transfer function gain (i.e.,
increased effect of transmission of blood pressure on cerebral blood flow) to spontaneous
oscillations of blood pressure in the posterior cerebral artery than the middle cerebral artery
(Nakagawa et al., 2009). Unfortunately, since these measurements were conducted with TCD,
there was no direct measurement of intracranial or extracranial arterial diameter to confirm
whether vascular tone differences are responsible for the observed anterior-posterior regional

differences in dynamic cerebral autoregulation.

Direct measurements of anterior and posterior vascular tone and dynamic cerebral
autoregulation of the extracranial arteries has been reported in response to head-up tilt using
duplex ultrasound (Sato, Fisher, et al., 2012). That is, in response to a head-up tilt induced
reduction in blood pressure, the vertebral artery maintained vascular tone and blood flow,
whereas there was a vasoconstriction-induced reduction in blood flow in the internal carotid
artery (Sato, Fisher, et al., 2012). Dynamic cerebral autoregulation was then assessed using the
rapid thigh cuff deflation at supine and head-up tilt (Sato, Fisher, et al., 2012). During head-up
tilt (where vascular tone and blood flow regulation differences were noted between the
vertebral artery and internal carotid artery), the reduction in blood flow in the vertebral artery
(-32.2 £ 1.7%) following cuff release was greater than the internal carotid artery (-26.1 *

1.8%). Moreover, there was only a reduction in rate of regulation (the measure of dynamic
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cerebral autoregulation) in the vertebral artery between supine and head-up tilt, whereas the
rate of regulation was unchanged in the internal carotid artery (Sato, Fisher, et al., 2012). These
differences in vascular tone, blood flow, and dynamic cerebral autoregulation indicate regional
regulation between the anterior and posterior cerebral conduit arteries during orthostatic stress.
Indeed, the attenuation in dynamic cerebral autoregulation during orthostasis only in the
vertebral artery may be a consequential by-product of the reduced vascular tone in the posterior
vascular beds compared to the anterior vascular beds to preferentially maintain blood flow to

the posterior regions of the brain that are involved in systemic cardiorespiratory control.

Whilst studies investigating static cerebral autoregulation assess cerebral blood flow regulation
after the autoregulatory response, these studies may also provide evidence of differences in
cerebrovascular regulation between the anterior and posterior cerebral conduit arteries. Indeed,
regional differences are reported in response to a cold pressor test-induced hypertension, with
a greater relative blood velocity increase in middle cerebral artery than the posterior cerebral
artery (Herrington et al., 2019), suggesting a protective regulation of the posterior circulation
to acute increases in blood pressure. Evidence from extreme levels (-60 mmHg) of lower body
negative pressure (Thrall et al., 2021) and sit-to-standing (Sorond et al., 2005) have shown that
the posterior cerebral artery may be more susceptible to reductions in blood flow from acute
hypotension than the middle cerebral artery, which may be related to differences in basal
vascular tone augmenting the orthostatic-induced reductions in blood flow of the posterior
cerebral conduit arteries (Sato, Fisher, et al., 2012). A reduction in internal carotid artery blood
flow at all levels of increasing lower body negative pressure (—20, —35, -50 mmHg) whilst
vertebral artery blood flow was maintained at all levels, further suggest that only at extreme
(>50 mmHg) levels might posterior cerebral blood flow become compromised (Ogoh et al.,
2015). Posterior cerebral blood flow reductions occurring at extreme levels of orthostasis may

be a mechanism related to orthostatic tolerance. Those who maintain cerebral blood flow at the
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posterior cerebral conduit arteries during lower body negative pressure are shown to have the
highest tolerance to orthostasis (Kay & Rickards, 2016). One proposed mechanism for the
regional regulation between the anterior and posterior regions during acute hypotension may
be modulated by the associated levels of hypocapnia (Lewis et al., 2015) or hypercapnia
(Herrington et al., 2019; Thrall et al., 2021), aligning with earlier findings of differences in
carbon dioxide reactivities between the anterior and posterior regions in the cerebral conduit

arteries (Sato, Sadamoto, et al., 2012; Willie et al., 2012).

In contrast, there are several studies which have failed to replicate reports of regional static
cerebral autoregulation. Indeed, cold pressor test-induced hypertension elevations in cerebral
blood velocity were shown not to be different between the middle cerebral artery and posterior
cerebral artery (Washio et al., 2020). The follow-up to the Kay & Rickards (2016) study failed
to replicate the maintained posterior cerebral artery blood velocity relative to reductions in
middle cerebral artery during lower body negative pressure (Kay et al., 2017), and similar
reductions in internal carotid and vertebral artery blood flow have been reported during
incremental lower body negative pressure (Kaur et al., 2018). Furthermore, no difference in
regulation between middle cerebral artery and posterior cerebral artery was reported during
steady-state orthostasis-induced changes in blood pressure (i.e., supine, head-down tilt, and/or
head-up tilt) superimposed on carbon dioxide reactivity (Tymko et al., 2015) or lower body

negative pressure (Deegan et al., 2010; Tymko et al., 2016).

Whilst evidence of anterior-posterior regional differences during static cerebral autoregulation
at the cerebral conduit arteries is equivocal, these reports regularly only measure cerebral blood
velocity of the intracranial arteries. Capturing the vasoactive and volumetric regulation of the
extracranial arteries is essential to identify regional cerebral autoregulation between the
anterior and posterior cerebral conduit arteries, as previously demonstrated by Sato and

colleagues (Sato, Fisher, et al., 2012). As such volumetric duplex ultrasound measurements
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should be incorporated when assessing cerebral autoregulation, in addition to blood velocity
measurements of the intracranial arteries, to provide the greatest understanding of the regional

cerebral blood flow regulation.

2.6.2 Reqional cerebral blood flow response to hypoxia

Acute hypoxia-induced increases in global cerebral blood flow are not uniform across the brain
(Binks et al., 2008). For example, acute poikilocapnic hypoxia increases at the frontal lobes of
the brain are concomitant with reductions in cerebral blood flow, a reversal of neurovascular
coupling, and alterations to oxidative metabolism in the default mode network (Lawley et al.,
2017; Rogan et al., 2022; Rossetti et al., 2020). In the cerebral conduit arteries, absolute
reactivity slopes are largely dependent on baseline flow and since the internal carotid artery
has an inherently larger baseline cerebral blood flow than the vertebral artery it is common to
compare the relative reactivity slopes (Willie et al., 2012). In response to isocapnic hypoxia,
the vertebral artery has a larger relative blood flow increase compared to the internal carotid
artery, middle cerebral artery, and posterior cerebral artery (Willie et al., 2012). Moreover,
whilst carbon dioxide tensions and hypocapnic-induced vasoconstriction may differ between
poikilocapnic hypoxia exposures from different experiments, the vertebral artery was found to
be the only artery to vasodilate (Ogoh et al., 2013) and to have a 20% larger blood flow increase
than the internal carotid artery that persisted throughout the subsequent decline in cerebral

blood flow with time of exposure (Lewis et al., 2014).

A greater hypoxic sensitivity in the vertebral arteries is proposed to maintain oxygen delivery
to the posterior regions of the brain involved in homeostatic and cardiorespiratory centres that
play a crucial role in the chemoreflex control, hypoxic ventilatory response, and autonomic
control (Hoiland et al., 2015; Lewis et al., 2014; Ogoh et al., 2013; Willie et al., 2012). Indeed,

a relationship between the hypoxic ventilatory decline during isocapnic hypoxia and reactivity
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to hypoxia in the vertebral artery, but not internal carotid artery, may be related to carbon
dioxide-[H*] washout modulating respiratory responses or alterations to peripheral
chemoreceptor sensitivity (Hoiland et al., 2015). Preferential maintenance of blood flow to
respiratory control centres in the posterior regions may only be required during the initial
hypoxic ventilatory response that occurs within early hours or days of hypoxic exposure since
prolonged exposure (7 to 14 days) to hypobaric hypoxia report no regional differences (Hoiland
et al., 2018; Lafave et al., 2019; Willie, Smith, et al., 2014). Whilst a similar number of studies
have failed to report anterior-posterior regional differences in blood flow regulation to hypoxia
(Fernandes et al., 2018; Hoiland et al., 2017; Kellawan et al., 2017; Lafave et al., 2019), all of
the present literature investigating the cerebral blood flow response to hypoxia are limited by
small sample sizes (< 14 participants) and therefore it remains equivocal whether anterior-

posterior regional differences exist during acute hypoxia.

Carbon dioxide reactivity during hypoxia is found to be regionally different between anterior
and posterior regions (Sato, Sadamoto, et al., 2012; Willie et al., 2012). Sato, Sadamoto and
colleagues (2012) reported that overall carbon dioxide reactivity (incremental through the
hypocapnic and hypercapnic range) is lower in the vertebral and basilar arteries than the
internal carotid and middle cerebral arteries, whereas Willie et al., (2012) reported greater
hypocapnic reactivity in the vertebral artery than the internal carotid artery, with no reported
differences in the hypercapnic range nor overall carbon dioxide reactivity. Carbon dioxide
reactivity was also found to be segmentally different in both anterior and posterior regions,
with the extracranial arteries found to be approximately 25% more sensitive than the
intracranial arteries (Willie et al., 2012). Whilst these segmental regulation differences may be
due to differences in reactivity calculations that are derived from cerebral blood flow in the
extracranial arteries and blood velocity in the intracranial arteries, anterior-posterior regional

differences in vascular regulation may occur at different segments of the cerebrovasculature
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within a region and should be considered. Indeed, four—dimensional flow magnetic resonance
imaging quantification of arterial cross-sectional area revealed that cerebral blood flow
increases were similar between regions, but were mediated by vasodilation of the anterior
cerebral conduit arteries and not the posterior cerebral conduit arteries, suggesting that site of
vascular regulation in the posterior regions occur more downstream at the level of the pial

arteries (Kellawan et al., 2017).

2.6.3 Reqional cerebral autorequlation during hypoxia

Anterior and posterior regional differences in dynamic cerebral autoregulation during hypoxia
could contribute to the development of acute mountain sickness. Symptoms of dizziness or
vertigo, headaches, vomiting and nausea, imbalance, weakness, ataxia that are associated with
alterations in blood flow to the posterior circulation (Neto et al., 2017; Savitz & Caplan, 2005)
are akin to that experienced during acute mountain sickness (Roach et al., 2018). Further,
associations between acute mountain sickness and cerebral haemodynamics, blood flow
imbalances, and changes in vascular tone in the vertebral arteries are reported (Barclay et al.,
2021; Bian et al., 2014). Whilst there is a lack of relationship between the reduction in dynamic
cerebral autoregulation and severity of acute mountain sickness during hypoxia (Smirl et al.,
2014; Subudhi et al., 2010, 2014, 2015; Ter Minassian et al., 2001; Tymko et al., 2020), these
studies have only investigated dynamic cerebral autoregulation of cerebral conduit arteries that

supply the anterior regions of the brain (i.e., MCA, CCA, and ICA).

To date, assessments of dynamic cerebral autoregulation during hypoxia in the extracranial
arteries that measured volumetric blood flow and vascular tone are limited to the common
carotid or internal carotid arteries, which only reflect delivery of cerebral blood flow to the
anterior regions (Horiuchi et al., 2016, 2022; Tymko et al., 2020; van Helmond et al., 2018).

In fact, there has been only one investigation of regional dynamic cerebral autoregulation in
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hypobaric hypoxia, which is limited to blood velocity measurements of the intracranial arteries
(Smirl etal., 2014). Compared to the middle cerebral artery, the authors report that the posterior
cerebral artery had a decreased low frequency gain shift at day 2 and day 14 at high altitude to
spontaneous oscillations in blood pressure, and an increased phase shift during repeated squat-
to-stand manoeuvres (0.10 Hz) upon return to sea level from a fortnight at high altitude (Smirl
et al., 2014). A decrease in gain and increase in phase shift reflects an improved dynamic
cerebral autoregulation implies that the posterior cerebral artery has better ability to buffer
changes in blood pressure compared to the middle cerebral artery. Whilst this study by Smirl
and colleagues (2014) provides some evidence of the regional differences in dynamic cerebral
autoregulation, the topic is largely unexplored, and therefore further research is required to
fully investigate regional dynamic cerebral autoregulation during hypoxia within the

intracranial and extracranial arteries.

2.6.4 Mechanisms of regional cerebral blood flow regulation

In animal models, differences in sensitivities to vasodilators and vasoconstrictors between the
anterior and posterior cerebral conduit arteries are reported (Hamel et al., 1988). For example,
in comparison to anteriorly-located arteries, the posterior cerebral conduit arteries have a
greater density of B-adrenoceptor and its coupled response of adenylate cyclase (Ayajiki &
Toda, 1992), as well as having a more sensitive activation of endothelial vasopressin receptors
and the coupled nitric oxide synthase response (Katusic, 1992; Onoue et al., 1988; Suzuki et
al., 1993). In addition, segmental regulation differences between the cerebral conduit arteries
have been suggested with the extracranial portion of the vertebral artery found to be less

sensitive than the intracranial portion of the vertebral artery (Suzuki et al., 1993).

In humans, heterogeneous regional regulation in vessel tone and blood flow between anterior

and posterior circulations may be underpinned by these differences in sympathetic
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adrenoreceptor subtype distribution and parasympathetic innervation to ensure that adequate
blood flow to the brainstem is prioritized (Koep et al., 2022). Specifically, there is a greater
density of al receptors in the anterior circulation in contrast to a greater density of 2 receptors
and Ca?* channel receptors in the posterior circulation, as well as the presence of
parasympathetic innervation in the vertebral arteries compared with the internal carotid arteries
(Koep et al., 2022). In response to hypoxia, adenosine-triphosphate-sensitive K+ channels were
found to only mediate the hypoxia-induced increase at the internal carotid artery blood flow
and were not involved at the vertebral artery blood flow (Rocha et al., 2020). Hypertensive
patients, who have an impaired endothelium-dependent vasodilation, are shown to have a
blunted increase in vertebral artery blood flow in comparison to the internal carotid artery when
exposed to hypoxia, suggesting a functional vasodilatory signalling regional difference
between the anterior and posterior circulations (Fernandes et al., 2018). Similarly, hypertensive
patients have selective impairment of vertebral artery vasodilation compared to the internal
carotid artery in response to L-arginine that may suggest a lower sensitivity to nitric oxide
bioavailability in the posterior circulations (Vianna et al., 2018). However, cerebral blood flow
and cerebrovascular tone regulation by nitric oxide synthase and nitric oxide bioavailability
has been shown to be regionally uniform in anterior and posterior intracranial and extracranial
arteries (K. J. Carter et al., 2021). Finally, the vertebral arteries are less sensitive to exacerbated
reactive oxygen species and attenuated nitric oxide bioavailability that occurs during isocapnic
hyperoxia as the vertebral artery can maintain blood flow whereas internal carotid artery blood
flow is reduced (Mattos et al., 2019). Supplementation of vitamin C attenuated the reduction
in internal carotid artery blood flow during isocapnic hyperoxia which may further suggest that
the anterior circulation has a greater sensitivity to nitric oxide bioavailability than the posterior

circulation (Mattos et al., 2020).
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2.7 Thesis aims

The cerebral conduit arteries play an important role in the cerebral blood flow regulation.
Current literature proposes an anterior-posterior regional difference in cerebral blood flow
regulation at the cerebral conduit arteries, but with a lack of empirical research examining the
posterior cerebral conduit arteries using vascular tone and volumetric measurements, evidence
remains equivocal (Figure 2.9). Acute hypoxia elicits a reliable and repeatable stimulus that
provides a suitable model to better understand the mechanisms involved in the regulation of

cerebral blood flow during a compromised oxygen delivery.

Therefore, the aim of this thesis was to investigate regional blood flow regulation between the
cerebral conduit arteries that source the anterior and posterior regions of the brain in acute

poikilocapnic hypoxia.

The first study (Chapter 3) was conducted to establish a level of proficiency in Doppler
ultrasound sonography for the subsequent empirical studies within this thesis. Specifically,
between-day reliability studies were conducted to determine sonographer intra-rater reliability
of cerebral haemodynamics of the intracranial and extracranial arteries as measured by TCD

and duplex ultrasound, respectively.

The second study (Chapter 4) investigated the bilateral regional blood flow regulation in the
extracranial cerebral conduit arteries to acute poikilocapnic hypoxia. Specifically, whether
anatomical variabilities, vessel imbalances, and unilateral measurements of the internal carotid
arteries and vertebral arteries may impact the regional blood flow and vascular tone regulation
to acute poikilocapnic hypoxia (Figure 2.9. Q1, 2, & 3). The secondary aim of this study was

to investigate whether unilateral measurements are reflective of the true bilateral cerebral blood
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flow regulation given that lateral arteries are not always asymmetrical in size and blood flow

(Figure 2.9. Q4).

The third study (Chapter 5) investigated regional dynamic cerebral autoregulation in the
intracranial and extracranial cerebral conduit arteries in acute poikilocapnic hypoxia.
Specifically, whether the posterior circulation has a poorer capability to dampen abrupt
reductions in blood pressure than the anterior circulation in normoxia and acute poikilocapnic

hypoxia (Figure 2.9. Q5).

The fourth study (Chapter 6) investigated the effect of the metabolic state of the visual cortices
on regional extracranial vascular tone and dynamic cerebral autoregulation in the intracranial
arteries in normoxia and acute poikilocapnic hypoxia. Specifically, whether, in normoxia and
hypoxia, the differences in dynamic cerebral autoregulation between the anterior and posterior
intracranial arteries may be a consequence of a lower basal vascular tone in the posterior
circulation in response to an increased neuronal metabolic demand of the visual cortices caused

by eyes being open during cerebrovascular assessments (Figure 2.9. Q6).
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Figure 2.9. Summary of the evidence of anterior-posterior regional differences in the cerebral conduit arteries and the aims addressed in
this thesis. Chapter 4) Anatomical variabilities, which are more prevalent in the posterior cerebral conduit arteries such as vessel flow imbalances
and artery hypoplasia, are related to a reduced cerebrovascular function and may impact on regulation of posterior circulation to vasoactive stimuli,
such as hypoxia, in comparison to the anterior circulation (Q1). It is proposed that cerebral blood flow regulation is different in the posterior
cerebral conduit arteries compared to the anterior cerebral conduit arteries to hypoxia to preferentially maintain circulation of the posterior regions
of the brain involved in homeostatic and cardiorespiratory control. However, due to small sample sizes, unilateral measurements of cerebral conduit
arteries, and a limited number of studies which have directly measured vascular tone changes, evidence of regional differences in vascular tone
and cerebral blood flow regulation between the anterior and posterior cerebral conduit arteries during hypoxia remains equivocal (Q2 & 3).
Unilateral measurements of the posterior cerebral conduit arteries may not be reflective of the true bilateral cerebral blood flow regulation if lateral
arteries are asymmetrical in size and blood flow (Q4). Chapter 5) Due to differences in vascular tone, the posterior circulation is proposed to have
a greater capability to dampen fluctuations in blood pressure than the anterior circulation during normoxia at rest. To date, there is only one study
that has explored regional intracranial artery regional dynamic cerebral autoregulation during hypoxia. Therefore, concurrent intracranial and
extracranial artery regional dynamic cerebral autoregulation differences to capture volumetric and vasoactive regulation during hypoxia is yet to
be explored (Q5). Chapter 6) The differences in dynamic cerebral autoregulation between the anterior and posterior cerebral conduit arteries may
be a consequence of a lower resting vascular tone in the posterior circulation in response to an increased neuronal metabolic demand of the visual
cortices caused by individuals eyes being open during cerebrovascular assessments (Q6). Abbreviations; AMS, acute mountain sickness; CBF,
cerebral blood flow; CBv, cerebral blood velocity; dCA, dynamic cerebral autoregulation; HUT, head-up tilt; MAP, mean arterial pressure; MCA,
middle cerebral artery; NO, nitric oxide; PCA, posterior cerebral artery; VA, vertebral artery; VAH, vertebral artery hypoplasia. Created with
BioRender.com.
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Chapter Three

Between-trial reliability of duplex and transcranial Doppler

ultrasound measurements in the cerebral conduit arteries
3.1 Abstract

Haemodynamics of the cerebral conduit arteries can be measured using duplex and transcranial
Doppler ultrasound (TCD) ultrasound. Reliability of these measurements is operator
dependent, with guidelines suggesting that an intra-rater reliability assessment should be
completed before investigative research. This study aimed to determine the between-trial
reliability of cerebral haemodynamics acquired by duplex ultrasound and TCD. The
relationship between logged hours of practice and reliability was also investigated. Thirty-five
young healthy participants were recruited across four studies. Each study consisted of two trials
of 10-min rest at the same time of day separated by a minimum of 24h. Blood velocity, vessel
diameter, and blood flow of the common carotid artery, internal carotid artery, and vertebral
artery were assessed from the Siemens (at 50h and 100h practice) and Terason (200h) duplex
ultrasound. Blood velocity of the middle cerebral artery and the posterior cerebral artery were
assessed from Spencer Technologies (50h) TCD. Reliability was determined by the coefficient
of variation (CV) and intra-class coefficient (ICC). Reliability of blood flow for all arteries in
the Siemens was improved with practice from poor—good at 50h (CV = 11-24 %, ICC = 0.39—
0.78) to good—excellent at 100h (CV = 6-11%, ICC = 0.88-0.91). Excellent reliability was
reported in the Terason (CV 4-8%, ICC >0.94). TCD also showed excellent reliability (CV 2—
3%, ICC >0.98). In conclusion, excellent between-trial reliability of cerebral hemodynamic
measures acquired by duplex and TCD ultrasound is achievable, although at least 100h practice

is required.
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3.2 Introduction

Doppler ultrasound is a non-invasive, portable technique with high temporal resolution that can
be used to produce real-time measurements of cerebral haemodynamics (Ng & Swanevelder,
2011; Oglat et al., 2018). High-frequency sound waves are emitted from the transducer and
propagate through soft tissue to be either absorbed by the tissue or reflected to the transducer.
Within an insonated blood vessel, the velocities of all moving blood cells are presented as a
spectral display forming the Doppler signal and are calculated from the difference between the
received and transmitted pulses using the Doppler frequency shift formula below (Ng &

Swanevelder, 2011; Oglat et al., 2018).

2 X (Velocity of Reflector (cm/s) X Incident Frequency X cos (8)
Propagation Speed

Doppler Frequency Shift =

Propagation speed is dependent on the medium the ultrasound beam is emitted into, which for
soft tissue is approximately 1541 m/s. Incident frequency is the transducer frequency and theta
(0) 1s the angle of insonation or Doppler angle between the ultrasound beam from the transducer
and tissue or organ of interest. It is essential that the Doppler angle remains < 60° since cosine
values at larger Doppler angles [e.g., cos (90°) = 0] cause large blood velocity overestimations
(Oglat et al., 2018; M. Y. Park et al., 2012). For example, the error in blood flow volume
calculation for a 5° deviation in Doppler angle from 60° leads to a 18.4% error (Thomas et al.,

2015).

Transcranial Doppler ultrasound (TCD) is type of Doppler ultrasound which can be used to
assess velocity of red blood cells in the conduit arteries within the cranium. Low frequency
transducers (2.0-3.5 MHz) that can penetrate through thin portions of the temporal bone are
secured to the skull with the addition of a headband enabling continuous measurements of beat-
to-beat blood velocity. A variety of standardised acoustic windows are available to insonate a
variety of conduit arteries within circle of Willis (Purkayastha & Sorond, 2012). TCD does not
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provide an image of the vessel, therefore requires the sonographer to be experienced insonating
the blood vessel by the visual Doppler spectra and audible Doppler shift, in addition to such

vessel identification approaches like the transient carotid compression test.

Duplex ultrasound can concurrently measure blood velocity and blood vessel diameter to
enable calculations of volumetric blood flow. Pulse wave Doppler imaging mode displays the
spectral Doppler signal to calculate blood velocity of moving red blood cells. Brightness mode
(B-Mode) offers a greyscale 2-dimensional image of the blood vessel, where the brightness of
the image is based on the amplitude or intensity of each reflected sound wave and its depth and
can be used to image an artery in the longitudinal axis to measure blood vessel diameter. B-
mode imaging also ensures that the Doppler spectra waveform represents the flow profile of
all moving red blood cells within the cerebral artery, often a parabolic-shaped laminar flow
profile, by adjusting the Doppler gate to the width of the vessel (Oglat et al., 2018). Despite
the benefits of duplex ultrasound, there is a known ‘trade-off” between Doppler imaging and
B-Mode imaging (Thomas et al., 2015). For optimal B-mode resolution the transducer should
be orientated perpendicular to blood vessel, whereas for acceptable estimations of blood
velocity the Doppler imaging angle must be < 60° which may require further transducer
orientation (M. Y. Park et al., 2012; Thomas et al., 2015). The Doppler angle can be visualised
on B-mode imaging and adjusted appropriately in relation to the blood vessel using an in-built
beam steering function and various transducer manipulation skills. In an untrained
sonographer, tiny alterations in a Doppler angle and/or a loss of resolution on the B-Mode
image causing inaccuracies in diameter can cause gross deviations to flow volume estimations

(Schoning et al., 1994; Thomas et al., 2015).

Doppler ultrasound techniques require highly skilled operators to acquire accurate high-quality
images of the cerebral arteries. To achieve proficiency, novice sonographers should develop a
full understanding of the cerebrovasculature anatomy, learn how best to visualise the cerebral
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arteries using journal guides and video demonstrations of transducer manipulation and
ultrasound machine-specific ‘knobology’, and should complete over > 150 scans of each artery
of interest with guided feedback from a trained sonographer (Bahner et al., 2016; Ihnatsenka
& Boezaart, 2010; Thomas et al., 2015). Before completing investigative research, assessments
of intra-rater reliability should be conducted as evidence of proficiency in Doppler ultrasound
techniques, such as the intra-class correlation coefficient (ICC) and the recommended

coefficient of variation (CV) of < 10 % (Thomas et al., 2015).

The primary aim of this study was to determine the between-trial reliability of cerebral
haemodynamics acquired by Siemens and Terason duplex ultrasound devices, and Spencer
Technologies TCD. We also aimed to examine the relationship between logged hours of
practice and reliability between the Siemens device at 50 h and 100 h. Three separate between-
trial reliability studies using duplex ultrasound were completed in the common carotid arteries
(CCA), the internal carotid arteries (ICA), and the vertebral arteries (VA); two using the
Siemens (logged practice: 50 h and 100 h) and one using Terason (logged practice: 200 h).
Reliability of Spencer Technologies TCD (logged practice: 50 h) was measured in the middle

cerebral arteries (MCA) and the posterior cerebral arteries (PCA).

3.3 Methods

Ethical Approval

Ethical approval for these studies was obtained from Bangor University (Siemens duplex
ultrasound: proposal number P07-18/19, accepted 05/03/2019, Appendix 1; Terason duplex
ultrasound and TCD: proposal number P05-20/21, accepted 03/02/2021, Appendix 3) and was
conducted following the standards of the Declaration of Helsinki 2013, except for registration

in a database, with written informed consent obtained from all participants.
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Participants

Sample cohort

Study 1 2 3 4
Device type Duplex Duplex Duplex TCD
Ultrasound Ultrasound Ultrasound

Manufacturer Si . Spencer

iemens Siemens Terason .
Technologies

Logged practice (h) 50 100 200 50

Sample size (N) 10 10 5 10

Male:Female 6:4 8:2 4:1 6:4

Age (yr) 26+ 3 24+ 4 30+6 29+5

Height (cm) 176.3+9.2 179.0+9.4 178.7 £ 6.0 175.5+5.8

Weight (kg) 69.8+9.5 68.3+54 177.3+115 ]76.9+11.9

Participants were non-smokers, and free from cardiovascular, haematological, and neurological
disease. Participants were instructed to refrain from consuming alcohol and from undertaking
exhaustive exercise within 24 h of visiting the laboratory and were instructed to match their

diet and supplement intake, including caffeinated beverages, before each trial.
Experimental design and measurements

For each between-trial reliability study, participants completed two trials at the same time of
day separated by a minimum of 24 h and measurements were collected after 10-min period of

rest by a single sonographer (AF).
Duplex ultrasound measurements

Three between-trial reliability studies were completed using duplex ultrasound, twice with the
Siemens at 50 h and 100 h and once on with the Terason at 200 h. All duplex ultrasound
measurements were collected in the supine position, at 30 frames per second, and as per
recommended technical guidelines (Thomas et al., 2015). High-resolution B-mode images
were used to measure vessel diameter. Flow velocity was measured using Doppler velocity

spectrum with the cursor set in the centre of the vessel with a 60° angle of insonation with the
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Doppler gate adjusted to fill the size of the vessel. The left and right artery of the CCA, ICA,
and VA were measured by left- and right-handed assessments, respectively. The CCA were
measured 2 cm proximal to the carotid bifurcation, the ICA were measured 1.0-1.5 cm distal
to the carotid bifurcation, and the VA were measured between C3 and the subclavian artery.
The location was chosen based on the position that ensured no turbulent or retrograde flow and

that was most reproducible for each individual between trials.

Siemens: Two between-trial reliability studies were conducted, one at 50 h and one at 100 h of
logged practice in order to examine the relationship between practice and reliability. Duplex
ultrasound measurements were collected using a 12 MHz linear transducer (Siemens Acuson
X300, Siemens Healthcare, GMbH; Erlanden: Germany). To improve the accuracy of the blood
flow measurements and minimise the trade-off between B-mode and pulsed-wave Doppler
mode (Thomas et al., 2015), vessel diameter and flow velocity measurements were collected

in consecutive 30 s recordings with care taken to maintain the same position within the artery.

Terason: This between-trial reliability study was conducted after 200 h of logged practice.
Systolic blood pressure, diastolic blood pressure, and calculated mean arterial pressure (MAP),
were acquired from the brachial artery (Model M6 AC ME, Omron Healthcare Co., Ltd, Kyoto,
Japan). Duplex ultrasound measurements were collected using a 15 MHz linear transducer
(uSmart 3300, Terason, Burlington, MA, USA). Simultaneous B-mode and pulse wave mode
imaging were used to measure each artery in consecutive 30 s recordings with care taken to

maintain the same position within the artery.

Transcranial Doppler ultrasound measurements

This between-trial reliability study was conducted at 50 h of logged practice. Participants were
positioned in a semi-recumbent position for TCD measurements. Beat-to-beat systolic blood

pressure, diastolic blood pressure, and calculated MAP were measured from the finger arterial
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waveform (Finometer Midi, Finapres Medical Systems, Netherlands). Cerebral blood velocity
of the MCA and PCA were measured using two 2 MHz probes placed over the left and right
transtemporal windows and secured in place via an adjustable head piece (PMD150, Spencer
Technologies, Seattle, WA, USA). Insonation of each vessel was achieved using standardised
procedures (Willie et al., 2011), with probe position and signal depth noted to replicate the
placement between sessions. The MCA and PCA were assessed only on one side as determined
by the strongest signal achievable. Confirmation of MCA and PCA were confirmed by

responses to transient carotid compression test.
Data Processing
Duplex ultrasound

All duplex ultrasound data was captured and stored for subsequent offline analysis by an
investigator blinded to the condition of the experimental trials. Offline analysis was adapted
from standardised procedures described elsewhere (Hoiland et al., 2017; Ogoh et al., 2013).
Blood flow was averaged from 10 cardiac cycles to minimise the impact of respiration and was

calculated using the following equation:
Blood flow (ml-min™?) = [TAMXx (cm-s™1)2] x [r x (mean artery diameter (cm)?2)?] x 60

Where half of the time-averaged maximum velocity (TAMX; also known as peak envelope
velocity) was used as an estimation of mean blood velocity (Seidel et al., 1999) and mean vessel
diameter was measured using an automated edge-detection tracking software (Brachial
Analyser, Medical Imaging Applications, lowa, USA). Specifically, for the Siemens mean
vessel diameter was calculated from a weighted average of the peak systolic and diastolic
diameters across 10 cardiac cycles [(systolic diameter x 3) + (diastolic diameter x %3)], whereas
for the Terason mean vessel diameter was calculated only from end-diastolic diameters across

10 cardiac cycles.
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Transcranial Doppler ultrasound

Continuous beat-to-beat measurements of blood velocity of the MCA and PCA, and systolic
and diastolic blood pressure were all acquired continuously at 1 kHz using an analog-to-digital
converter (Powerlab 16/35; ADInstruments, Colorado Springs, CO, USA) and interfaced on a
computer in real time using LabChart software (LabChart 8, ADInstruments). Resting time-
averaged maximum values of MCAv and PCAv, and MAP were determined from each R-R

interval and averaged over a five-minute period.

Statistical Analysis

Statistical analysis was conducted using SPSS Statistics v27 (IBM Corp., Armonk, NY, USA)
and figures were created in GraphPad Prism (GraphPad Software, San Diego, CA, USA).
Values are mean + standard deviation unless otherwise stated. Cardiovascular variables were
analysed using a paired t-test and statistical significance was set at P < 0.05. For reliability
studies, it is recommended to present the mean CV from individual CVs in the sample, rather
than the sample CV (Atkinson & Nevill, 1998). Therefore, each artery within a participant was
calculated with a CV using the following equation [(standard deviation of trial 1 and trial 2 /
mean average of trial 1 and trial 2) multiplied by 100] and the mean CV from all participants
was calculated as the operator between-trial reliability. The recommended CV for duplex
ultrasound measurements is < 10 % (Thomas et al., 2015). ICC was calculated as the absolute
agreement using a two-way random model between trial 1 and trial 2. An ICC value < 0.49 was
considered poor reliability, 0.50-0.74 indicated moderate reliability, 0.75-0.89 indicated good

reliability, > 0.90 indicated excellent reliability (Koo & Li, 2016).
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3.4 Results

MAP was measured during Terason duplex ultrasound and Spencer Technologies TCD studies
only. MAP was similar on trial 1 (Terason: 84.2 + 3.3 and TCD: 90.7 + 5.6 mmHg) and trial 2

(82.0 £ 5.2 and 94.0 + 12.5 mmHg, P = 0.46 and P = 0.34, respectively).

Duplex ultrasound

Resting values and the respective reliability indices of left and right CCA, ICA, VA vessel
diameter, blood velocity, and blood flow measured by the Siemens duplex ultrasound are
presented in Table 3.1. When the mean CV and ICC were calculated from the left and right
arteries, Siemens 50 h CV for vessel diameter, blood velocity and blood flow, and ICC of blood
flow showed poor—moderate reliability; CCA (CV = 3.7 £ 2.6%, 8.3 £ 8.0%, 10.9 £ 11.2% and
ICC =0.78), ICA (CV = 7.7 + 6.2%, 6.9 + 3.4%, 13.9 + 10.9% and ICC = 0.61), and VA (CV
= 9.0 + 14.0%, 9.6 £ 8.6%, 23.7 + 21.8%, and ICC = 0.39). Reliability was improved with
increasing hours of logged practice (Figure 3.1), as Siemens 100 h CV for vessel diameter,
blood velocity, and blood flow, and ICC for blood flow showed good-excellent reliability;
CCA(CV=24+£18%,49+4.1%,5.5+3.8%,and ICC =0.91), ICA(CV=4.0+£3.1%, 7.2
+5.1%, 11.2 + 8.8% and ICC = 0.88), and VA (CV =2.4 + 1.5%, 6.8 £ 5.1%, 8.5 £ 5.3%, and

ICC = 0.91).

Resting values and the respective reliability indices of left and right CCA, ICA, VA vessel
diameter, blood velocity and blood flow measured by the Terason duplex ultrasound are
presented in Table 3.2. The Terason mean CV for vessel diameter, blood velocity, and blood
flow, and ICC of blood flow showed excellent reliability; CCA (CV = 1.3 £ 1.0%, 6.1 + 5.0%,
5.4+ 4.2%,and ICC=0.94), ICA(CV=1.1+£1.0%, 3.1 +£2.9%, 4.1 + 3.5% and ICC = 0.96),

and VA (CV=14+£1.0%7.3+4.5%, 7.6 £3.7%, and ICC = 0.95).
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Day 1 Day 2 CV (%) ICC

Common carotid artery (left)

Vessel diameter (mm) 646 + 036 668 + 034 29 + 18 0.803

Blood velocity (cm-s?) 462 + 52 455 + 6.2 31 + 27 0.945

Blood flow (ml-mint) 452 + 44 478 + 71 59 * 47 0.755
Common carotid artery (right)

Vessel diameter (mm) 660 + 044 660 + 026 19 + 17 0.848

Blood velocity (cm-s?) 478 + 60 460 + 44 66 + 45 0.648

Blood flow (ml-min) 490 + 67 472 + 50 52 = 30 0.877
Internal carotid artery (left)

Vessel diameter (mm) 517 + 059 505 + 056 36 + 27 0.907

Blood velocity (cm-s?) 491 £+ 56 471 + 79 72 + 40 0.805

Blood flow (ml-min) 310 + 59 280 + 47 115 £ 76 0.654
Internal carotid artery (right)

Vessel diameter (mm) 501 + 048 513 + 053 44 + 36 0.798

Blood velocity (cm-s?) 503 + 9.7 517 + 106 7.1 % 6.2 0.858

Blood flow (ml-min) 299 + 78 316 + 55 11.0 + 102 0.716
Vertebral artery (left)

Vessel diameter (mm) 386 + 045 391 + 044 21 = 17 0.969

Blood velocity (cm-s?) 294 + 61 291 = 7.0 72 * 538 0.902

Blood flow (ml-min) 106 + 36 107 + 37 94 + 58 0.939
Vertebral artery (right)

Vessel diameter (mm) 355 £ 051 347 + 045 26 = 14 0.972

Blood velocity (cm-s™) 278 + 58 278 + 6.3 6.3 + 45 0.932

Blood flow (ml-mint) 85 * 33 80 + 28 77 * 438 0.967

Table 3.1. Between-trial variation of cerebrovascular haemodynamics of the extracranial
arteries at rest using Siemens duplex ultrasound with 100 h of logged practice. Extracranial
arteries were measured on two trials separated by at least 24 h. The left and right common
carotid, internal carotid, and vertebral arteries were assessed by the left- and right-hand,
respectively. The coefficient of variation (CV) and intra-class correlation (ICC) were
calculated as an index of inter-rater reliability. Values are means + standard deviation.
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Figure 3.1. Coefficient of variation of the extracranial arteries measured using Siemens
duplex ultrasound by logged hours of practice. Coefficient of variation of vessel diameter
(a), blood velocity (b), and blood flow (c) in the left (circle) and right (triangle) common carotid
artery (CCA, red), internal carotid artery (ICA, blue), and vertebral artery (VA, green) from
repeat between-trial reliability studies with increasing hours of logged practice. Reliability was
assessed at 50 h (left N = 6, right N = 4) and at 100 h (left and right N = 10) using the Siemens
duplex ultrasound. A dotted line marked at 10% represents the recommended guidelines for
proficiency in duplex ultrasound of the extracranial arteries (Thomas et al., 2015). Values are
mean + standard deviation.
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Day 1 Day 2 CV (%) ICC

Common carotid artery (left)

Vessel diameter (mm) 680 + 039 678 + 045 09 + 07 0.984

Blood velocity (cm-s?*) 437 + 68 444 + 24 64 + 64 0577

Blood flow (ml-min) 478 + 89 482 + 67 50 = 49 0.930
Common carotid artery (right)

Vessel diameter (mm) 693 + 050 703 + 052 16 + 12 0.963

Blood velocity (cm-s?) 424 + 6.3 449 + 75 57 + 39 0.89%

Blood flow (ml-min‘) 478 + 77 522 + 101 58 + 39 0.915
Internal carotid artery (left)

Vessel diameter (mm) 493 + 036 497 £ 031 07 = 07 0.992

Blood velocity (cm-s*)  49.2 + 94 485 + 7.3 31 = 33 0.995

Blood flow (ml-min‘t) 285 + 74 284 + 64 33 £ 31 0985
Internal carotid artery (right)

Vessel diameter (mm) 503 £ 041 498 + 044 15 =+ 11 0.977

Blood velocity (cm-s*) 476 * 6.7 46.1 + 8.1 30 = 28 0994

Blood flow (ml-min‘) 280 + 24 269 + 39 50 =+ 39 0884
Vertebral artery (left)

Vessel diameter (mm) 393 £+ 054 393 + 043 17 £ 13 0.988

Blood velocity (cm-s*) 280 * 2.2 28.1 + 45 70 = 45 0.633

Blood flow (ml-min?) 104 + 33 103 + 26 85 = 41 0932
Vertebral artery (right)

Vessel diameter (mm) 350 £ 049 347 = 045 11 £ 0.7 0.995

Blood velocity (cm-s*)  27.8 * 4.6 288 + 6.1 76 = 50 0.884

Blood flow (ml-min?) 81 + 25 84 + 29 6.8 +* 34 0.980

Table 3.2. Between-trial variation of cerebrovascular haemodynamics of the extracranial
arteries at rest using Terason duplex ultrasound with 200 h of logged practice. The
extracranial arteries were measured on two trials separated by at least 24 h. The left and right
common carotid, internal carotid, and vertebral arteries were assessed by the left- and right-
hand, respectively. The coefficient of variation (CV) and intra-class correlation (ICC) were
calculated as an index of inter-rater reliability. Values are means + standard deviation.
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Transcranial Doppler ultrasound

There was excellent reliability for blood velocity of the MCA (CV =2.5 £ 2.6 %, ICC = 1.00,

Table 3.3) and PCA (CV = 2.6 £ 3.0 %, ICC = 0.98).

Trial 1 Trial 2 CV (%) ICC
Middle cerebral artery
Blood velocity (cm-s?) 522 + 149 518 + 146 25 + 26 0.996
Posterior cerebral artery
Blood velocity (cm-s™?) 447 + 105 441 + 98 26 = 30 0.979

Table 3.3. Between-trial variation of blood velocity of the intracranial arteries at rest
using Spencer Technologies transcranial Doppler ultrasound. The intracranial arteries
were measured on two trials separated by at least 24 h. The coefficient of variation (CV) and
intra-class correlation (ICC) were calculated as an index of inter-rater reliability. VValues are
means + standard deviation.

3.5 Discussion

Main findings

The primary aim of this study was to determine the between-trial intra-rater reliability of
cerebral haemodynamics acquired by Siemens and Terason duplex ultrasound devices, and
Spencer Technologies TCD. We also aimed to examine the relationship between logged hours
of practice and reliability in the Siemens device. Reliability of blood flow in the Siemens was
improved with practice from poor—good at 50 h (CV = 11-24 %, ICC = 0.39-0.78) to good—
excellent at 100 h (CV = 6-11 %, ICC = 0.88-0.91). We report excellent reliability in the
Terason for all extracranial arteries (CCA, ICA, and VA; CV < 7.6% and ICC > 0.94). We also
reported excellent reliability in TCD measurements of the MCA and PCA blood velocity with

an ICC >0.98 and a CV < 3.0%.
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Reliability of cerebral blood flow measurements

The resting cerebrovascular values for vessel diameter, blood velocity, and blood flow reported
here are similar to that previously reported (Scheel, Ruge, & Schoning, 2000; Scheel, Ruge,
Petruch, et al., 2000; Schoning et al., 1994). The CV varied depending on the cerebral
haemodynamic variable of interest, with blood flow (CV = 7.6-11.2 %) having the largest CV
(worst reliability) compared to vessel diameter (CV = 1.1-4.0 %) and blood velocity (CV =
3.1-7.2 %). The recommendation of achieving a CV < 10 % stated by Thomas et al., (2015)
does not specify whether this is for measurements of vessel diameter, blood velocity, or blood
flow. Blood flow is frequently the primary variable of interested when using duplex ultrasound,
but since it is the product of vessel diameter and blood velocity, the CV of blood flow is reliant
on the reliability of these two measurements. This study showed that to achieve a CV < 10%
in blood flow, the range in CV across arteries for vessel diameter is narrower in comparison to
the CV of blood velocity (Tables 3.1 and 3.2, Figure 3.1), which is expected as the non-linear
relationship between Doppler angle and estimations of blood velocity by duplex ultrasound
would cause more variability between repeated measurements. An excellent CV of vessel
diameter ensures that measurements are reliable to detect alterations in vascular tone
particularly during investigations where evidence is equivocal, such as exposure to acute
hypoxia (Lewis et al., 2014; Ogoh et al., 2013). We advise that the CV for each cerebral

haemodynamic variable of interest is reported for duplex ultrasound.

The reliability of blood velocity when measured in the MCA and PCA by TCD was better than
duplex ultrasound (Table 3.3, CV < 3%) and may be explained by the fixed position of the
Doppler probes on the headframe minimising movement and limited insonation windows that
reduce possible insonation and measurement variability. Fixation of Doppler probes in duplex

ultrasound has been applied during prolonged procedures, such as flow mediated dilation of
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the brachial artery, and might be explored in future with an aim to reduce duplex ultrasound

measurement of the cerebral haemodynamics.

Practice and duplex ultrasound machine type

Between-trial reliability of cerebral haemodynamics measurements acquired by duplex
ultrasound is improved with practice where reliability is poor—moderate at 50 h improving to
good—excellent at 100 h. Moreover, not all extracranial arteries require the same hours of
practice to achieve a good reliability in duplex ultrasound measurements of blood flow (Figure
3.1). Location differences between the cerebral arteries likely impact the necessary practice
and skill required to image each artery successfully and justify the recommendation to scan the
artery of interest a minimum of 150 times (Thomas et al., 2015). Accessibility to the ICA can
be obstructed by the jawbone and reliable measurements of blood flow may be restricted due
to the positioning of the carotid bifurcation and its corresponding turbulent flow. Similarly,
producing clear images of the VA diameter may be impacted by the positioning of the vertebrae
and signal strength may be reduced due to its deeper location in the tissue. Anatomical
variability within a cerebral artery is a topic of many investigations (Hart, 2016; Sato et al.,
2015; Warnert, Hart, et al., 2016; Warnert, Rodrigues, et al., 2016) and can cause large
variability in image quality between individuals as seen with a large standard deviation in the
VA at 50 h (Figure 3.1). To ensure reliable and accurate images of arteries are collected, pre-
screening participants before experimental trials has become common practice (Hoiland et al.,

2017). We also advise that a separate reliability CV is reported for each artery of interest.

The reliability of TCD had benefited from the previous practice of the duplex ultrasound since
the logged hours of TCD practice were considerably less (approx. 50 h). Transferable skills

between duplex ultrasound and TCD is not unexpected since both require a full understanding
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of the cerebrovasculature anatomy, transducer manipulation skills, and ultrasound machine-

specific settings.

In addition to increased logged hours of practice, differences in hardware and software between
the Siemens and Terason will have contributed to improvements in reliability. The Terason
uses a higher transducer frequency for better image resolution in B-mode, can alter the screen
size ratio used by B-mode and pulse wave mode, and has a greater capacity to collected
measurements with concurrent B-mode and pulse wave mode imaging (triplex mode). When
measuring in triplex mode in the Siemens, the processing capacity of the ultrasound is split,
with the transducer frequency in B-mode reduced to accommodate the overwriting Doppler
spectra in pulse wave mode. In turn, the Doppler scale (as determined by the pulse repetition
frequency) is limited, so high blood velocity traces (such as in the CCA) can cause aliasing.
Therefore, to overcome this trade-off and ensure accurate vessel diameter and blood velocity
measurements the Siemens required consecutive collections. In contrast, the Terason has a
higher ceiling before this is an issue and therefore can measure vessel diameter and blood
velocity concurrently, which is essential for non-steady state measurements e.g., rapid thigh

cuff deflation for assessments of dynamic cerebral autoregulation.

Conclusions

In conclusion, duplex and TCD ultrasound acquired measurements of cerebral haemodynamics
in the extracranial and intracranial arteries had excellent between-trial reliability. To achieve
excellent between-trial reliability of cerebral haemodynamics acquired by duplex ultrasound

requires at least 100 h of practice.
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Chapter Four

Bilateral regional extracranial blood flow regulation to

hypoxia and unilateral duplex ultrasound measurement error

4.1 Abstract

Whether blood flow regulation to hypoxia is similar between left and right internal carotid
arteries (ICA) and vertebral arteries (VA) is unclear. Extracranial blood flow is regularly
calculated by doubling a unilateral assessment; however, lateral artery differences may lead to
measurement error. This study aimed to determine extracranial blood flow regulation to
hypoxia when factoring for vessel type (ICA or VA) and vessel side (left or right) effects, and
investigate unilateral assessment measurement error compared to bilateral assessment. In a
repeated-measures crossover design, extracranial arteries of 44 participants were assessed
bilaterally by duplex ultrasound during 90 min of normoxic and poikilocapnic hypoxic (12.0%
fraction of inspired oxygen) conditions. Linear mixed model analyses revealed no ‘Condition’
X ‘Vessel Type’ X ‘Vessel Side’ interaction for blood flow, vessel diameter, and flow velocity
(all P > 0.05) indicating left and right ICA and VA blood flow regulation to hypoxia was
similar. Bilateral hypoxic reactivity was comparable [ICA, 1.4 (1.0) vs VA, 1.7 (1.1)
A%-ASpO2t; P =0.12]. Compared to bilateral assessment, unilateral mean measurement error
of the relative blood flow response to hypoxia was up to 5%, but individual errors reached 37%
and were greatest in ICA and VA with the smaller resting blood flow due to a ratio-scaling
problem. In conclusion, left and right ICA and VA regulation to hypoxia is comparable when
factoring for vessel type and vessel side. Assessing the ICA and VA vessels with the larger

resting blood flow, not the left or right vessel, reduces unilateral measurement error.
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4.2 Introduction

Cerebral blood flow regulation is critical to support oxygen delivery to match the high
metabolic demand of the brain and to maintain normal neurovascular function (Ogoh, 2017;
Willie, Tzeng, et al., 2014). During acute hypoxia when arterial oxygen content is reduced,
global cerebral blood flow increases (Hoiland et al., 2018). However, hypoxia-induced changes
in blood flow are not uniform across the brain (Lawley et al., 2017; Rossetti et al., 2020), which
may in part relate to different regulation of blood flow at the extracranial arteries (Lewis et al.,

2014; Ogoh et al., 2013; Subudbhi et al., 2014; Willie et al., 2012).

Regional extracranial blood flow regulation can be measured non-invasively by duplex
ultrasound of the vertebral arteries (VA) that feed the homeostatic posterior brain regions, and
the internal carotid arteries (ICA) that feed the more functional anterior brain regions. In
response to hypoxia, absolute increases in blood flow within the ICA are greater than the VA
(Lafave et al., 2019). When indexed as a relative response some evidence indicates that the
blood flow increase to hypoxia in the VA is greater than in the ICA (Lewis et al., 2014; Ogoh
et al., 2013; Subudhi et al., 2014; Willie et al., 2012). Although the majority of literature
reporting differences between ICA and VA blood flow regulation has been in response to
hypoxia, the greater relative response in the VA has also been observed in response to other
stressors including carbon dioxide, orthostasis, and exercise, and is proposed as a mechanism
to preferentially maintain posterior blood flow to the homeostatic brain regions (Sato et al.,
2016; Sato, Fisher, et al., 2012; Sato, Sadamoto, et al., 2012). Despite this compelling
argument, a disparity exists within the literature with a similar number of studies failing to
report differences between the ICA and VA blood flow regulation to hypoxia (Hoiland et al.,
2017; Lafave et al., 2019; Willie, Smith, et al., 2014). It is also contentious whether the increase
in blood flow to hypoxia at the extracranial arteries is regulated by a change in vessel diameter

(Lewis et al., 2014) or not (Ogoh et al., 2013).
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In contrast to the study of ICA (anterior) versus VA (posterior) extracranial regional blood flow
response to hypoxia, the effect of vessel side has yet to be considered in studies using duplex
ultrasound. Regulation of extracranial blood flow to hypoxia is typically assessed by doubling
unilateral measurements of the ICA and VA. Reports suggest that at rest the left and right ICA
have equal blood flow, whereas the right VA has 20-30% less blood flow than the left VA as
a consequence of its smaller resting vessel diameter (Khan et al., 2017; Schoning et al., 1994).
Anatomical variations in the aortic branching that alter shear stress and vascular resistance
between arteries have been proposed as a possible mechanism for the difference in lateral
extracranial blood flow (Hu et al., 2013; van Campen et al., 2018). Moreover, intra- and
extracranial cerebrovasculature have the capacity for compensatory collateral flow as
demonstrated during and after vessel occlusion (Romero et al., 2010; J. Wang et al., 2019), and
immediately after endarterectomy (Aleksic & Brunkwall, 2009; J. Wang et al., 2019).
Therefore, the interplay between extracranial artery vessel type (ICA or VA) and vessel side
(left or right) should be considered when investigating the global haemodynamic response to a

stressor.

Another possible explanation for the equivocal findings in regional extracranial blood flow
regulation to hypoxia is the method by which extracranial blood flow data is acquired and
expressed. In assessments of brachial artery vascular function by flow-mediated dilation
(FMD), a negative correlation between resting brachial artery diameter and the percentage
change in diameter suggests that the calculation of diameter percentage change in smaller
brachial arteries overestimates the relative FMD response (Atkinson et al., 2013; Atkinson &
Batterham, 2013a, 2013b). Further, brachial arteries with smaller diameters displayed more
varied responses than those with large diameters. Consequently, the relatively larger blood flow
increase to hypoxia in the VA compared to ICA previously reported (Lewis et al., 2014; Ogoh

et al., 2013; Subudhi et al., 2014; Willie et al., 2012) may be a product of a ratio-scaling
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problem arising from random intra-individual lateral anatomical and resting blood flow
differences, more prominent in the VA than the ICA, when unilateral rather than bilateral

measurements are used.

The primary aim of this study was to determine the extracranial blood flow regulation to acute
poikilocapnic hypoxia when factoring for vessel type (ICA or VA) and vessel side (left or right)
effects. In this study, we assessed left and right ICA and VA blood flow, vessel diameter, and
flow velocity by duplex ultrasound. We hypothesised that when factoring for vessel type and
vessel side extracranial blood flow regulation to hypoxia would be similar in left and right ICA
and VA. The secondary aim of this study was to investigate the measurement error in unilateral
compared to bilateral calculations of extracranial blood flow. Although other stimuli might be
used (e.g. carbon dioxide, exercise), we chose to examine the extracranial measurement error
to acute poikilocapnic hypoxia as it has previously been shown to increase cerebral blood flow
by approximately 30% for a 1-2 h period (Lewis et al., 2014; Morris et al., 2017). Based on
the previously identified ratio-scaling problem with FMD, we hypothesised that a negative
relationship would exist between extracranial artery resting normoxic blood flow and the
relative blood flow response to hypoxia. We also expected that extracranial arteries with the
smaller resting blood flow would have a more varied relative blood flow response to hypoxia
than those arteries with larger resting blood flows. Consequently, the measurement error to the
relative blood flow response to hypoxia was hypothesised to be greater when calculated from
doubling a unilateral measurement of the lateral extracranial artery with the smaller resting

blood flow.

76



4.3 Methods

Ethical Approval

Ethical approval for this study was obtained from Bangor University (proposal number 2019-
16489, accepted 11/03/2019, Appendix 2) and was conducted following the standards of the
Declaration of Helsinki 2013, except for registration in a database, with written informed

consent obtained from all study volunteers.
Participants

Forty-four young healthy participants were recruited in this study [17 female, 24 (5) yr, 177
(9) cm, 72 (9) kg, haemoglobin 15 (1) g-dL %, haematocrit 44 (4) %]. Participants were non-
smokers, and free from cardiovascular, haematological, and neurological disease. Participants
had not resided overnight at an altitude of > 2500 m within the last six months. Participants
were screened for vascular abnormalities to ensure reliable ICA and VA ultrasound images
could be acquired. To minimise the impact of fluctuations in sex hormones on blood flow
measurements (Krejza et al., 2001) female participants were included if they had contraceptive-
induced amenorrhea or a regular menstruating cycle. Participants with a regular menstrual
cycle were tested during the early follicular phase (day 1 to 7) or the placebo phase of the oral
contraceptive. Participants were instructed to refrain from consuming alcohol and from
undertaking exhaustive exercise within 24 h of experimental trials. Experimental trials were
completed at the same time of day and participants were encouraged to match their diet and

supplement intake, including caffeinated beverages, before arrival at the laboratory.
Study Design

A repeated-measures, crossover design was used where each participant completed two

experimental trials separated by a minimum of 48 h. Experimental trials consisted of a 90 min
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exposure to either normoxia (fraction of inspired oxygen [FiO2] = 20.9%) or poikilocapnic
hypoxia (FiO2 = 12.0%) in a temperature [26 (2) °C] and humidity [30 (4) %] controlled

environmental chamber (Hypoxico Inc, New York, USA).
Experimental procedures

On entry to the chamber, participants were instrumented with a 3-lead electrocardiogram, pulse
oximeter, and a blood-pressure cuff to measure heart rate, peripheral arterial oxygen saturation
(SpO2; Model 9590 Oximeter; Nonin Medical Inc. Minnesota, USA), and mean arterial blood
pressure (MAP; Model M6 AC ME, Omron Healthcare Co., Ltd, Kyoto, Japan), respectively.
After 20 min participants lay supine for 10 min before a facemask was attached to measure the
partial pressure of end-tidal carbon dioxide (PeTCO,) and minute ventilation (VE) for 5 min
(Metalyzer 3B, CORTEX Biophysik, GmbH; Leipzig; Germany). Following this, blood flow
measurements of the left and right ICA and VA were completed by duplex ultrasound.
Cardiovascular measurements were obtained at 30 min intervals and respiratory measurements

were obtained at minute 30 and 90.
Duplex ultrasound acquisition and analysis

All extracranial blood flow measurements were collected by the same operator (ATF), using
duplex ultrasound with a 12 MHz linear transducer (Acuson X300, Siemens Healthcare,
GMbH; Erlanden: Germany) at 30 frames per second, and per recommended technical
guidelines (Thomas et al., 2015). Bilateral ICA and VA blood flow was calculated from
consecutive left and right measurements. To improve the accuracy of the blood flow
measurements and minimise the trade-off between B-mode and pulsed-wave Doppler mode
(Thomas et al., 2015), vessel diameter and flow velocity measurements were collected in
consecutive 30 s recordings with care taken to maintain the same position within the vessel.

High-resolution B-mode images were used to measure vessel diameter. Flow velocity was
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measured using Doppler velocity spectrum with the cursor set in the centre of the vessel with
a 60° angle of insonation with the Doppler gate adjusted to fill the size of the vessel. ICA were
measured 1.0-1.5 cm distal to the carotid bifurcation and VA were measured between C3 and
the subclavian artery. The order of imaging was (1) VA right, (2) ICA right, (3) VA left, and
(4) ICA left. In a separate day-to-day reproducibility study (N = 10) completed by the same
operator (ATF), the coefficient of variation (CV) of this technique for blood flow, vessel
diameter, and flow velocity of the ICA (11%, 4%, and 7%) and VA (9%, 2%, and 7%) were

comparable with recommended guidelines (Thomas et al., 2015).

All data was captured and stored for subsequent offline analysis by an investigator blinded to
the condition of the experimental trials. Following a conservative image quality check, data
and statistical analysis were completed on 33 ICA pairs (24 male, 9 female) and 43 VA pairs
(26 male, 17 female). The 11 ICA exclusions were due to lack of clear insonation and poor
image quality whilst the 1 VA exclusion was due to the presence of an unidentified branching
vessel. Offline analysis was adapted from standardised procedures described elsewhere
(Hoiland et al., 2017; Ogoh et al., 2013). Specifically, mean flow velocity was calculated using
half the time-averaged maximum velocity (TAMX) and was averaged from 10 cardiac cycles
to minimise the impact of respiration. Mean vessel diameter was measured using an automated
edge-detection tracking software (Brachial Analyser, Medical Imaging Applications, lowa,
USA) and was calculated from a weighted average of the peak systolic and diastolic diameters
across 10 cardiac cycles [(systolic diameter x 3) + (diastolic diameter x %3)]. Subsequently,

blood flow was calculated using the following equation:
1

Blood flow (ml-min™" =

[TAMx (cm - s™1)/2] X [r X (mean artery diameter (cm)/2)?] X 60
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Absolute and relative change in blood flow was calculated as the change in blood flow from

normoxia to hypoxia at the same time point using the following equations:

Absolute change in blood flow to hypoxia (ml-min™1)
= hypoxic blood flow (ml-min™1') - normoxic blood flow (ml
-min~1)

Relative change in blood flow to hypoxia (%)

= [(hypoxic blood flow (ml - min~1) - normoxic blood flow (ml

-min~1))/normoxic blood flow (ml-min~1)] x 100

To control for differences between individual responses to poikilocapnic hypoxia, an index of
absolute and relative hypoxic blood flow reactivity was calculated by normalising these values

to the absolute change in SpO2 (ASpOy).

To calculate the difference in resting normoxic blood flow between lateral arteries of the ICA

and VA, the following equation was used:

Lateral artery dif ference in resting normoxic blood flow (%)
= [(Larger blood flow (ml-min~1) - smaller blood flow (ml

-min~1))/smaller blood flow (ml-min~1)] x 100

Extracranial arteries were also identified and grouped by the lateral vessel (left or right) with

the larger resting normoxic blood flow.
Statistical Analysis

No sample size estimation was completed for this study however, the number recruited is
greater than the previous research to examine and report differences in extracranial blood flow

response to hypoxia (sample sizes of 6 to 21) (Hoiland et al., 2017, 2018; Kellawan et al., 2017;
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Lafave et al., 2019; Lewis et al., 2014; Morris et al., 2017; Ogoh et al., 2013; Subudhi et al.,

2014; Willie et al., 2012; Willie, Smith, et al., 2014).

Statistical analysis was conducted using SPSS Statistics v25 (IBM Corp., Armonk, NY, USA).

Values are mean (SD) unless otherwise stated and statistical significance was set at P < 0.05.

To determine any differences in cardiorespiratory variables during normoxia and hypoxia a
linear mixed model (LMM) was used. Fixed effects of interest were ‘Condition’ (normoxia or
hypoxia), ‘Time’ (30, 60, or 90 min), as well as the interaction (‘Condition’ X ‘Time’), with
‘Participant ID’ added as a random effect. Baseline data were not included as these

measurements were collected during seated rest before entry to the environmental chamber.

To determine whether there are resting normoxic blood flow differences between left and right
ICA and VA, a LMM was used with fixed effects of interest ‘Vessel Type’ (ICA or VA), and
‘Vessel Side’ (left or right), as well as the interaction (‘Vessel Type’ X ‘Vessel Side’), adding

‘Participant ID’ added as a random effect.

To determine whether there are differences in blood flow regulation to hypoxia between the
four extracranial arteries, a LMM was used to examine left and right ICA and VA absolute
blood flow, vessel diameter, and flow velocity in normoxia and hypoxia. Specifically, fixed
effects of interest were ‘Condition’, ‘Vessel Type’, and ‘Vessel Side’, with ‘Participant ID’ as
added as a random effect. The primary outcome of interest was the interaction (‘Condition’ X
“Vessel Type’ X “Vessel Side’). In addition, for conventional purposes, a LMM was used to
examine the absolute change and relative change in blood flow, vessel diameter, and flow
velocity regulation to hypoxia (i.e. change from normoxia) between the ICA and VA with
‘Vessel Type’, and ‘Vessel Side’ and their interaction (‘Vessel Type’ X ‘Vessel Side’) as fixed
effects of interest, adding ‘Participant ID’ as a random effect. Values from LMM analysis are

reported as estimated marginal means and an estimated SD which was derived from the
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standard error (SE), where n is the sample size [Estimated SD = SE X (\/ﬁ)] (Shenouda et

al., 2017).

To determine the measurement error in unilateral compared to bilateral calculations of relative
extracranial blood flow response to hypoxia, we investigated whether a ratio-scaling problem
exists and quantified the measurement error by Bland-Altman analysis (Bland & Altman,
1986). Disproportionate ratio-scaling in the calculation of relative change ratios has been
described extensively elsewhere (Atkinson et al., 2013; Atkinson & Batterham, 2013a, 2013b).
For clarity, the analysis used in the present study is described. Pearson’s correlation was used
to determine whether a negative relationship between resting normoxic blood flow and the
relative blood flow response to hypoxia existed in the left and right arteries of the ICA and VA.
To confirm that the relationships between resting normoxic blood flow and the relative blood
flow response to hypoxia were statistically different from the relationships between resting
normoxic blood flow and the absolute blood flow response to hypoxia, correlation coefficients
were compared using Fisher’s Z transformation via the cocor online software (Diedenhofen &
Musch, 2015). Then, appropriate ratio-scaling was applied to the ICA and VA to calculate the
‘corrected’ ICA and VA blood flow response to hypoxia. The calculation of the regression
slope between logarithmically-transformed normoxic blood flow and hypoxic blood flow was
used to determine whether hypoxic blood flow scales disproportionately for the range of values
of normoxic blood flow, with an upper confidence limit [95%CI] being less than 1.0 indicating
this to be true. An analysis of covariance analysis (ANCOVA) model was used to determine
group differences between unilateral and bilateral calculations of logged-scale change in blood
flow (Ablood flow), with logarithmically-transformed normoxic blood flow as a covariate.
Back-transformation of covariate-adjusted Ablood flow were converted to A%blood flow as
the final corrected, and more conventional, calculation of the relative blood flow response to

hypoxia. Bland-Altman analysis was used to determine the level of agreement between
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unilateral and bilateral calculations of the relative blood flow response to hypoxia for the ICA
and VA. Unilateral measurements were determined by resting normoxic blood flow (smaller
or larger) or vessel side (left or right) and doubled before calculating the relative blood flow
response to hypoxia. The mean difference between unilateral and bilateral calculations of the
relative blood flow response to hypoxia was determined as the measurement bias (error), with

the respective 95% confidence intervals, and the 95% limits of agreement.

4.4 Results
Cardiorespiratory responses to hypoxia

There were no interactions for cardiorespiratory responses during the period of supine rest
(Table 4.1, all P > 0.05). Compared to normoxia, acute poikilocapnic hypoxia increased heart
rate [Main effect of ‘Condition’; +11 (6) bpm; P < 0.001], MAP [+1 (4) mmHg; P < 0.05] and
VE [+0.9 (1.4) L-min"%; P < 0.001], and decreased PeTCO2 [-3.9 (2.1) mmHg; P < 0.001] and
SpO2 [-20 (3) %; P < 0.001] during supine rest. Cardiorespiratory responses were stable
between 30-90 min with the exception of an increase in MAP [Main effect of ‘Time’; +2 (4)
mmHg, 90 vs 60 min; P < 0.01] and a decline in VE [-0.5 (1.5) L-min"%, 90 vs 30 min; P <
0.05] in both conditions. Acute poikilocapnic hypoxia did not induce acute mountain sickness

(Appendix 5.2).
Resting extracranial artery characteristics

There was no ‘Vessel Type’ X ‘Vessel Side” interaction (P = 0.17), nor a main effect of “Vessel
Side’ (P = 0.74), in resting normoxic blood flow between the left and right ICA [299 (43) and
288 (43) mL-mint, 4%] and left and right VA [103 (43) and 95 (43) mL-min™?, 8%], but there
was a main effect of “Vessel Type’ (P <0.001). The difference in resting normoxic blood flow

between lateral arteries ranged from 1 to 91% for the ICA and 0 to 400% for the VA. More
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participants had a larger resting normoxic blood flow in the right ICA (14 left, 19 right) and

VA (21 left, 22 right) than left.
Extracranial artery blood flow regulation to hypoxia

LMM analyses revealed no ‘Condition’ X ‘Vessel Type’ X ‘Vessel Side’ interaction for blood
flow (Figure 4.1a; P = 0.62), vessel diameter (Figure 4.1b; P = 0.70), and flow velocity (Figure
4.1c; P = 0.64), indicating that ICA and VA blood flow regulation to acute poikilocapnic

hypoxia did not differ as a function of vessel type and vessel side.

There was also no ‘Condition’ X ‘Vessel Side’ interaction for vessel diameter (P = 0.32), flow
velocity (P = 0.18), blood flow (P = 0.86), and the volume of left and right extracranial blood
flow were similar in hypoxia [left ICA + VA, 495 (93) mL-mintvs right ICA + VA, 501 (93)

mL-min’t; P =0.89].

Due to the ICA and VA differences at normoxic baseline, there was a ‘Condition” X ‘Vessel
Type’ interaction for blood flow (P <0.001). Subsequently, to account for the large discrepancy
between ICA and VA blood flow at normoxic baseline, this variable was analysed using the
conventionally reported change scores from normoxia. LMM analysis revealed no ‘Vessel
Type’ X ‘Vessel Side’ interaction for the absolute and relative blood flow response to hypoxia
between the left and right ICA and VA (Figure 4.2a, 4.2c, 4.2e, 4.2g, all P > 0.05) and
reaffirmed that there was no main effect of ‘Vessel Side’ for these blood flow variables (all P
> 0.05). As expected, a main effect of “Vessel Type’ (i.e. when data was pooled as the bilateral
value) revealed that the ICA had a greater absolute blood flow response to hypoxia [Figure
4.2b; 155 (63) vs 57 (65) AmL-min %, P < 0.001], and absolute hypoxic reactivity [Figure 4.2d,
8.0 (3.3) vs 3.0 (3.4) AmL-min 1-ASpO,%; P < 0.001] than the VA. Whereas, there was no
main effect of “Vessel Type’ for the relative blood flow response to hypoxia [Figure 4.2f, 26.6

(21.6) vs 33.2 (22.6) A%; P = 0.053] and relative hypoxic reactivity [Figure 4.2h, 1.4 (1.0) vs
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1.7 (1.1) A% ASpO;%; P = 0.12]. When calculated bilaterally, acute poikilocapnic hypoxia
increased global blood flow by 29.1 (18.1) % [776 (124) vs 995 (124) mL-min~%; P < 0.001].
There was no ‘Condition’ X ‘Vessel Type’ interaction for vessel diameter (P = 0.29) and flow
velocity (P =0.37), which had a similar relative vessel diameter response to hypoxia [ICA 6.9
(3.7) vs VA 7.0 (3.8) %; P = 0.83] and relative flow velocity response to hypoxia [ICA 11.2

(15.7) vs VA 15.6 (16.1) %; P = 0.09] between bilateral calculations of the ICA and VA.
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Normoxia Hypoxia P
Baseline 30 min 60 min 90 min Baseline 30 min 60 min 90 min Condition  Time Interaction
SpO; (%) 98 (1) 98 (1) 99 (1) 99 (1) 99 (1) 80 (5) 78 (6) 78 (6) <0.001 0.70 0.13
Heart Rate (bpm) 71 (14) 63 (10) 60 (9) 60 (10) 68 (12) 73 (14 71 (12) 72 (12) <0.001 0.30 0.84
MAP (mmHg) 0 (7) 84 (7) 83 (7) 85 (7) 91 (6) 85 (9) 85 (8) 86 (8) <0.05 <0.01 0.71
PETCO; (mmHg) - 375 (3.6) - 37.4 (3.6) - 342 (3.2) - 326 (3.7) <0.001 0.12 0.06
VE (L-min}) - 95 (1.7) - 8.6 (1.3) - 10.3 (1.9) - 9.6 (1.9 <0.001 <0.05 0.45

Table 4.1. Cardiorespiratory responses to normoxia and acute poikilocapnic hypoxia. Data were collected during a seated baseline and during
supine rest between 30-90 min in a temperature [26 (2) °C] and humidity [30 (4) %] controlled environmental chamber during normoxia (fraction
of inspired oxygen [FiO2] = 20.9%) and acute poikilocapnic hypoxia (FiO2 = 12.0%). Linear mixed model analysis was completed for the period
of supine rest. Values are mean (SD). Abbreviations: SpO., peripheral arterial oxygen saturation; MAP, mean arterial pressure; PETCO., partial

pressure of end-tidal carbon dioxide; VE, minute ventilation.
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Figure 4.1. Extracranial artery blood flow regulation in normoxia and acute
poikilocapnic hypoxia. Left and right internal carotid artery (ICA) and vertebral artery (VA)
blood flow regulation was measured from normoxia (fraction of inspired oxygen [FiO2] =
20.9%) to acute poikilocapnic hypoxia (FiO2 = 12.0%). Linear mixed model analysis revealed
no ‘Condition’ (normoxia or hypoxia) X ‘Vessel Type’ (ICA or VA) X “Vessel Side’ (left or
right) interaction for blood flow (a, mL-min™!; P = 0.62), vessel diameter (b, mm; P = 0.70),
and flow velocity (c, cm-s; P = 0.64), adding ‘Participant ID’ as a random effect. Data points
are estimated marginal means (estimated SD) from LMM analysis. Raw mean (SD) data are
presented in Table 4.2,
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Figure 4.2. Extracranial artery blood flow response and reactivity to acute
poikilocapnic hypoxia. Left and right internal carotid artery (ICA; grey circle or bars) and
vertebral artery (VA; white triangle or bars) blood flow response to acute poikilocapnic
hypoxia (fraction of inspired oxygen [FiOz] = 12.0%). Linear mixed model (LMM) analysis
revealed no ‘Vessel Type’ (ICA or VA) X ‘Vessel Side’ (left or right) interaction for the
absolute change in blood flow to hypoxia (a, AmL-min™%; P = 0.32), absolute hypoxic
reactivity (c, AmL-min *-ASpO;%; P = 0.37), the relative change in blood flow to hypoxia (e,
A%; P =0.15), or relative hypoxic reactivity (g, A%-ASpO2 1; P = 0.13). There were no main
effects of “Vessel Side’ for these blood flow variables (all P > 0.05). Main effects of ‘Vessel
Type’ were revealed for the absolute change in bilateral blood flow to hypoxia (b; P < 0.001),
absolute bilateral hypoxic reactivity (d; P < 0.001), but not for the relative change in bilateral
blood flow to hypoxia (f; P = 0.053), or relative bilateral hypoxic reactivity (h; P =0.12). * P
< 0.001 between ICA and VA. Data points represent individuals' ICA and VA blood flow
responses to acute hypoxia. Bars are estimated marginal means (estimated SD) from LMM
analysis.
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The relationship between resting normoxic blood flow and the blood flow response to hypoxia

No relationship was observed between resting normoxic blood flow and the absolute blood
flow response to hypoxia (Figures 4.3a and 4.3b). However, negative relationships were
identified between resting normoxic blood flow and the relative ICA and VA blood flow
response to hypoxia (Figures 4.3c and 4.3d, r = —0.33 and —0.37, respectively; P < 0.001).
These relationships were statistically different from the relationships observed between resting
normoxic blood flow and the absolute blood flow response to hypoxia (both P < 0.001). These
relationships indicated that vessels with smaller resting blood flow were associated with a
greater and more varied relative blood flow change to hypoxia. As negative relationships were
identified between normoxic blood flow and the relative blood flow response to hypoxia, ratio-
scaling was conducted. The regression slopes between logarithmically-transformed resting
normoxic blood flow and hypoxic blood flow were 0.70 (95%CI [0.49 to 0.91]) for the ICA
and 0.79 (95%CI [0.67 to 0.91]) for the VA with each upper confidence limit of less than 1.0,
indicating that wvessels with smaller resting blood flow were associated with a
disproportionately large relative change in hypoxic blood flow. The covariate-adjusted group
means for the relative blood flow response to hypoxia after ANCOVA analysis indicated
smaller differences between left and right calculations of the ICA [27.5 (16.8) and 25.1 (16.8)
%] and VA [28.3 (22.5) and 32.4 (22.5) %] compared with non-corrected values of the relative

blood flow response to hypoxia (Table 4.2).
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Figure 4.3. Relationships between resting normoxic blood flow and the absolute or
relative blood flow response to acute poikilocapnic hypoxia in the extracranial arteries.
Internal carotid arteries (ICA) and vertebral arteries (VA) blood flow response were assessed
from normoxia (fraction of inspired oxygen [FiO2] = 20.9%) to acute poikilocapnic hypoxia
(FiO2 = 12.0%). The blood flow response to hypoxia is presented as the absolute change
(AmL-min!; a and b) and the relative change (A%; ¢ and d) from resting normoxic blood flow
(mL-min~Y). Data plots include the left and right vessels of the ICA and the VA.

92



Normoxia Hypoxia A A%
Blood flow (mL-min?) *
Internal carotid artery
Left only 575 (94) 738 (130) 163 (108) 29.7 (21.6)
Right only 598 (117) 747 (155) 149 (117) 26.1 (21.7)
Bilateral 587 (79) 743 (117) 156 (97) 27.3 (17.8)
Vertebral artery
Left only 206 (64) 261 (83) 55 (63) 30.6 (33.0)
Right only 190 (76) 252 (86) 62 (40) 36.2 (28.3)
Bilateral 198 (44) 256 (50) 58 (40) 325 (28.4)
Vessel diameter (mm)
Internal carotid artery
Left only 516 (0.37) 558 (0.39) 0.42 (0.26) 8.24 (5.24)
Right only 5.14 (0.40) 5.43 (0.43) 0.30 (0.23) 5.86 (4.62)
Mean average 5.15 (0.31) 550 (0.34) 0.36 (0.21) 7.00 (4.14)
Vertebral artery
Left only 3.88 (0.42) 4.17 (0.44) 0.29 (0.17) 7.57 (4.38)
Right only 3.75 (0.49) 3.98 (0.47) 0.23 (0.16) 6.50 (4.69)
Mean average 3.82 (0.28) 4.08 (0.27) 0.26 (0.13) 6.98 (3.66)
Flow velocity (cm-s %)
Internal carotid artery
Left only 46.0 (7.2) 504 (7.3) 44 (7.3) 108 (17.9)
Right only 48.1 (7.9) 535 (8.6) 54 (85) 12.7 (18.9)
Mean average 47.1 (7.0) 52.0 (6.9 49 (6.8) 116 (15.5)
Vertebral artery
Left only 283 (54) 311 (5.6) 28 (55) 119 (21.8)
Right only 27.7 (5.6) 327 (5.9 49 (48) 19.7 (20.2)
Mean average 28.0 (46) 319 (4.6) 38 (45) 154 (19.0)
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Table 4.2. Extracranial artery blood flow, vessel diameter, and flow velocity in normoxia
and acute poikilocapnic hypoxia. Blood flow (mL-min™?), vessel diameter (mm), and flow
velocity (time-averaged maximum velocity; cm-s ) were assessed in the left and right internal
carotid arteries (ICA) and vertebral arteries (VA) during normoxia (fraction of inspired oxygen
[FiO2] = 20.9%) and acute poikilocapnic hypoxia (FiO2 = 12.0%). Left and right vessel blood
flows were calculated by doubling unilateral measurements, whereas bilateral blood flow was
calculated as the sum of left and right unilateral measurements. Data are mean (SD) of the raw
values, with the absolute (A) and relative change (A%) from normoxia. Linear mixed model
analysis revealed no ‘Condition’ (normoxia or hypoxia) X ‘Vessel Type’ (ICA or VA) X
“Vessel Side’ (left or right) interaction for blood flow (a, mL-min™%; P = 0.62), vessel diameter
(b, mm; P = 0.70), and flow velocity (c, cm-s P = 0.64), with ‘Participant ID’ as a random
effect. LMM revealed no ‘Condition’ X ‘Vessel Side’ interactions. * Interaction effect of
‘Condition” X ‘Vessel Type’ (P < 0.001).
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Measurement bias between unilateral and bilateral calculations of the relative blood flow

response to hypoxia

Bland-Altman analysis revealed doubling unilateral ICA measurements from the vessel with
the smaller resting normoxic blood flow overestimated the relative ICA blood flow response
to hypoxia by 5% (95%CI [1 to 9], limits of agreement: —19 to +29%) compared to bilateral
calculations (Figure 4.4a). Doubling unilateral ICA measurements from the vessel with the
larger resting normoxic blood flow underestimated the relative ICA blood flow response to
hypoxia by 4% (95%CI [-7 to O], limits of agreement: —23 to +16%) compared to bilateral
calculations (Figure 4.4b). There was no significant bias in the relative VA blood flow response
to hypoxia from doubling unilateral VA measurements from the vessel with the smaller or
larger resting normoxic blood flow compared to bilateral calculations (Figure 4.4c and 4.4d).
However, the vessel with the larger resting normoxic blood flow had the lowest measurement
bias and narrowest limits of agreement to the relative VA blood flow response to hypoxia

compared to doubling bilateral calculations (Figure 4.4d).

Bland-Altman analysis revealed no significant bias in the relative ICA blood flow response to
hypoxia from doubling left or right unilateral ICA measurements compared to bilateral
calculations (Figures 4.5a and 4.5b). Bland-Altman analysis revealed doubling unilateral right
VA measurements overestimated the relative VA blood flow response to hypoxia by 4%
(95%CI [0 to 7], limits of agreement: —21 to +28%) compared to bilateral calculations (Figure
4.5d). In contrast, there was no significant bias in the relative VA blood flow response to
hypoxia from doubling unilateral left VA measurements compared to bilateral calculations

(Figure 4.5¢).
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Figure 4.4. Bland-Altman plots of the measurement bias between a unilateral assessment
of the vessel with the smaller or larger resting normoxic blood flow and the bilateral
calculation of the relative change in blood flow from normoxia to acute poikilocapnic
hypoxia of the extracranial arteries. Internal carotid arteries (ICA) and vertebral arteries
(VA) relative blood flow response from normoxia (fraction of inspired oxygen [FiO2] = 20.9%)
to acute poikilocapnic hypoxia (FiO2 = 12.0%) were calculated from doubling unilateral
measurements of the vessel with the smaller (a and c) or larger (b and d) resting normoxic
blood flow and compared to the bilateral calculation of the relative blood flow response to
hypoxia. Average bias (solid black line) is reported with respective 95% confidence intervals
(dashed black lines), and £1.96SD limits of agreement (dotted black lines).
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Figure 4.5. Bland-Altman plots of the measurement bias between a unilateral assessment
of the left or right vessel and the bilateral calculation of the relative change in blood flow
from normoxia to acute poikilocapnic hypoxia of the extracranial arteries. Internal carotid
arteries (ICA) and vertebral arteries (VA) relative blood flow response from normoxia (fraction
of inspired oxygen [FiO2] = 20.9%) to acute poikilocapnic hypoxia (FiO2 = 12.0%) were
calculated from doubling unilateral measurements of the left (a and c) or right (b and d) side
and compared to the bilateral calculation of the relative blood flow response to hypoxia.
Average bias (solid black line) is reported with respective 95% confidence intervals (dashed
black lines), and £1.96SD limits of agreement (dotted black lines).
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4.5 Discussion
Main findings

The principal finding of this study was that extracranial blood flow regulation to hypoxia is
comparable (Figure 4.1) when factoring for vessel type (ICA or VA) and vessel side (left or
right). The increase in blood flow to hypoxia was regulated by an increase in vessel diameter
and flow velocity in all extracranial vessels. Global extracranial blood flow to hypoxia
increased from 776 (124) to 995 (124) mL-min~t (29.1%, P < 0.001) that was equally
distributed between the left and right sides [left ICA + VA, 495 (93) vs right ICA + VA, 501
(93) mL-min"%; P = 0.89]. When conventionally reported as the change score from normoxia,
the bilateral absolute blood flow response to hypoxia was greater in the ICA than the VA
(Figure 4.2b and 4.2d), whereas the bilateral relative blood flow response to hypoxia was
comparable between the ICA and VA (Figure 4.2f and 4.2h). We are unaware of previous
duplex ultrasound investigations that have assessed bilateral extracranial blood flow regulation

to hypoxia, nor considered the effect of vessel type and vessel side.

This study also identified negative relationships between extracranial artery resting normoxic
blood flow and the relative blood flow response to hypoxia for the ICA and VA (Figure 4.3c
and 4.3d), which illustrated a ratio-scaling problem akin to that previously described with FMD
assessment of brachial artery vascular function (Atkinson et al., 2013; Atkinson & Batterham,
2013a, 2013b). Compared with bilateral measurement of relative blood flow change to hypoxia,
the common practice of doubling unilateral measurements led to average errors of up to 5%,
and individual errors of up to 37%, which were greatest and more varied in the extracranial

arteries with smaller resting normoxic blood flow (Figure 4.4a — 4.5d).

98



Bilateral extracranial blood flow regulation to hypoxia

When assessed bilaterally, acute poikilocapnic hypoxia caused the same vasodilation [ICA 6.9
(3.7) vs VA 7.0 (3.8) %; P = 0.87]) and comparable relative increases in blood flow and blood
flow reactivity in the ICA and VA (Figure 4.2f and 4.2h). These regional blood flow responses
to acute hypoxia are similar to those previously reported from studies employing the typical
method of doubling unilateral measurements (Lewis et al., 2014; Morris et al., 2017; Willie et
al., 2012). There are as many studies reporting that the increase in blood flow to hypoxia is
mediated by vasodilation in both ICA and VA to extreme (< 80% SpO.) poikilocapnic hypoxia
(Lewis et al., 2014; Morris et al., 2017) or isocapnic hypoxia (Fernandes et al., 2018; Hoiland
etal., 2017) as there are reporting no vasodilation (Lafave et al., 2019; Ogoh et al., 2013; Willie
etal., 2012; Willie, Smith, et al., 2014), with others suggesting regionally-specific vasodilation
(Kellawan et al., 2017; Subudhi et al., 2014). Notwithstanding the methodological differences
of inducing hypoxia that is known to affect the cerebrovascular response, such as the clamping
of carbon dioxide (Kellawan et al., 2017; Ogoh et al., 2013; Willie et al., 2012), exposure to
high-altitude hypobaric hypoxia (Hoiland et al., 2017; Lafave et al., 2019; Subudhi et al., 2014;
Willie, Smith, et al., 2014) and length of exposure (Lewis et al., 2014), the aforementioned
studies are often limited by their sample size and therefore sensitivity to detect small
differences where high inter-individual variability with exposure to acute severe hypoxia is
notable (Willie, Smith, et al., 2014). Compared to previous literature, the present study was
conducted in a relatively large cohort and is strengthened by bilateral measurement of the blood
flow response to hypoxia which provides more certainty that blood flow is similarly regulated

in ICA and VA in response to acute poikilocapnic hypoxia.
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Extracranial artery blood flow measurement error

The absolute increase in blood flow to hypoxia was comparable within ICA (Figure 4.3a) and
VA (Figure 4.3b) irrespective of the resting blood flow. In contrast, significant negative
relationships were identified between resting blood flow and the relative blood flow response
to hypoxia in both the ICA and VA, where vessels with smaller resting blood flow had greater
relative blood flow responses to hypoxia (Figure 4.3c and 4.3d). This indicated the same ratio-
scaling problem in extracranial arteries as has previously been described with FMD assessment
of the brachial artery vascular function (Atkinson et al., 2013; Atkinson & Batterham, 2013a,
2013Db). In brief, Atkinson and Batterham describe this relationship to be a fundamental ratio-
scaling problem when using relative change ratios (i.e. A%FMD = [peak diameter — resting
diameter]/resting diameter x100) where the numerator (i.e. difference in diameter) does not
scale proportionately for the range of denominator values (i.e. resting diameter). The negative
relationships also indicated that the relative change in blood flow to hypoxia were more varied
in vessels with smaller resting normoxic blood flow. This skewness towards the group with the
smaller scores (i.e. smaller resting normoxic blood flow) is common with ratio indices since
ratios cause the outcome data to be non-normally distributed even when the two ratios are
normally distributed (Atkinson & Batterham, 2013b; Vickers, 2001). This relationship
highlights a mathematical, rather than physiological, source of measurement error when

adopting a unilateral rather than bilateral assessment.

When compared to the bilateral calculation, doubling of a unilateral extracranial measurement
of the relative blood flow response to hypoxia from the vessel with the smaller resting blood
flow led to a greater mean measurement bias (5%) and wider limits of agreement (up to 31%)
than from the vessel with the larger resting blood flow (Figure 4.4). Despite the mean bias of
a unilateral measurement compared to the bilateral measurement being small (3 to 5%), it is
misleading to judge the measurement error of a unilateral assessment from this metric alone.
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To fully examine measurement error, mean bias, the width of the limits of agreement, and
visual inspection of the Bland-Altman plots for a constant or proportional bias should be
completed (Giavarina, 2015). Here, the limits of agreement of a unilateral measurement were
—26 to 31% (Figure 4.4), which can be considered significant when considering the magnitude
is similar to the mean extracranial relative blood flow response to hypoxia. These wide limits
of agreement indicate a low level of precision in unilateral measurements, compared to bilateral
measurements, which may lead to erroneous interpretation of data particularly in small sample
cohorts. Moreover, the Bland-Altman analysis revealed a proportional measurement bias that
was more prominent in the vessels with the smaller blood flow (i.e., Figure 4.4a). Therefore,
doubling a unilateral extracranial measurement from the vessel with the smaller resting
normoxic blood flow is the least comparable, and causes the greatest measurement error, to the

true bilateral relative blood flow response to hypoxia.

In investigations of extracranial blood flow regulation to hypoxia, a unilateral measurement of
the right VA is overwhelmingly favoured (Fernandes et al., 2018; Hoiland et al., 2017; Lafave
et al., 2019; Lewis et al., 2014; Morris et al., 2017; Ogoh et al., 2013; Willie et al., 2012)
compared to the left VA (Subudhi et al., 2014; Willie, Smith, et al., 2014). The rationale often
stated for the right side being chosen is to account for the 20-30% smaller blood flow in the
right VA compared to the left VA such that absolute calculations of regional and global blood
flow are an underestimation (Lewis et al., 2014; Ogoh et al., 2013). However, due to the stark
differences in resting blood flow between the ICA and VA, regional blood flow response to
stressors such as hypoxia are commonly reported relative to resting blood flow (Willie et al.,
2012). Disproportionate scaling in the calculation of blood flow relative change may, in part,
have contributed to conclusions of preferential blood flow regulation to the posterior
circulation compared to anterior circulation in previous research (Lewis et al., 2014; Ogoh et

al., 2013; Subudhi et al., 2014; Willie et al., 2012). In these studies, the relative blood flow
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response to hypoxia was greater in the VA (posterior) than ICA (anterior) based on unilateral
measures from the right VA (Lewis et al., 2014; Ogoh et al., 2013; Willie et al., 2012). In the
current study, when unilateral extracranial measurements were selected on the vessel side, right
VA measurements overestimated the relative blood flow response to the greatest degree (4%;
Figure 4d) and had the widest limits of agreement (—21 to 28%) compared to the bilateral
calculation. This finding is particularly noteworthy given that many investigators choose to
scan the right rather than the left VA presuming that the right VA is the conservative option
when doubling a unilateral measurement. But, as detailed in this study, vessels with the smaller
resting blood flow are more susceptible to greater and more varied measurement errors due to

the ratio-scaling problem when describing a relative blood flow response.

Perspectives and application

In this study, there was no statistical difference in resting blood flow between the left and right
vessels of the ICA (4%) and VA (8%). Therefore, we may have underestimated the group mean
measurement error of unilateral compared to bilateral assessment that may be found in future
studies. This is particularly likely for the VA as the left-to-right blood flow difference in the
VA is typically reported in the range of 20-30% (Khan et al., 2017; Schéning et al., 1994). The
heterogeneity between individuals in the magnitude of difference between left and right
extracranial arteries blood flow (ICA: 1 to 91% and VA: 0 to 400%) means that without
examining the contralateral vessel there is an increased likelihood of substantial measurement

error in the calculation of the relative blood flow response to hypoxia.

To eliminate measurement error in the relative blood flow response to hypoxia, bilateral
measurements should be used. However, if this is infeasible, we advise the ICA and VA vessel
with the larger resting normoxic blood flow be measured for each participant following pre-

screening of both the left and right vessels based on two inferences. Firstly, vessels with the
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smaller resting normoxic blood flow were associated with a greater and more varied relative
blood flow response to hypoxia (Figure 4.2). This is also supported by the Bland-Altman
analysis that identified the greatest measurement bias and limits of agreement, and the presence
of a proportional bias is caused by unilateral measurements of the extracranial vessel with the
smaller blood flow (Figure 4.4). Secondly from a practical aspect, successfully imaging a
vessel, maintaining consistent flow velocity with a centrally-positioned Doppler gate, and
accurately measuring vessel diameter (whether manual or automated) are all easier in the vessel
containing the larger blood flow. Moreover, to improve efficiency and feasibility of identifying
the vessel with the larger resting normoxic blood flow before experimental trials, the left and
right vessel diameter could be measured using the standard built-in caliper method available in
ultrasound devices as a strong index of vessel blood flow (Cipolla, 2009). Where simultaneous
insonation of two extracranial arteries is necessary this is normally achieved by contralateral
measurements due to ultrasound interference and physical probe space limitations (Sato et al.,
2016). In this instance, the extracranial artery (ICA or VA) with the widest difference in resting
normoxic blood flow between the left and right vessels should be prioritised in imaging to
minimise measurement error. We advise these methods to be applied when measuring
extracranial blood flow to other vasoactive stimuli such as carbon dioxide, orthostasis, and

exercise.
Methodological considerations

The interaction of oxygen and carbon dioxide tensions are key factors in the overall change in
cerebral blood flow during exposure to hypoxia (Bruce et al., 2016; Friend et al., 2019; Lucas
et al., 2011). The single bout of poikilocapnic hypoxia used here resulted in a range of SpO2,
VE and, PetCO; between participants, therefore not all individuals had similar systemic
hypoxia. However, when the relative blood flow response to hypoxia was corrected for the
differences in SpO; as an index of relative hypoxic reactivity the ICA and VA were found to
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remain similar (Figure 4.2h). Future research should use stepwise gas manipulations to
investigate the regulation of extracranial arteries through the range of hypoxic severities
typically experienced. Bilateral calculations of blood flow were derived from consecutive
rather than simultaneous measurements of the left and right arteries as we only had access to a
single ultrasound. However, the short time difference introduced by using consecutive left and
right measurements likely had limited influence on the interpretation of our findings as the ICA
and VA measurements were obtained whilst participants were rested. A wide range of
methodological techniques are currently employed to measure cerebral blood flow at rest and
in response to stressors, each with its advantages and disadvantages (Tymko et al., 2018).
Duplex ultrasound offers a non-invasive, volumetric measurement of intravascular blood flow
with excellent temporal resolution important for the assessment of cerebral blood flow to
dynamic stressors (e.g., hypoxia, carbon dioxide, orthostasis, and exercise). However, to obtain
accurate and reliable (~10 % day-to-day CV) measurements considerable ultrasound training
is required (Thomas et al., 2015). Notwithstanding this, the results presented here reveal a
source of previously under-recognised measurement error in the assessments of unilateral
extracranial relative blood flow response to vasoactive stimuli and provides a systematically
approached consensus for the selection of unilateral extracranial measurements to minimise

this measurement error when bilateral measurement is infeasible.

Conclusions

ICA and VA blood flow regulation to hypoxia is comparable when factoring for vessel type
(ICA or VA) and vessel side (left or right) effects. Bilateral calculations of the ICA and VA
indicated the same degree of vasodilation and comparable increases in relative blood flow to
acute poikilocapnic hypoxia. Compared to bilateral assessment of the relative blood flow
response to hypoxia, individual unilateral measurement error reached 37%, and were greatest
in ICA and VA with the smaller resting blood flow due to a ratio-scaling problem. Where
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bilateral assessment is infeasible assessing the ICA and VA vessels with the larger resting

blood flow, not the left or right vessel, reduces unilateral measurement error.
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Chapter Five

Regional dynamic cerebral autoregulation
In acute poikilocapnic hypoxia
5.1 Abstract

Hypoxia reduces dynamic cerebral autoregulation (dCA), but evidence is limited to the anterior
circulation. As dCA is poorer in the posterior compared to anterior circulation in normoxia,
possibly due to a lower basal vascular tone, we hypothesised hypoxia would cause an
exacerbated reduction in dCA of the posterior compared to the anterior circulation. In a random
order, twenty participants (14 men) were exposed to 120-min of normoxia and poikilocapnic
hypoxia (12.5% fraction of inspired oxygen). Regional dCA was assessed in the internal carotid
artery (ICA, anterior circulation) and vertebral artery (VA, posterior circulation) as the rate of
regulation (RoR) of volumetric vascular conductance to acute hypotension induced by the thigh
cuff method. In the mixed cohort, ICA and VA RoR were comparable in normoxia and hypoxia.
In secondary analysis, accounting for sex and improving the statistical model, hypoxia reduced
VA RoR [-0.15 (0.19) s%, p=0.012], but not ICA RoR [-0.07 (0.19) s%, p=0.198] in men.
Hypoxia induced vasodilation of the ICA [+0.30 (0.32) mm, p=0.009], but not the VA [+0.08
(0.33) mm, p=0.398] in men. In conclusion, dCA of the cerebral conduit arteries to hypoxia is

regionally different in men and may not be influenced by changes in vascular tone.
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5.2 Introduction

Dynamic cerebral autoregulation (dCA) is an intrinsic mechanism that regulates cerebral blood
flow to fluctuations in arterial blood pressure within a few seconds via changes in vascular tone
to maintain a constant delivery of oxygen to the brain (Brassard et al., 2021; Claassen et al.,
2021; Lucas et al., 2010). Arterial vascular tone and, in turn, cerebral blood flow, is regulated
by the vascular smooth muscle that lines the cerebral arterial circulation (Brozovich et al.,
2016). The type, density, and distribution of receptors and channels present on the arterial
vascular wall and its sensitivity to vasoactive agents are key mediators responsible for the
regulation of vascular tone (Hayes et al., 2022), and variability within these mechanisms
between the anterior and posterior cerebral circulation may underpin the observed regional
cerebral blood flow regulation during systemic physiological stress, such as orthostasis (Sato,
Fisher, et al., 2012), hypoxia (Kellawan et al., 2017; Lewis et al., 2014; Ogoh et al., 2013;
Willie et al., 2012), hyperthermia (Bain et al., 2013; Caldwell et al., 2020), and alterations in
end-tidal carbon dioxide (Sato, Sadamoto, et al., 2012; Willie et al., 2012). Indeed, distinctive
sympathetic adrenoreceptor subtype distribution and parasympathetic innervation between the
anterior and posterior cerebral conduit arteries have been identified (Koep et al., 2022), and
may explain early reports of opposing vasoactive responses to norepinephrine between anterior
and posterior bovine cerebral conduit arteries (Ayajiki & Toda, 1992). Further, a lower
sensitivity to vasoactive agents, such as reactive oxygen species and nitric oxide
bioavailability, has been reported in the posterior circulation compared to the anterior

circulation (Mattos et al., 2019, 2020; Vianna et al., 2018).

These observed regional differences in cerebral blood flow regulation may be a necessity to
maintain a lower basal vascular tone in the posterior compared to anterior circulation. Such
differences may preferentially maintain blood flow to the posterior regions of the brain

involved in systemic cardiorespiratory control, particularly during times of systemic
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physiological stress (Sato, Fisher, et al., 2012), and/or to meet the neurometabolic demand of
the occipital lobes to visual stimulation since assessments are normally conducted with eyes
open (Hermes et al., 2007; Matsutomo et al., 2023; Nakagawa et al., 2009). The influence of
vessel tone on dCA has been seldom studied in humans perhaps due to the difficulty of
manipulating and measuring vessel tone before and during dCA assessment. However, using
an elegant-design, one study to examine the role of vessel tone demonstrated regionally specific
dCA (Sato, Fisher, et al., 2012). Specifically, in response to an orthostatic-induced reduction
in blood pressure caused by head-up tilt, cerebral blood flow reductions were attenuated in the
vertebral artery (VA) compared to the internal carotid artery (ICA), which are the upstream
conduit arteries that supply blood to the posterior and anterior circulations, respectively. This
was attributed to an unchanged vascular tone in the VA that contrasted with the increased
vascular tone of the ICA (Sato, Fisher, et al., 2012). Volumetric dCA was then assessed by the
rapid thigh cuff method during the head-up tilt, and it was reported that compared to supine the
VA had a greater reduction in blood flow and a slower rate of regulation (RoR) of vascular
conductance to the abrupt reduction in blood pressure caused by the thigh cuff deflation than
the ICA (Sato, Fisher, et al., 2012). It was proposed that a lower basal vascular tone of the VA
is necessary to preferentially attenuate the orthostatic-induced reduction in cerebral blood flow
to the posterior regions of the brain, but this is at the expense of a reduced dCA (i.e., more
pressure-passive). Further evidence of a more pressure-passive disposition of the posterior
compared to the anterior circulation to acute reductions in blood pressure is reported elsewhere

(Lewis et al., 2015; Sorond et al., 2005; Thrall et al., 2021; Washio et al., 2018).

Exposure to acute hypoxia has been shown to reduce dCA (Bailey et al., 2009; Horiuchi et al.,
2016, 2022; Iwasaki et al., 2007; Levine et al., 1999; Nishimura et al., 2010; Ogoh et al., 2010;
Subudhi et al., 2009; Tymko et al., 2020). This has been attributed to the reduction in vascular

tone of the cerebrovasculature, which is a compensatory response in a low oxygen environment
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to increase cerebral blood flow to maintain cerebral oxygen delivery (Ogoh et al., 2010;
Querido et al., 2013). However, studies that have assessed vascular tone and volumetric blood
flow simultaneously during assessments of dCA in hypoxia are limited to the cerebral conduit
arteries that feed the anterior regions of the brain (Horiuchi et al., 2016, 2022; Tymko et al.,
2020), and therefore whether hypoxia causes regional differences in dCA remains to be
determined. It is important to establish the effect of hypoxia on dCA of the posterior circulation
because regional differences in dCA may also explain the stronger association of the posterior
than anterior circulation with orthostatic (in)tolerance (Kay & Rickards, 2016), acute mountain
sickness (Barclay et al., 2021; Bian et al., 2014), and cerebral small vessel disease (Liu et al.,

2016).

This study compared volumetric dCA of the anterior and posterior cerebral conduit arteries in
a mixed cohort of men and women in normoxia and in acute poikilocapnic hypoxia. As
previous research indicates the posterior circulation is more pressure-passive than the anterior
circulation (Haubrich et al., 2004; Rosengarten & Kaps, 2002; Sato, Fisher, et al., 2012; Sorond
etal., 2005), and the magnitude of hypoxia-induced vasodilation is similar between the anterior
and posterior cerebral conduit arteries (Friend et al., 2021; Lewis et al., 2014), we hypothesised
the dCA reduction to large abrupt reductions in blood pressure in acute hypoxia would be

exacerbated in the posterior compared to anterior circulation.

5.3 Methods

Ethical Approval

Ethical approval for this study was obtained from Ethics Committee of the School of Sport,
Health, and Exercise Sciences at Bangor University (Ethics ID: P05-2021, Appendix 3) and
was conducted following the standards of the Declaration of Helsinki 2013, except for

registration in a database, with written informed consent obtained from all participants.

109



Participants

Twenty young healthy participants were recruited in this study 14 men, 6 women, 25 (7) yr,
175.8 (8.5) cm, 71.3 (11.3) kg, body fat 15.8 (6.4) %, haemoglobin 14.2 (2.0) g-dL*,
haematocrit 42 (6) %, mean (standard deviation)]. Participants were non-smokers, free from
cardiovascular, haematological, and neurological disease, not at an increased risk of COVID-
19 as defined by the Welsh Government and had not resided overnight at an altitude of > 2500
m within the last six months. Women were included if they had a regular menstruating cycle
or were taking an oral contraceptive pill which included inactive/placebo days. Participants
with a regular menstrual cycle were tested during the onset of menses and the early follicular
phase (day 1 to 5) and participants on the oral contraceptive pill were tested during their
withdrawal bleed (Elliott-Sale et al., 2021). Menstrual subphase identification was completed
by a forward counting self-report method (Allen et al., 2016). Participants were instructed to
refrain from consuming alcohol and from undertaking exhaustive exercise within 24 h of
visiting the laboratory. Participants were familiarised with the experimental procedures and
screened for vascular abnormalities before completing the experimental trials. Each
experimental trial was completed at the same time of day and participants were instructed to
match their diet and supplement intake, and prohibited from consuming caffeinated beverages,

on the day of each trial.
Experimental Design

This study followed a single-blind, repeated-measures, counterbalanced crossover design with
each participant completing two experimental trials separated by at least 48 h. Experimental
trials consisted of a 120-min exposure to either normoxia (fraction of inspired oxygen [FiO2]
=20.9 %) or acute poikilocapnic hypoxia (FiO2 = 12.5 %) in a temperature [25.6 (0.8) °C] and

humidity [30.3 (5.0) %] controlled environmental chamber (Hypoxico Inc, New York, USA).
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Experimental Measurements

Cardiorespiratory

Peripheral arterial oxygen saturation was measured via pulse oximetry (SpO2, Model 7500
Oximeter, Nonin Medical Inc. Minnesota, USA). Beat-to-beat heart rate was measured with a
Lead Il electrocardiogram and blood pressure was measured by finger photoplethysmography
(Finometer Midi, Finapres Medical Systems, Netherlands). Measurements of systolic blood
pressure, diastolic blood pressure, and mean arterial pressure (MAP) were calculated from the
finger arterial waveform and calibrated to the average of three automated brachial blood
pressure measurements (Tango+, SunTech, Morrisville, NC, USA). The partial pressure of
end-tidal oxygen (PetO2) and partial pressure of end-tidal carbon dioxide (PetCO2) were

recorded breath-by-breath by a gas analyser (ML206, ADInstruments, Colorado, CO, USA).

Extracranial arteries

Blood flow of the ICA and VA were collected using duplex ultrasound with a 15 MHz linear
transducer at 30 Hz (uSmart 3300, Terason, Burlington, MA, USA). High-resolution images
of vessel diameter were acquired using B-mode imaging whilst pulse wave mode was used to
simultaneously measure the Doppler velocity spectra. Care was taken to ensure the strongest
Doppler velocity spectrum signal by positioning the Doppler gate in the centre of the artery
with a 60° angle of insonation and adjusting to fill the artery lumen as per recommended
technical guidelines (Thomas et al., 2015). The ICA was measured at least 1.0-1.5 cm distal to

the carotid bifurcation and the VA was measured between C3 and the subclavian artery.

Intracranial arteries

Blood velocity of the MCA and PCA were measured by transcranial Doppler ultrasound (TCD)
using two 2 MHz probes placed over the left and right transtemporal windows and secured in

place via an adjustable head piece (PMD150, Spencer Technologies, Seattle, WA, USA).
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Insonation of each artery was achieved using standardised procedures (Willie et al., 2011), with
probe position, signal depth and gain settings recorded to replicate the placement between
sessions. All TCD measurements were collected by the same operator (ATF). Pairs of MCA
and ICA, and PCA and VA were measured on the same side of the participant as determined

by the most reliable and reproducible signals.

In two separate day-to-day reproducibility studies completed by the same operator (ATF), the
coefficient of variation for duplex ultrasound (N = 5) measurements of blood flow, vessel
diameter, and blood velocity of the ICA (4%, 1%, and 3%) and VA (8%, 1%, and 7%) and
TCD (N =10) blood velocity measurements of the MCA (3%) and PCA (3%) were comparable

with recommended guidelines (Thomas et al., 2015).

Experimental Procedures

Rapid thigh cuff deflation induced hypotension

dCA was assessed (elapsed time: 60 min) using the standardised rapid thigh cuff method that
causes transient abrupt hypotension (Aaslid et al., 1989). Participants were instrumented with
bilateral thigh cuffs (CC17, Hokanson, Bellevue, WA, USA) connected to a rapid deflator (E20
Rapid Cuff Inflator, Hokanson), seated comfortably in an upright position, and asked to rest
for a two-minute baseline. After the bilateral thigh cuffs were inflated to 200 mmHg for three
minutes. Participants were instructed to remain relaxed and were not given feedback regarding
the elapsed time of thigh cuff occlusion. Immediately after the three-minute inflation period
both thigh cuffs were rapidly deflated (< 1 s), causing a transient fall in MAP, and participants
were instructed to remain still for one-minute thereafter. Measurements of heart rate, MAP,
SpO2, PETO2, PETCO> and blood velocity of the MCA and PCA were recorded continuously
throughout each rapid thigh cuff deflation. Simultaneous ICA and VA measurements were

recorded for 30 s pre- and post-deflation. A minimum of four thigh cuff deflations were
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completed per participant to enable a minimum of two recordings each of the ICA and VA.
Whilst participants may have required more than four deflations [5 deflations (N=9), 6
deflations (N=4), 7 deflations (N=1)], the impact of repeated thigh cuff deflations on dCA,
such as occurs with acute remote ischaemic preconditioning, are thought to be negligible (H.

H. Carter et al., 2020).
Data Processing

Measurements of blood velocity of the MCA and PCA, heart rate, systolic and diastolic blood
pressure, SpO2, PETO2 and PETCO> were all acquired continuously at 1 kHz using an analog-to-
digital converter (Powerlab 16/30, ADInstruments) and interfaced on a computer in real time
using LabChart software (Chart 8, ADInstruments). Real time beat-to-beat MAP and time-
averaged maximum values of blood velocity of the MCA or PCA were determined from each
R-R interval. All duplex ultrasound data was captured and stored for subsequent offline
analysis by an investigator blinded to the condition of the experimental trials. Concurrent
measurements of vessel diameter and time-averaged maximum velocity (TAMX) were acquired
using an automated edge-detection tracking software (Brachial Analyser, Vascular Research
Tools 6, Medical Imaging Applications, Coralville, 1A, USA). Subsequently, blood flow was

calculated using the following equation:
Blood flow (ml-min™t) = [TAMX (cm-s1)2] x [ x (mean vessel diameter (cm)2)?] x 60

Following a conservative quality check, data and statistical analysis were completed on
(normoxia:hypoxia); 18:17 ICA (13:12 male, 5:5 female), 17:19 VA (12:13 male, 5:6 female),
19:19 MCA (13:13 male, 6:6 female), and 16:16 PCA (10:10 male, 6:6 female). The exclusions

were due to a poor image or signal quality of the extra- and intracranial arteries.
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Data Analysis

Cardiorespiratory

Continuous beat-to-beat heart rate, systolic blood pressure, diastolic blood pressure, MAP,
SpO2, PETO2, and PeTCO,, were calculated from a two-minute average before the rapid thigh

cuff method.

Cerebrovascular

In accordance with previous methods (Labrecque et al., 2021), dCA after rapid thigh cuff
deflation was characterised by the following metrics (Figure 5.1): 1) maximal reduction, 2)

time to counter-regulation, and 3) rate of regulation (RoR).

The absolute and relative maximum reduction following rapid thigh cuff deflation in MAP,
blood flow, blood velocity, vessel diameter, and cerebrovascular conductance (CVC = blood
flow/MAP) or index (CVCi = blood velocity/MAP) values, were calculated as the difference
from their respective pre-deflation mean that was defined as the four seconds immediately
before thigh cuff release. The time taken from thigh cuff deflation to the nadir in MAP and
CVC or CVCi were individually determined and defined as the time to first MAP nadir and
time to CVC or CVCi counter-regulation, respectively. RoR was calculated from CVC or
CVCi. Post thigh cuff deflation responses were normalised to their concomitant pre-deflation

values. RoR was calculated using the following equation:

[RoR = (Aconductance/Atime) / AMAP]

where Aconductance/Atime is the slope of the regression line between normalised CVC or
CVCi and the time of CVVC or CVCi counter-regulation plus 2.5 s from thigh cuff release, and
AMAP, is the magnitude of the reduction in normalised MAP during thigh cuff release during

the same 2.5 s phase.
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Figure 5.1. Representative illustration of the dynamic cerebral autoregulation metrics
after rapid thigh cuff deflation induced hypotension. Mean arterial pressure (MAP, circle),
cerebral blood flow (CBF) or velocity (CBv, square), and cerebrovascular conductance (CVC)
or index (CVCIi, triangle) after rapid thigh cuff method assessment of dynamic cerebral
autoregulation. Data were normalised relative to their respective means during the four seconds
immediately before the thigh cuff release. In accordance with previous methods (Labrecque et
al., 2021), dCA after rapid thigh cuff deflation was characterised as the following metrics: 1)

maximal reduction, 2) time to counter-regulation, and 3) rate of regulation (RoR).
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Statistical Analysis

A sample size estimation [G*Power 3.1.9, (Faul et al., 2009)] for the primary analysis using
ANOVA indicated that 12 participants were needed to detect a statistical difference between
dynamic cerebral autoregulation in the internal carotid and vertebral arteries. This was
estimated using standard a (0.05), power (0.80), and a Cohen’s F effect size of 0.48, which was
calculated from the only other previous study to compare dynamic cerebral autoregulation in
anterior and posterior extracranial arteries (Sato, Fisher, et al., 2012). Since planning the study,
we learnt of the superiority of linear mixed models and have adopted these methods to analyse
data, e.g., (Friend et al., 2021). Moreover, the number recruited in our study is also greater than
included in the limited previous research to examine and report differences in volumetric
dynamic cerebral autoregulation to physiological stressors (sample sizes of 6 to 13) (Horiuchi

etal., 2016, 2022; Sato, Fisher, et al., 2012; Tymko et al., 2020).

Statistical analysis was conducted using SPSS Statistics v27 (IBM Corp., Armonk, NY, USA)
and figures were created in GraphPad Prism (GraphPad Prism 9, San Diego, CA, USA). The
primary statistical test was to compare dCA of the anterior and posterior cerebral conduit
arteries in a mixed cohort of men and women in normoxia and hypoxia. Therefore, dCA metrics
following rapid thigh cuff deflation were analysed by a linear mixed model (LMM) with fixed
effects of condition (normoxia and hypoxia) and region (anterior and posterior), adding
participant as a random effect, with the interaction the primary effect of interest. Secondary
analyses included the additional fixed effects of interest of sex or PErCO., given their known
influence on dCA (Barnes & Charkoudian, 2021; Ogoh et al., 2010), as well as basal blood
flow, blood velocity, and vessel diameter. The model fit of each LMM with additional fixed
effects was compared to the original model using the Chi-square likelihood ratio test.
Cardiorespiratory and cerebrovascular variables before rapid thigh cuff method were analysed
by a LMM with condition the primary fixed effect of interest, participant as a random effect,
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and additional fixed effects of interest of region, sex, or PETCO.. Raw data are mean (standard
deviation) unless otherwise stated and statistical significance was set at p < 0.05. Bonferroni
corrected-multiple pairwise comparisons were conducted when significant main or interactions
effects were detected. Values from LMM pairwise comparison analysis are reported as
estimated marginal means and an estimated standard deviation (Friend et al., 2021; Shenouda

etal., 2017).

5.4 Results

Cardiorespiratory response in normoxia and hypoxia before thigh cuff deflation induced

hypotension

Compared to normoxia, acute poikilocapnic hypoxia reduced SpO> [estimated marginal means
(estimated standard deviation), —14.6 (3.7) %, main effect of condition, p < 0.001, Table 5.1],
PetO2 [-57.0 (4.8) mmHg, p < 0.001], PetCO- [-2.7 (3.6) mmHg, p = 0.004], diastolic blood
pressure [-5.1 (8.6) mmHg, p = 0.014], and MAP [-4.5 (7.4) mmHg, p = 0.013], and increased
heart rate [+7.0 (7.6) bpm, p = 0.001]. Acute poikilocapnic hypoxia did not induce acute

mountain sickness (Appendix 5.2).

Haemodynamic response in normoxia and hypoxia to thigh cuff deflation induced hypotension

The rapid thigh cuff deflation caused comparable time to first MAP nadir and absolute
maximum reduction in MAP in normoxia and hypoxia (both p > 0.05, Table 5.2). Due to lower
pre-thigh cuff deflation MAP in hypoxia than normoxia (Table 5.1), the relative maximum
reduction in MAP was greater in hypoxia than normoxia (main effect of condition, p = 0.048).
The relative maximum reduction to the thigh cuff induced hypotension in blood velocity, vessel
diameter, blood flow in normoxia and hypoxia were regionally comparable within the
extracranial (ICA and VA) and intracranial (MCA and PCA) arteries (condition X region

interaction, all p > 0.05).
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Condition p value

Normoxia Hypoxia Condition

Cardiorespiratory

SpO2 (%) 96.8 (1.0) 82.1 (3.7) <0.001

Heart rate (bpm) 66.0 (8.2) 73.0 (10.4) 0.001

Systolic blood pressure (mmHg) 117.1 (11.4) 113.8 (12.6) 0.076

Diastolic blood pressure (mmHg) 73.3 (8.2 68.2 (10.8) 0.014

Mean arterial pressure (mmHQ) 87.9 (8.1) 83.4 (10.3) 0.013

PeTO2 (MmHQ) 106.0 (4.4) 49.0 (3.9) <0.001

PerCO2 (mmHg) 37.9 (3.4) 353 (2.8) 0.004
Extracranial blood flow (ml-min™%)

Internal carotid artery 260.2 (58.8) 289.5 (68.3) 0.129

Vertebral artery 107.0 (33.3) 115.1 (54.3) 0.357
Extracranial vessel diameter (mm)

Internal carotid artery 5.03 (0.70) 541 (0.61) 0.002

Vertebral artery 3.69 (0.51) 3.87 (0.52) 0.075
Extracranial blood velocity (cm-s™?)

Internal carotid artery 45.0 (9.7) 42.2 (8.1) 0.279

Vertebral artery 32.8 (6.7) 31.9 (7.5) 0.450
Intracranial blood velocity (cm-s™)

Middle cerebral artery 54.3 (13.3) 56.1 (13.6) 0.338

Posterior cerebral artery 43.4 (9.8) 45.3 (10.5) 0.355

Table 5.1. Cardiorespiratory and cerebrovascular responses before the rapid thigh cuff method in normoxia and hypoxia. Data were
analysed by linear mixed model analysis. The primary outcome of interest for these cardiorespiratory and cerebrovascular variables was the effect
of condition (normoxia and acute poikilocapnic hypoxia). Abbreviations: PetCO», partial pressure of end-tidal carbon dioxide; PetO2, partial

pressure of end-tidal oxygen; SpO», peripheral arterial oxygen saturation. Data are raw means (standard deviation).
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Condition p values

Normoxia Hypoxia Condition

Mean arterial pressure (MAP)

Time to MAP first nadir (S) 45 (1.0) 45 (0.9 0.846

Max. AMAP (mmHg) -21.3 (6.0) —22.6 (2.8) 0.383

Max. AMAP (%) —23.3 (6.3) -26.2 (3.7) 0.048
Extracranial max. Ablood flow (%)

Internal carotid artery -33.9 (8.2) -32.2 (9.4) 0.426

Vertebral artery —34.3 (8.6) -33.2 (8.2) 0.423
Extracranial max. Avessel diameter (%)

Internal carotid artery —6.3 (2.7) =7.7 (3.1) 0.089

Vertebral artery -7.2 (3.9 -7.9 (4.9 0.804
Extracranial max. Ablood velocity (%)

Internal carotid artery —26.5 (7.3) -22.9 (8.7) 0.096

Vertebral artery —26.6 (8.2) —24.4 (6.2) 0.226
Intracranial max. Ablood velocity (%)

Middle cerebral artery —26.6 (6.2) —25.8 (5.5) 0.429

Posterior cerebral artery —26.2 (4.3) -24.9 (6.0) 0.452

Table 5.2. Haemodynamic responses to the rapid thigh cuff deflation induced hypotension in normoxia and hypoxia. Data were analysed
by linear mixed model analysis. The primary outcome of interest for mean arterial pressure and cerebrovascular variables was the effect of

condition (normoxia and acute poikilocapnic hypoxia). Data are raw means (standard deviation).
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Regional dynamic cerebral autoregulation in normoxia and hypoxia

In our mixed cohort of men and women, ICA RoR and VA RoR in normoxia [0.42 (0.23) s !
and 0.41 (0.13) s2, respectively] and hypoxia [0.35 (0.12) s tand 0.36 (0.19) s2, condition x
region interaction effect, p = 0.975, Figure 5.2a] were comparable and not reduced in hypoxia
(main effect of condition, p = 0.119). However, the inclusion of sex as an additional fixed factor
(condition x region x sex interaction) improved the model fit (p < 0.05), and revealed that
hypoxia reduced VA RoR in men [normoxia, 0.44 (0.18) s ™1, N = 12, and hypoxia, 0.30 (0.13)
s1, N =13, pairwise comparison, p = 0.012], whilst in women VA RoR remained unchanged
[normoxia, 0.36 (0.18) s%, N = 5, and hypoxia, 0.50 (0.13) s'$, N = 6, p = 0.094]. ICA RoR
was comparable in normoxia and hypoxia in men [normoxia, 0.41 (0.18) s, N = 13, and
hypoxia, 0.34 (0.12) s™%, N = 12, p = 0.198] and women [normoxia, 0.42 (0.18) s, N =5, and
hypoxia, 0.40 (0.13) 1, N = 5, p = 0.810]. In men only, compared with normoxia, ICA RoR
was maintained (—0.07 (0.21) s, p = 0.264, Figure 5.3a) in hypoxia, whereas VA RoR was

reduced in hypoxia (—0.15 (0.19) s%, p = 0.012, Figure 5.3c).

Hypoxia increased ICA vessel diameter (reduced vascular tone) but did not significantly
increase VA vessel diameter before thigh cuff deflation induced hypotension in the mixed
cohort (Table 5.1). These findings were consistent when examined in men only, with a hypoxia
induced reduction in vascular tone of the ICA [+0.30 (0.32) mm, main effect of condition, p =
0.009, Figure 5.3b], but not the VA [+0.08 (0.33) mm, p = 0.398, Figure 5.3d]. Blood flow and
blood velocity of the ICA and VA in the mixed cohort, and in men only, were unchanged to
hypoxia (all p > 0.05). The addition of PerCO. to the LMM did not change the statistical

outcome for any variable.

There was no condition X region interaction for any other dCA metric from the rapid thigh cuff

deflation including, MCA RoR and PCA RoR (Figure 5.2b), and maximal reduction in CVC
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or CVCi (Figure 5.4a and 5.4b) and time to CVC or CVCi counter-regulation (Figure 5.4c and
5.4d) in the extracranial or intracranial arteries (all p > 0.05). The addition of sex, PETCO,
basal blood flow, blood velocity, or vessel diameter to the LMM did not change the statistical

outcome for any cerebrovascular variable.
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Figure 5.2. Rate of regulation following rapid thigh cuff deflation induced hypotension in
normoxia and hypoxia. Rate of regulation (RoR) of the extracranial internal carotid (ICA)
and vertebral (VA) arteries (a) and of the intracranial middle cerebral (MCA) and posterior
cerebral (PCA) arteries (b) in normoxia (white bars, fraction of inspired oxygen [FiO2] =
20.9%) and acute poikilocapnic hypoxia (grey bars, FiO2 = 12.5%). %). Data are raw means
(standard deviation) and are presented with individual responses of a mixed cohort of men and

women. Data were analysed by linear mixed model analysis.
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Figure 5.3. Rate of regulation following rapid thigh cuff deflation induced hypotension
and pre-thigh cuff deflation vessel diameter in normoxia and hypoxia in men. Rate of
regulation (RoR) and vessel diameter of the ICA (a and b) and VA (c and d) in normoxia (white
bars, fraction of inspired oxygen [FiO2z] = 20.9%) and acute poikilocapnic hypoxia (grey bars,
FiO2 = 12.5%) in men (N = 13). Data are raw means (standard deviation) and are presented

with individual responses. Data were analysed by linear mixed model analysis.
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Figure 5.4. Cerebrovascular responses after thigh cuff deflation induced hypotension in
normoxia and hypoxia. Maximal relative reduction in cerebrovascular conductance (CVC) or
index (CVCi) and time to CVC or CVCi counter-regulation in the extracranial (a and c) internal
carotid (ICA) and vertebral (VA) arteries and the intracranial (b and d) middle cerebral (MCA)
and posterior cerebral (PCA) arteries in normoxia (white bars, fraction of inspired oxygen
[FiO2] = 20.9%) and acute poikilocapnic hypoxia (grey bars, FiO, = 12.5%). Data are raw
means (standard deviation) and are presented with individual responses of a mixed cohort of

men and women. Data were analysed by linear mixed model analysis.
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5.5 Discussion

This study compared for the first time volumetric dCA of the anterior and posterior cerebral
conduit arteries in normoxia and acute poikilocapnic hypoxia. We report in a mixed cohort of
men and women that dCA of the intracranial and extracranial cerebral conduit arteries were
regionally comparable during normoxia and hypoxia and were unexpectedly not reduced in
hypoxia compared to normoxia. However, secondary analysis accounting for sex, and which
importantly improved the statistical model, revealed hypoxia reduced dCA (i.e., more pressure-
passive) of the posterior circulation in men, indicated by a reduction in VA RoR. In contrast,
dCA of the ICA in men was similar in normoxia and hypoxia. We also observed that
immediately before the dCA assessment hypoxia caused vasodilation (reduced vascular tone)
of the ICA in men, but not the VA, which suggests an alternative mechanism to hypoxia-
induced reduction in conduit artery vascular tone is responsible for the regional dCA responses

observed in this study.
Dynamic cerebral autoregulation in hypoxia is region specific in men

We report for the first time, using volumetric blood flow RoR methods, the dCA of the cerebral
conduit arteries to hypoxia is regionally different in men. Although region specific dCA has
not previously been shown in acute hypoxia, our findings are consistent with those by Sato and
colleagues that reported reduced VA RoR but not ICA RoR in a male-only cohort in response
to large reductions in blood pressure caused by a combination of the thigh cuff method
superimposed on head-up tilt (Sato, Fisher, et al., 2012). Furthermore, the magnitude of the
reduction in dCA of the posterior circulation in men [VA RoR —0.15 (0.19) s '] is consistent
with reductions in volumetric dCA of the anterior circulation previously reported in hypoxia,

e.g., [ICA RoR —0.15 (0.26) s™*] (Tymko et al., 2020).
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The prevailing explanation for reduced dCA in the VA than ICA during systemic physiological
stress is a lower basal vascular tone of the posterior circulation is necessary to maintain blood
flow to the cardiorespiratory control centres of the brain (Sato, Fisher, et al., 2012). Regional
differences in key mediators of cerebrovascular regulation may be linked to the reduced dCA
of VA, such as differences in the CO> sensitivity. The VA has previously been shown to be
more sensitive than the ICA to changes in hypotension and hypocapnia (Lewis et al., 2015).
However, whilst we report a hypoxia-induced hypocapnia during the rapid thigh cuff method,
incorporating PetCO. into our analyses did not influence the interpretation of the study
findings, and so it is unlikely to explain the observed region specific dCA to acute hypoxia.
Other plausible explanations for the reduced dCA of the VA compared to the ICA may be
underpinned by an increased metabolic state of the visual cortices (Hermes et al., 2007,
Matsutomo et al., 2023; Nakagawa et al., 2009), distinctive autonomic innervation (Koep et
al., 2022), and different sensitivities to vasoactive agents, such as reactive oxygen species, and
nitric oxide bioavailability (Mattos et al., 2019, 2020; Vianna et al., 2018). Our findings in a
mixed cohort of men and women expand on the work by Sato and colleagues (Sato, Fisher, et
al., 2012) by identifying that region specific dCA, and likely the mechanisms underpinning it,

is influenced by biological sex, since we only found a regional difference in dCA in men.

Postural-induced differences in peripheral arterial blood pressure may influence dynamic

cerebral autoregulation in hypoxia

The lack of a reduction in anterior circulation dCA to acute hypoxia in the present study was
unexpected as the severity of hypoxia was similar to the three other previous studies to report
reductions in anterior circulation volumetric dCA in hypoxia (Horiuchi et al., 2016, 2022;
Tymko et al., 2020). A possible explanation for these contrasting reports is the difference in
the peripheral arterial blood pressure response to the hypoxia before the thigh cuff method,
since in previous studies MAP was either increased or unchanged (Horiuchi et al., 2016, 2022;
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Tymko et al., 2020), whereas we report a reduction in MAP. The differences in arterial blood
pressure responses to acute hypoxia can be explained by posture differences as in the current
study, participants were sat upright, which contrasts the semi-reclined and supine positions in
previous studies (Horiuchi et al., 2016, 2022; Tymko et al., 2020). Posture differences are also
known to impact the magnitude of cerebral blood flow reduction to rapid thigh cuff method
(Deegan et al., 2010), which may also partly explain our contrasting response in dCA of the
ICA to the literature. Whilst we induced a comparable reduction in MAP by the rapid thigh
cuff deflation, we induced a greater reduction in blood flow (-34% vs max. —22%) to that
reported previously (Horiuchi et al., 2016, 2022; Tymko et al., 2020). Our reduction in blood
flow was more akin to the reduction reported during large abrupt reductions in blood pressure
induced by a combination of head-up tilt and the thigh cuff method (-32%), which also reported
a reduction in dCA of the VA but not ICA (Sato, Fisher, et al., 2012). Taken together, it could
be speculated that an exacerbated reduction in dCA of the VA to acute hypoxia compared to
the ICA, as which we had originally hypothesised, may occur during a relative hypoxia-induced

hypertension in the upright position; however, this requires confirmation in future research.

Reductions in dynamic cerebral autoregulation in hypoxia may not be attributable to hypoxia-

induced vasodilation

We report differences in the acute hypoxia-induced vasodilation between the anterior and
posterior cerebral conduit arteries. Specifically, in men, hypoxia caused vasodilation of the
ICA but not the VA (Figure 5.3). Combined with the hypoxia-induced reduction in dCA of the
VA but not the ICA in men, our study provides evidence to contrast the prevailing hypothesis
that a lowered vascular tone is the mechanism that reduces dCA in acute hypoxia (Ogoh et al.,
2010; Querido et al., 2013). Therefore, in agreement with other reports of an unchanged vessel
diameter but reduced dCA in hypoxia (Tymko et al., 2020) and head-up tilt (Sato, Fisher, et

al., 2012), other mechanisms are likely responsible for the reduction in posterior dCA in acute
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hypoxia in the present study, for example, our proposed effect of basal blood pressure
differences before the dCA assessment and posture. This explanation may also extend to
previous research that primarily attributes the reduction in dCA by hypercapnia to the
vasodilatory effect of CO, (Panerai et al., 1999), whilst our findings suggest the reduction of
dCA may be due to the hypertensive effects of hypercapnia. Another possible explanation for
lack of association between lowered vascular tone and reduced dCA in the extracranial arteries
in our study is that the large vasculature is less vasoactive in the regulation of dCA with most
of the regulation of vascular resistance occurring in the downstream arteries and arterioles.
Whilst the large arteries do contribute to vascular resistance (Liu et al., 2013), segmental
differences in innervation and regulation of the vasculature suggests that a large proportion of
vasodilation-induced reductions in dCA occur in the microvasculature (Cipolla, 2009; Duffin

etal., 2021; Koep et al., 2022).

Methodological considerations and future directions

We report that intracranial dCA of MCA and PCA blood velocity were comparable in normoxia
and hypoxia and between sexes, which contrasts our volumetric extracranial findings in this
study. Whilst measurements of the extracranial arteries are limited as they may not reflect
downstream vascular regulation, particular caution is needed when interpretating intracranial
findings acquired by TCD as they do not account for vessel diameter changes. TCD has
previously been shown to underestimate dCA compared to duplex ultrasound (Liu et al., 2013)
and the importance of capturing vessel diameter, particularly during experimental methods that
are known to change vessel tone such as hypoxia, is highlighted here since it was only when
RoR was derived from volumetric blood flow measurements obtained at the extracranial
arteries that the hypothesised regional dCA response was found. These findings support the
view that dCA responses between different methods are not comparable and highlights the
importance of capturing vessel diameter to calculate volumetric blood flow to have the most
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confidence in the physiological interpretation of cerebrovascular function (Brassard et al.,

2021).

Whilst there remains no gold standard measurement of dCA, and with evidence of poor
agreement between different metrics of dCA (Tzeng et al., 2012), we believe our careful
approach to dCA strengthens our findings (Figure 5.1). We used the standardised rapid thigh
cuff deflation method (Aaslid et al., 1989) and duplex ultrasonography to assess dCA
volumetrically to abrupt changes in blood pressure (< 4 s). To the authors' knowledge there is
no other method than duplex ultrasonography with sufficient temporal resolution to examine
dCA volumetrically to abrupt changes in blood pressure (< 4 s). Our approach to analysis
involved metrics of dCA that have revealed regional differences previously, including the
relative reduction in haemodynamics (Lewis et al., 2015), onset of recovery (Rosengarten &
Kaps, 2002), and RoR (Horiuchi et al., 2016, 2022; Sato, Fisher, et al., 2012; Tymko et al.,
2020). Whilst our adjustment to the RoR curves from the onset of recovery is different from
previous hypoxia investigations (Horiuchi et al., 2016, 2022; Sato, Fisher, et al., 2012; Tymko
et al., 2020), this approach accounts for individual differences (Labrecque et al., 2021), and
enables the inclusion of the other metrics to provide a complete description of the
cerebrovascular response to abrupt reduction in blood pressure. Moreover, the onset of
recovery in CVC (1.4 s maximum, Figure 5.4) was within the time to first nadir in MAP (4.5 s
on average, Table 5.2), so it is unlikely that our RoR metric included any MAP-mediated
counter-regulation. Our careful approach to dCA analysis enabled us to isolate that it was the
RoR, rather than the magnitude or time to counter-regulation, that was different between
conduit cerebral arteries, which may suggest that RoR is a more sensitive dCA metric following

rapid thigh cuff deflation induced hypotension.

The inclusion of sex as an additional fixed factor significantly improved the model fit and
suggests biological sex may influence dCA of the extracranial arteries to abrupt reductions in
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blood pressure. Whilst hypoxia induced regional dCA between the extracranial arteries in men,
we are cautious in our interpretation of the findings in women due to the small sample size (N
=6). Women in our study completed repeat assessments in a menstrual or non-active pill phase
associated with the lowest levels of oestrogen and progesterone to reduce the variability of sex
hormones, which are known to influence cerebrovascular function (Barnes & Charkoudian,
2021; Krejza et al., 2001, 2003, 2013; Peltonen et al., 2016). Here we show that this approach
may not reduce variability between men and women and that sex differences in dCA may
persist even when female sex hormones are at their lowest. Indeed, including a mixed cohort
of men and women with uneven group sizes, as in this study (14 men, 6 women), may
complicate the interpretation of cerebrovascular regulation mechanisms, particularly when
hypotheses are generated from previous studies that have almost entirely been generated in
men (Horiuchi et al., 2016, 2022; Sato, Fisher, et al., 2012; Tymko et al., 2020). It is perhaps
not surprising to observe sex differences in cerebral blood flow regulation given the differences
between men and women in resting cerebral perfusion (Alisch et al., 2021; Daniel et al., 1989;
Rodriguez et al., 1988) and blood pressure regulation (Hart et al., 2009). Our finding highlights
that simplifying the variability between men and women to only differences in female sex
hormones is insufficient as an experimental control and should serve as a cautionary example
for future cerebrovascular research studies planning to use mixed men and women cohorts.
Future research should employ rigorous methodologies to unravel the present contrasting and

inconsistent reports of sex differences in dCA (Barnes & Charkoudian, 2021).

Conclusions

In a mixed cohort of men and women, the dCA of the intracranial and extracranial cerebral
conduit arteries were regionally comparable during normoxia and acute poikilocapnic hypoxia.
Further analysis, accounting for sex and improving the statistical model, revealed hypoxia
reduced the dCA of the VA, but not the ICA in men. Hypoxia caused vasodilation of the ICA,
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but not the VA, suggesting alterations in vascular tone may not be responsible for the reduction

in dCA of the VA observed in men in hypoxia.
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Chapter Six

Effect of the metabolic state of the visual cortices on
regional vascular tone and dynamic cerebral autoregulation

In normoxia and acute hypoxia

6.1 Abstract

Metabolic activation of the visual cortices from ambient light when measurements are
completed with eyes open is proposed to lower basal vascular tone of the posterior cerebral
circulation and contribute to the reduced dynamic cerebral autoregulation (dCA) of the
posterior circulation compared to the anterior circulation. We hypothesised that, in normoxia
and hypoxia, dCA of the posterior cerebral artery (PCA) and vascular tone of the vertebral
artery (VA) would be reduced with 10-min of high (lights on — eyes open) compared to low
visual input (lights off — eyes closed), whereas the middle cerebral artery (MCA) and internal
carotid artery (ICA) would be unchanged. In twenty participants (14 men), vascular tone was
measured using duplex ultrasound and dCA was derived from transfer function analysis of
transcranial Doppler ultrasound measurements during spontaneous oscillations in blood
pressure at rest. Visual stimulation reduced very low-frequency phase of the PCA [high, 1.00
(0.23) vs low, 1.24 (0.28), P<0.01], but not the MCA, [high, 1.25 (0.23) vs low, 1.22 (0.28),
P=0.72] in normoxia, indicating a reduced posterior dCA, whereas there was no regional
difference in dCA with visual stimulation in hypoxia. Visual stimulation increased blood
velocity of the PCA and VA compared to MCA and ICA, but extracranial vascular tone was
unchanged, in normoxia and hypoxia. In conclusion, visual stimulation elicited a regional
intracranial and extracranial blood velocity increase in normoxia and hypoxia but did not
reduce extracranial vessel tone, suggesting other mechanisms are responsible for the regional
differences in intracranial dCA to visual stimulation.
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6.2 Introduction

Cerebral blood flow is regulated by alterations in vascular tone of the cerebral arterial
circulation to deliver oxygen and nutrients to match metabolic demand of the brain and remove
cellular waste (Brozovich et al., 2016; Claassen et al., 2021). Dynamic cerebral autoregulation
(dCA) is an intrinsic mechanism of the cerebral circulation that regulates cerebral blood flow
via changes in vascular tone to fluctuations in arterial blood pressure within a few seconds
(Brassard et al., 2021; Claassen et al., 2021; Lucas et al., 2010). Reduced vascular tone is a
predominant mechanism that reduces dCA, such as during hypoxia and hypercapnia (Ogoh et
al., 2010; Panerai et al., 1999). However, dCA is seldom studied in humans in response to
physiological stress perhaps due to the difficulty of manipulating and measuring vessel tone

before and during dCA assessment.

The posterior cerebral circulation is reported to regulate cerebral blood flow differently to the
anterior circulation, particularly during times of physiological stress, such as in hypoxia
(Kellawan et al., 2017; Lewis et al., 2014; Ogoh et al., 2013), orthostasis (Sato, Fisher, et al.,
2012), hyperthermia (Bain et al., 2013; Caldwell et al., 2020) and alterations in carbon dioxide
(Sato, Sadamoto, et al., 2012; Willie et al., 2012). Evidence from beat-to-beat transcranial
Doppler ultrasound (TCD) derived measurements of blood velocity in the middle cerebral
artery (MCA) and posterior cerebral artery (PCA) report that the posterior circulation has a
poorer dCA compared to the anterior circulation and is more pressure-passive to fluctuations
in arterial blood pressure (Haubrich et al., 2004; Sorond et al., 2005). In addition, previous
research that assessed dCA with duplex ultrasound volumetric measurements has shown
posterior dCA measured at the vertebral artery (VA) to be poorer compared to anterior dCA
measured at the internal carotid artery (ICA) (Sato, Fisher, et al., 2012). The authors also
elegantly demonstrated, using direct measurements of extracranial vessel diameter and the

layering acute hypotension on top of orthostasis, that a lower vascular tone in the VA compared
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to the ICA may be a mechanism for the more pressure-passive dCA of the posterior circulation
(Sato, Fisher, et al., 2012). It is proposed that this lower vascular tone in the posterior
circulation is necessary to preferentially maintain blood flow to brain regions involved in
systemic cardiorespiratory control, particularly during times of systemic physiological stress
where cerebral metabolic demand is increased, and/or to match neurometabolic demand of the
visual cortices since assessments are regularly conducted with eyes open (Sato, Fisher, et al.,

2012).

As is well-documented with the increase in blood velocity of the PCA during neurovascular
coupling (Phillips et al., 2016), stimulation of the visual cortices reduces vascular tone of the
posterior circulation compared to the anterior circulation (Bizeau et al., 2018; Masamoto &
Vazquez, 2018). Neurovascular coupling paradigms often involve on-off cycles of visual
stimuli a few centimetres from the face, such as a flashing screen, reading, or eye tracking of a
moving object (Phillips et al., 2016). Visual stimulation-induced alterations in posterior
compared to the anterior cerebrovascular haemodynamics have also been shown with more
subtle ambient light and eyes open/closed manipulations (Hermes et al., 2007; Matsutomo et
al., 2023). Less studied, owing to the limited methods available, is how subtle visual stimuli
influences dCA. The only such study that has reported regional differences in dCA found that
the dCA of the PCA is reduced when assessments at rest were completed in ambient light with
eyes open compared to with eyes closed, whereas the dCA of the MCA was unchanged
(Nakagawa et al., 2009). This demonstrates that increased neural activation of the visual
cortices from ambient light with eyes open may modulate vascular tone and consequently dCA
of the conduit arteries in the posterior circulation differently to the anterior circulation.
However, since cerebral haemodynamics measurements in this study were limited to TCD
(Nakagawa et al., 2009), the influence of eyes open stimulus on cerebral vascular tone and

volumetric cerebral blood flow was not determined to confirm this hypothesis. Recently, it has
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been reported that neurovascular coupling induces vasodilation and increased volumetric blood
flow in the posterior cerebral conduit arteries, measured extracranially in the VA, which
supports that visual stimulation may reduce the vascular tone of the posterior circulation
(Samora et al., 2020). This also suggests that duplex ultrasound measurements of the ICA and
VA can provide an indication of the vascular tone of the anterior and posterior circulations
during visual stimulation that can be utilised to elucidate the role of vessel tone in underpinning
the regional differences in dCA between lights on/eyes open vs lights off/eyes closed

assessments.

Whilst there is evidence to suggest a regional cerebral blood flow regulation to hypoxia
(Kellawan et al., 2017; Lewis et al., 2014; Ogoh et al., 2013), whether hypoxia leads to a
regional difference in dCA has received little investigation. Hypoxia reduces dCA compared
to normoxia (Bailey et al., 2009; Horiuchi et al., 2016; Subudhi et al., 2009; Tymko et al.,
2020) and the prevailing explanation is that hypoxia-induced reductions in vascular tone causes
the cerebral circulation to be more pressure-passive (Ogoh et al., 2010; Querido et al., 2013);
however, these reports are limited to the cerebral conduit arteries of the anterior circulation.
The limited research available that has investigated regional dCA in hypoxia is conflicting,
with some suggesting that dCA of the posterior circulation may be reduced (Thesis Chapter 4)
or improved (Smirl et al., 2014) compared to the anterior circulation to hypoxia. The effect of

visual stimulation on dCA in hypoxia has not been previously investigated.

This study aimed to determine, in normoxia and hypoxia, the influence of low and high ambient
visual input on regional cerebral haemodynamics, vascular tone, and dynamic cerebral
autoregulation. We hypothesised that in normoxia and hypoxia; 1) intracranial blood velocity
and extracranial blood velocity and blood flow of the posterior circulation would be greater
with high compared to low visual input, whilst the anterior circulation would be unchanged; 2)
extracranial vascular tone of the posterior circulation would be reduced with high compared to
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low visual input, whilst the anterior circulation would be unchanged; 3) dCA of the posterior
circulation would be reduced compared to the anterior circulation with high visual input, but

comparable with low visual input.
6.3 Methods
Ethical Approval

Ethical approval for this study was obtained from Bangor University (proposal number P0O5-
2021, Appendix 3) and was conducted following the standards of the Declaration of Helsinki
2013, except for registration in a database, with written informed consent obtained from all

participants.
Participants

Twenty young healthy participants were recruited to this study [6 female, 25 (7) yr, 175.8 (8.5)
cm, 71.3 (11.3) kg, body fat 15.8 (6.4) %, haemoglobin 14.2 (2.0) g-dL™, haematocrit 42 (6)
%]. Participants were non-smokers, free from cardiovascular, haematological, and neurological
disease, not at an increased risk of COVID-19 as defined by the Welsh Government and had
not resided overnight at an altitude of > 2500 m within the last six months. Female participants
were included if they had a regular menstruating cycle or were taking an oral contraceptive pill
that included inactive/placebo days. Participants with a regular menstrual cycle were tested
during the onset of menses and the early follicular phase (days 1 to 5) and participants on the
oral contraceptive pill were tested during their withdrawal bleed (Elliott-Sale et al., 2021).
Menstrual subphase identification was completed by a forward counting self-report method
(Allen et al., 2016). Participants were instructed to refrain from consuming alcohol and from
undertaking exhaustive exercise within 24 h of visiting the laboratory. Participants were
familiarised with the experimental procedures and screened for vascular abnormalities before

completing the experimental trials. Each experimental trial was completed at the same time of
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day and participants were instructed to match their diet and supplement intake, and prohibited

from consuming caffeinated beverages, on the day of the trial.

Experimental Design

This study followed a single-blind, repeated-measures, counterbalanced crossover design with
each participant completing two experimental trials; a high visual input trial (lights on — eyes

open) and low visual input trial (lights off — eyes closed).

The two experimental trials were completed in two experimental conditions also in a single-
blind, repeated-measures, counterbalanced crossover design consisting of a 60 min exposure
to either normoxia (fraction of inspired oxygen [FiO2] = 20.9%) or poikilocapnic hypoxia (FiO2
=12.5%) in a temperature [25.6 (0.8) °C] and humidity [30.3 (5.0) %] controlled environmental

chamber (Hypoxico Inc, New York, USA) separated by at least 48 h.

Experimental Measurements

Room illuminance

Laboratory illuminance was determined at eye level from a handheld light meter (RS-92, RS

Components Ltd., Northamptonshire, UK).

Cardiorespiratory

Peripheral arterial oxygen saturation was measured via pulse oximetry (SpO2; Model 7500
Oximeter; Nonin Medical Inc. Minnesota, USA). Beat-to-beat heart rate was measured with a
Lead Il electrocardiogram and blood pressure was measured by finger photoplethysmography
(Finometer Midi, Finapres Medical Systems, Netherlands). Measurements of systolic blood
pressure, diastolic blood pressure and mean arterial pressure (MAP) were calculated from the
finger arterial waveform that was calibrated to the average of three automated brachial blood

pressure measurements (Tango+, SunTech, Morrisville, NC, USA). The partial pressure of
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end-tidal oxygen (PetO2) and partial pressure of end-tidal carbon dioxide (PeTCO2) were
recorded breath-by-breath from the mouth using a gas analyser (ML206, ADInstruments,

Colorado, CO).

Extracranial arteries

Blood flow of the ICA and VA were collected using duplex ultrasound with a 15 MHz linear
transducer at 30 Hz (uSmart 3300, Terason, Burlington, MA, USA). High-resolution images
of vessel diameter were acquired using B-mode imaging whilst pulse wave mode was used to
simultaneously measure the Doppler velocity spectra. Care was taken to ensure the strongest
Doppler velocity spectrum signal was recorded by positioning the Doppler gate in the centre
of the artery with a 60° angle of insonation and adjusting to fill the artery lumen as per
recommended technical guidelines (Thomas et al., 2015). The ICA was measured at least 1.0—
1.5 cm distal to the carotid bifurcation and the VA was measured between C3 and the
subclavian artery. The location was chosen based on the position that was most reproducible
within each individual and this position was repeated between trials. Pairs of MCA and ICA,
and PCA and VA were measured on the same side of the participant as determined by the most

reliable and reproducible signals.

Intracranial arteries

Blood velocity of the MCA and PCA were measured by transcranial Doppler ultrasound (TCD)
using two 2 MHz probes placed over the left and right transtemporal windows and secured in
place via an adjustable headpiece (PMD150, Spencer Technologies, Seattle, WA, USA).
Insonation of each artery was achieved using standardised procedures (Willie etal., 2011), with
probe position, signal depth and gain settings recorded to replicate the placement during trials.

All participant measurements were collected by the same operator (ATF).
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In two separate day-to-day reproducibility studies (each N =5) completed by the same operator
(ATF), the coefficient of variation for duplex ultrasound assessments of blood flow, vessel
diameter, and blood velocity of the ICA (4%, 1%, and 3%) and VA (8%, 1%, and 7%) and
TCD blood velocity assessments of the MCA (3%) and PCA (3%) were comparable with

recommended guidelines (Thomas et al., 2015).

Experimental Procedures

Participants completed an initial TCD instrumentation breathing normal room air outside of
the environmental chamber. On entry to the chamber, participants were seated comfortably
instrumented with the remaining measures, and rested for 15 min. In a randomised counter-
balanced order, participants were then instructed to rest quietly and minimise movement for a
two 10 min periods, once with their eyes closed and laboratory lights turned off (low visual
input), and once with their eyes open and laboratory lights switched on (high visual input),
whilst resting cardiorespiratory and TCD measurements were collected for the assessment
spontaneous dCA. Resting duplex ultrasound measurements of the ICA and VA were collected

immediately after each 10 min period.

Data Processing

Measurements of blood velocity of the MCA and PCA, heart rate, MAP, SpO,, PetO; and
PerCO- were all acquired continuously at 1 kHz using an analog-to-digital converter (Powerlab
16/30; ADInstruments) and interfaced on a computer in real time using LabChart software
(LabChart 8, ADInstruments). Real time beat-to-beat mean value of MAP and time-averaged
maximum values of blood velocity of the MCA or PCA were determined from each R-R

interval.

All Duplex ultrasound data were captured and stored for subsequent offline analysis by an

investigator blinded to the condition of the experimental trials. Concurrent measurements of
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vessel diameter and time-averaged maximum velocity (TAMX) were acquired using an
automated edge-detection tracking software (Brachial Analyser, Vascular Research Tools 6,
Medical Imaging Applications, Coralville, 1A, USA). Subsequently, extracranial blood flow

was calculated using the following equation:
Blood flow (ml-mint) = [TAMXx (cm-s™1)2] x [ x (mean vessel diameter (cm)?2)?] x 60
Data Analysis

Continuous beat-to-beat resting blood velocity of the MCA and PCA, heart rate, MAP, SpO>
and PETCOzwere calculated from a five-minute average during the period of spontaneous dCA

measurement. Resting beat-to-beat ICA and VA blood flow were averaged from a 30s period.
Transfer function analysis

Spontaneous cerebral autoregulation during rest was analysed using Ensemble (Version
1.0.0.14, Elucimed, Wellington, New Zealand). In accordance with the recommendations of
the Cerebral Autoregulation Research Network (CARNet) 500 s of beat-to-beat blood pressure
and blood velocity of the MCA or PCA data were resampled at 4 Hz for spectral and transfer
function analysis based on the Welch method (Panerai et al., 2023). This involved subdividing
each data epoch into nine successive 100 s window segments that overlapped by 50%. Each
window segment was linearly detrended and passed through a Hanning window for linear
transfer function analysis. Incidents of phase wrap-around were excluded from the analysis. In
this study, MAP and blood velocity of the MCA or PCA power spectrum density, and the mean
values of transfer function analysis coherence, phase (radians), absolute gain (cm s-t/mmHg),
and normalized gain (%/mmHg) were calculated across the very low (0.02-0.07 Hz), low
(0.07-0.2 Hz) and high (0.2-0.5 Hz) frequency ranges, where the corresponding coherence

reached the a-priori defined 95% statistical significance level (coherence > 0.42).
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Statistical Analysis

No sample size estimation was completed for this chapter as the data presented here was part
of a larger study that investigated differences in dCA between the internal carotid and vertebral
arteries (Chapter 5). Statistical analysis was conducted using SPSS Statistics v27 (IBM Corp.,
Armonk, NY, USA) and figures were created in GraphPad Prism (GraphPad Prism 9, San
Diego, CA, USA). All analysis was completed using linear mixed models. To confirm that
acute poikilocapnic hypoxia exposure was achieved, absolute values of cardiorespiratory and
cerebrovascular variables at rest were analysed with fixed effects of visual input (low and high)
and condition (normoxia and hypoxia), adding participant as a random effect, with the main
effect of condition the primary outcome effect of interest. Absolute values of cardiorespiratory
and cerebrovascular variables at rest and metrics from transfer function analysis in normoxia
and hypoxia were analysed by a linear mixed model with visual input and, were appropriate
for cerebrovascular variables, the interaction with region (anterior and posterior), adding
participant as a random effect. To better examine regional differences in cerebrovascular
variables at rest with high or low visual input in normoxia and hypoxia by accounting for
differences in baseline values, the relative change values (from low visual input to high visual
input) of cerebrovascular variables were analysed with region the fixed effect of interest,
adding the participant as a random effect. Sex and PetCO, was also added to each linear mixed
model as a fixed effect of interest and each additive model fit was compared to the original
model using the Chi-square likelihood ratio test. Raw data are mean (standard deviation) unless
otherwise stated and statistical significance was set at P < 0.05. Bonferroni corrected-multiple
pairwise comparisons were conducted when significant main effects or interactions were
detected. Values from linear mixed model pairwise comparison analysis are reported as
estimated marginal means and an estimated standard deviation that was derived from the

standard error, where n is the sample size (estimates standard deviation = standard error x \n)
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(Friend et al., 2021; Shenouda et al., 2017). Given the potential for uneven group sizes where
the coherence threshold was not reached, values from linear mixed model pairwise comparison
analysis are reported as estimated marginal means and an estimated standard deviation and

differ from the raw data.

6.4 Results

Ambient laboratory light was greater in high compared to low visual input

Laboratory luminance measured at eye-level was greater with high visual input compared to
low visual input in both normoxia [Low, 11.1 (17.6) and High, 366.1 (75.1), P < 0.001] and

hypoxia [Low, 18.0 (23.0) and High, 361.0 (72.6), P < 0.001].

Visual stimulation elicited an attenuated reduction in intracranial posterior cerebral blood

velocity compared to the anterior circulation in normoxia

Heart rate, systolic blood pressure, diastolic blood pressure, MAP, SpO2 were not influenced
by visual stimulation in normoxia (all P > 0.05, Table 6.1). PerO, was increased [estimated
marginal mean (estimated standard deviation); +5.6 (5.8) mmHg, P < 0.01], and PetCO, was

decreased [-2.9 (2.8) mmHg, P < 0.001] in high compared to low visual input.

In the intracranial arteries, changing from a low to high visual input reduced blood velocity of
the MCA and the PCA; however, the reduction was attenuated in the PCA [MCA, -5.2 (8.1)
% and PCA, -2.6 (7.6) %, P = 0.02, Figure 6.1a]. In the extracranial arteries, there was a
statistical trend for the relative change from low to high visual input in blood velocity [VA,
+5.9 (15.3) % and ICA, -2.4 (13.7) %, P = 0.08, Figure 6.1b]. In contrast, vessel diameter (P
= 0.23, Figure 6.1c), and blood flow (P = 0.31, Figure 6.1d) changes from low to high visual
input were regionally comparable in the ICA and VA. The addition of PErCO; or sex either did

not improve the model fit or, whilst may have improved the model fit, did not unveil a regional
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difference in cerebrovascular blood flow regulation between the anterior and posterior regions

from low to high visual input.

Visual stimulation in normoxia reduced dynamic cerebral autoregulation to spontaneous

oscillation in blood pressure in the intracranial posterior but not the anterior circulation

The number of data sets that exceeded the required coherence value of 0.42 for the MCA and
PCA were between 7 — 14 in the VLF range, 17 — 18 in the LF range, and 4 — 8 in the HF range
(Table 6.2). Reduced posterior dCA was indicated by a visual input x region interaction
modelled with PetCO- that revealed VLF phase of the PCA was reduced in high compared to
low visual input [estimated marginal mean (estimated standard deviation); High, 1.00 (0.23)
radians, N =9 and Low, 1.24 (0.28) radians, N =12, P < 0.01, Figure 6.2] whereas, VLF phase
of the MCA was unchanged between high and low visual input [High, 1.25 (0.23) rad, N = 7
and Low, 1.22 (0.28) rad, N = 14, P = 0.72], which is indicative of no change in anterior dCA.
VLF phase of the PCA in high visual input was also lower than VLF phase of the MCA in
either low or high visual input (P < 0.01), thus revealing a reduced dCA. There was no
interaction (visual input x region) effect for LF or HF transfer function metrics. The addition
of PETCO- or sex did not improve the model fit or unveil a regional difference in regulation

from low to high visual input.
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Low visual input

High visual input

Cardiorespiratory

SpO2 (%) * 96.2 (1.2) 96.6 (1.2)

Heart rate (bpm) 67.1 (6.9) 69.4 (7.7)

Systolic blood pressure (mmHg) 1146 (13.5) 115.7 (12.9)

Diastolic blood pressure (mmHg) 67.5 (10.0) 68.5 (6.9)

Mean arterial pressure (mmHQ) 83.2 (9.4 84.2 (6.5)

PeTO2 (MmHgQ) * 106.2 (6.8) 112.3 (8.1)

PeTCO2 (mmHg) * 385 (4.3) 354 (5.4)
Intracranial blood velocity (cm-s™) +

Middle cerebral artery 53.7 (14.1) 50.4 (11.9)

Posterior cerebral artery 39.9 (8.7) 38.6 (7.8)
Extracranial blood flow (ml-mint) §

Internal carotid artery 265.0 (62.8) 251.7 (56.1)

Vertebral artery 92.3 (42.2) 96.3 (41.5)
Extracranial vessel diameter (mm) T

Internal carotid artery 5.17 (0.76) 5.13 (0.75)

Vertebral artery 3.65 (0.63) 3.63 (0.63)
Extracranial blood velocity (cm-s™) +

Internal carotid artery 425 (8.3) 41.6 (10.3)

Vertebral artery 27.7 (6.4) 29.5 (6.7)
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Table 6.1. Cardiorespiratory and cerebrovascular responses to low (lights off — eyes closed) and high (lights on — eyes open) visual input
in normoxia (fraction of inspired oxygen = 20.9%). Data were analysed by a linear mixed model analysis. The primary outcome of interest for
cardiorespiratory variables was the effect of visual input (low and high). The primary outcome of interest for cerebrovascular variables was the
effect of interaction of visual input and region (anterior and posterior) with the intracranial (middle cerebral artery and posterior cerebral artery)
or extracranial arteries (internal carotid artery and vertebral artery). There was no interaction effect between condition and region for any
intracranial or extracranial cerebrovascular variable (all P > 0.05). “ Main effect of condition (P < 0.05) + Main effect of region (P < 0.05).
Additional fixed effects of interest (e.g., sex or PETCOz) did not change the statistical outcome for any other variable. Abbreviations: PETCOs,
partial pressure of end tidal carbon dioxide; PetO», partial pressure of end tidal oxygen; SpO>, peripheral oxygen saturation. Values are raw data

means (standard deviation).
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Figure 6.1. Cerebrovascular response from low to high visual input in the intracranial
and extracranial arteries in normoxia. Relative change from low (lights off — eyes closed)
to high (lights on — eyes open) visual input in blood velocity (a, P = 0.02) of the middle cerebral
artery (MCA) and posterior cerebral artery (PCA), and blood velocity (b, P = 0.08), vessel
diameter (c, P = 0.23), and blood flow (d, P = 0.31) of the internal carotid artery (ICA) and
vertebral artery (VA) in normoxia (fraction of inspired oxygen = 20.9%). Variables were
analysed by a linear mixed model analysis with the primary outcome of interest was the effect
of region, adding participant as random effect. Additional fixed effects of interest (e.g., sex or
PeTrCO») did not change the statistical outcome for any other variable. Data are raw data means
(standard deviation) with individual data points. *P < 0.05 between regions. TP < 0.08 between

regions.
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Middle cerebral artery Posterior cerebral artery

Low visual input High visual input Low visual input High visual input
Very low frequency (0.02-0.07 Hz) (N=14) (N=7) (N=12) (N=9)
MAP power (mmHg%/Hz) * 19.79 (18.96) 14.25 (10.19) 21.39 (20.04) 22.69 (23.49)
CBv power ([cm/s]?/Hz) 9.76 (8.18) 5.86 (5.47) 8.17 (9.02) 547 (4.27)
Coherence (Index) * 0.57 (0.12) 0.54 (0.07) 0.60 (0.09) 0.51 (0.07)
Phase (radians) a 1.15 (0.31) i 1.43 (0.28) 1.18 (0.31) 1.13 (0.37)
Gain (cm/s/mmHg) * 0.74 (0.46) 0.59 (0.22) 0.62 (0.41) 0.50 (0.24)
nGain (%/mmHg) 1.29 (0.52) 1.07 (0.38) 1.44 (0.63) 1.23 (0.68)
Low frequency (0.07-0.2 Hz) (N=18) (N =18) (N =18) (N=17)
MAP power (mmHg?/Hz) b 18.98 (25.40) 19.08 (22.08) 18.98 (25.40) 19.19 (22.80)
CBv power ([cm/s]%/Hz) T 7.14 (3.81) 6.01 (3.81) 461 (2.47) 489 (4.08)
Coherence (Index) 0.71 (0.14) 0.70 (0.12) 0.70 (0.14) 0.70 (0.10)
Phase (radians) 1.47 (0.24) 151 (0.20) 1.52 (0.25) 151 (0.18)
Gain (cm/s/mmHg) T 0.76 (0.35) 0.66 (0.25) 0.61 (0.30) 0.57 (0.23)
nGain (%/mmHg) 1.40 (0.61) 1.32 (0.49) 1.49 (0.63) 1.49 (0.57)
High frequency (0.2-0.5 Hz) (N=5) (N=7) (N=14) (N=28)
MAP power (mmHg?/Hz) 2.08 (1.60) 2.20 (1.59) 0.97 (0.56) 2.33 (1.60)
CBv power ([cm/s]?/Hz) ¢ 222 (1.93) 2.80 (2.14) 1.29 (1.59) 1.81 (1.29)
Coherence (Index) *¥ 0.58 (0.12) 0.53 (0.10) 0.55 (0.12) 0.50 (0.09)
Phase (radians) 152 (0.21) 153 (0.27) 1.56 (0.09) 1.61 (0.30)
Gain (cm/s/fmmHg) b ¢ 0.99 (0.37) 1.05 (0.47) 0.91 (0.37) 0.79 (0.30)
nGain (%/mmHg) b 2.06 (0.76) 2.12 (0.67) 2.46 (0.94) 2.07 (0.69)
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Table 6.2. Transfer function analysis of the intracranial arteries during spontaneous oscillations in blood pressure in low (lights off — eyes
closed) and high (lights on — eyes open) visual input in normoxia. Transfer function metrics of the middle cerebral artery and posterior cerebral
artery at very low (0.02-0.07 Hz), low (0.07-0.2 Hz), and high (0.2-0.5 Hz) frequencies were collected during a period of seated rest with low and
high visual input in normoxia (fraction of inspired oxygen = 20.9%). To accommodate for uneven group sizes, data were analysed by a linear
mixed model analysis. The primary outcome of interest was the interaction effect of visual input (low and high) and region (middle cerebral artery
and posterior cerebral artery), adding participant as random effect. Partial pressure of end-tidal carbon dioxide (PETCO) at rest was also added
into the model as a covariate for each variable and model fits were compared using the Chi-square likelihood ratio test. The model which had the
best fit is reported for each variable. * Main effect of visual input (P < 0.05). T Main effect of region (P < 0.05). 2 Interaction effect when modelled
with PeTCO2 (P < 0.05). ® Main effect of visual input when modelled with PErCO, (P < 0.05). ¢ Main effect of region when modelled with PETCO;
(P < 0.05). Additional fixed effects of interest (e.g., sex or PETCO>) did not change the statistical outcome for any other variable. Abbreviations:

CBv, cerebral blood velocity; MAP, mean arterial pressure; nGain, normalised gain. Values are raw data means (standard deviation).
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Figure 6.2. Visual stimulation in normoxia reduced dynamic cerebral autoregulation in
the posterior but not anterior circulation. Very low frequency (VLF) phase of blood velocity
in the middle cerebral artery (MCA) and posterior cerebral artery (PCA) during spontaneous
oscillations in blood pressure at rest in low (lights off — eyes closed) to high (lights on — eyes
open) visual input in normoxia (fraction of inspired oxygen = 20.9%). Variables were analysed
by a linear mixed model analysis with the primary outcome of interest the interaction effect of
visual input (low and high) and region (MCA and PCA), adding participant as random effect
and partial pressure of end-tidal carbon dioxide (PeTCOy) at rest since it that improved the
model fit using the Chi-square likelihood ratio test. Data are presented as estimated marginal
mean (estimated standard deviation). *P < 0.05 between low and high visual input for PCA.
1P < 0.05 between region.
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Cardiorespiratory and cerebrovascular responses to acute poikilocapnic hypoxia

Irrespective of visual stimulation (i.e., main effect of condition), hypoxia elicited reductions in
SpO> [estimated marginal mean (estimated standard deviation); —14.3 (2.3) %], PetO> [-58.1
(3.7) mmHg], and diastolic blood pressure [-3.9 (5.4) mmHg], and increased heart rate [+7.1
(4.4) bpm] and systolic blood pressure [+3.4 (6.4) mmHg] (all P < 0.05), but MAP was
unchanged [-1.5 (4.2) mmHg, P = 0.114]. Poikilocapnia was confirmed as PetCO. was reduced
in hypoxia [-1.2 (2.0) mmHg, P < 0.05]. Acute poikilocapnic hypoxia did not induce acute

mountain sickness (Appendix 5.2).

Acute poikilocapnic hypoxia increased (all P < 0.05) blood velocity of the intracranial arteries
[MCA, +3.1 (5.1) cm-st and PCA, +3.4 (3.3) cm-s], and extracranial vessel diameter [VA,
+0.21 (0.11) mm and ICA, +0.31 (0.21) mm] and blood flow [VA, +12.5 (11.6) ml-min~! and
ICA, +30.5 (33.4) ml-min~!]. Compared to normoxia, hypoxia decreased VLF and LF phase of
the MCA and PCA intracranial arteries, indicating a reduction in dCA, and decreased VLF and

LF normalised gain (all P < 0.05), which is indicative of increased dCA.

Visual stimulation increased blood velocity in the posterior circulation but not the anterior

circulation in acute poikilocapnic hypoxia

PetO2, PETCOy, diastolic blood pressure, SpO2 were not influenced by visual stimulation in
hypoxia (all P > 0.05, Table 6.1). Systolic blood pressure [estimated marginal mean (estimated
standard deviation); —4.5 (8.4) mmHg, P < 0.05], MAP [-3.2 (6.4) mmHg, P < 0.05], and heart

rate [-1.9 (4.1) bpm, P < 0.05] decreased from low to high visual input.

In acute poikilocapnic hypoxia, the increase in blood velocity of the PCA from low to high
visual input was greater compared to the MCA [PCA, +6.3 (10.5) % and MCA, +1.5 (8.5) %;
P < 0.05, Figure 6.3a]. The greater increase from low to high visual input in posterior blood

velocity was consistent in the extracranial arteries, with the increase in blood velocity of the
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VA greater compared to the ICA [VA, +8.9 (15.0) % and ICA, +0.2 (10.5) %; P < 0.05, Figure
3b]. The addition of sex as a fixed factor to this variable improved the model fit and unveiled
that this regional difference was present in men only [Men; ICA, —1.7 (11.3) % and VA +13.5
(14.8) %, P < 0.05, Women; ICA, +4.7 (7.4) % and VA, 1.1 (10.2) %, P = 0.39]. In addition,
extracranial blood flow response to visual stimulation tended to be greater in the VA than ICA
[VA +6.6 (14.5) % and ICA, -1.7 (14.3) %, P = 0.08, Figure 6.3d], whereas vessel diameter
response was regionally comparable [P = 0.98, Figure 6.3c]. The addition of PETCO; or sex to
blood flow or vessel diameter did not improve the model fit or unveil a regional difference in

regulation from low to high visual input.

No influence of visual stimulation on regional dynamic cerebral autoregulation to spontaneous

oscillation in blood pressure in acute poikilocapnic hypoxia

The number of data sets that exceeded the required coherence value of 0.42 for the MCA and
PCA were between 11 — 17 in the VLF range, 16 — 19 in the LF range, and 4 — 5 in the HF
range (Table 6.4). There was no visual input x region interaction effect for any VLF, LF, or HF
transfer function metrics, with or without the addition of PErCO. or sex (in the LF range only)

as an additional fixed factor.
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Low visual input

High visual input

Cardiorespiratory
SpO2 (%)
Heart rate (beats per min) *
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Mean arterial pressure (mmHg) *

PetO2 (mmHgQ)
PerCO2 (mmHgQ)

Intracranial blood velocity (cm-s™) ¥
Middle cerebral artery
Posterior cerebral artery

Extracranial blood flow (ml-mint) ¥
Internal carotid artery

Vertebral artery
Extracranial vessel diameter (mm) ¥

Internal carotid artery
Vertebral artery

Extracranial blood velocity (cm-s?) +
Internal carotid artery
Vertebral artery

82.0
76.3
120.8
65.4
83.8

50.7
36.0

55.3
41.8

291.3
101.5

5.50
3.83

41.2
28.2

(4.1)
(9.8)
(16.6)
(8.6)
9.7)

(4.6)
3.1)

(13.9)
(11.3)

(63.2)
(43.4)

(0.62)
(0.71)

(8.0)
(5.5)

82.6
74.4
116.3
62.8
80.6

51.2
35.5

56.2
43.6

286.5
112.1

5.43
3.85

41.3
31.0

(4.7)

(10.4)
(14.0)
(11.4)
(10.5)

(6.5)
(3.3)

(15.2)
(11.1)

(75.6)
(45.3)

(0.61)
(0.61)

9.2)
(6.8)
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Table 6.3. Cardiorespiratory and cerebrovascular responses to low (lights off — eyes closed) and high (lights on — eyes open) visual input
in acute poikilocapnic hypoxia (fraction of inspired oxygen = 12.5%). Data were analysed by a linear mixed model analysis. The primary
outcome of interest for cardiorespiratory variables was the effect of visual input (low and high). The primary outcome of interest for
cerebrovascular variables was the effect of interaction of visual input and region (anterior and posterior) with the intracranial (middle cerebral
artery and posterior cerebral artery) or extracranial arteries (internal carotid artery and vertebral artery). There was no interaction effect between
condition and region for any intracranial or extracranial cerebrovascular variable (all P > 0.05). “ Main effect of condition (P < 0.05) + Main effect
of region (P < 0.05). Additional fixed effects of interest (e.g., sex or PETCO) did not change the statistical outcome for any other variable.
Abbreviations: PETCO, partial pressure of end tidal carbon dioxide; PeTO», partial pressure of end tidal oxygen; SpOz2, peripheral oxygen saturation.

Values are raw data means (standard deviation).
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Figure 6.3. Cerebrovascular response from low to high visual input in the intracranial
and extracranial arteries in acute hypoxia. Relative change from low (lights off — eyes
closed) to high (lights on — eyes open) visual input in blood velocity (a, P < 0.05) of the middle
cerebral artery (MCA) and posterior cerebral artery (PCA), and blood velocity (b, P < 0.05),
vessel diameter (c, P = 0.98), and blood flow (d, P = 0.08) of the internal carotid artery (ICA)
and vertebral artery (VA) in normoxia (fraction of inspired oxygen = 20.9%). Variables were
analysed by a linear mixed model analysis with the primary outcome of interest was the effect
of region, adding participant as random effect. The addition of sex as a fixed factor to the
change in blood velocity of the extracranial arteries improved the model fit and revealed that
this regional difference was present in men only [Men; ICA, -1.7 (11.3) % and VA, 13.5 (14.8)
%, P < 0.05, Women; ICA, 4.7 (7.4) % and VA, -1.1 (10.2) %, P = 0.39]. Data are raw data
means (standard deviation) with individual data points. *P < 0.05 between regions. +P < 0.08

between region.
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Middle cerebral artery Posterior cerebral artery

Low visual input High visual input Low visual input High visual input
Very low frequency (0.02-0.07 Hz) (N=13) (N=17) (N=11) (N=17)
MAP power (mmHg#Hz) b 35.11 (29.42) 37.79 (36.33) 31.66 (27.05) 40.79 (35.88)
CBv power ([cm/s]?/Hz) ¢ 14.70 (9.84) 17.21 (17.39) 8.17 (7.48) 13.15 (11.49)
Coherence (Index) 0.58 (0.11) 0.58 (0.12) 0.58 (0.10) 0.57 (0.10)
Phase (radians) 0.74 (0.26) 0.86 (0.35) 0.91 (0.33) 0.82 (0.41)
Gain (cm/s/mmHg) T 0.60 (0.31) 0.60 (0.30) 0.45 (0.25) 0.52 (0.30)
nGain (%/mmHg) 0.96 (0.36) 1.07 (0.40) 1.00 (0.33) 1.07 (0.45)
Low frequency (0.07-0.2 Hz) (N=17) (N=19) (N =16) (N =18)
MAP power (mmHg?/Hz) 25.97 (25.11) 25.23 (21.51) 27.15 (25.44) 24.22 (21.66)
CBv power ([cm/s]*/Hz) 10.67 (10.32) 11.04 (18.12) 6.90 (7.14) 10.08 (14.98)
Coherence (Index) 0.66 (0.13) 0.64 (0.14) 0.65 (0.13) 0.64 (0.12)
Phase (radians) 1.31 (0.26) 1.35 (0.27) 1.40 (0.30) 1.36 (0.33)
Gain (cm/s/mmHg) 0.65 (0.34) 0.62 (0.29) 0.55 (0.33) 0.61 (0.30)
nGain (%/mmHg) 1.14 (0.46) 1.15 (0.50) 1.23 (0.50) 1.30 (0.51)
High frequency (0.2-0.5 Hz) (N=5) (N=4) (N=5) (N=14)
MAP power (mmHg?/Hz) 3.40 (3.05) 1.68 (1.31) 2.86 (3.28) 2.12 (1.36)
CBv power ([cm/s]*/Hz) 3.23 (1.89) 2.14 (1.12) 2.09 (1.65) 2.33 (1.25)
Coherence (Index) 0.52 (0.12) 0.53 (0.09) 0.51 (0.07) 0.49 (0.02)
Phase (radians) * 1.46 (0.29) 159 (0.41) 1.39 (0.21) 1.61 (0.16)
Gain (cm/s/mmHg) 0.89 (0.15) 1.07 (0.57) 0.81 (0.36) 1.12 (0.74)
nGain (%/mmHg) 1.75 (0.38) 2.15 (1.05) 1.81 (0.58) 2.21 (1.05)
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Table 6.4. Transfer function analysis of the intracranial arteries during spontaneous oscillations in blood pressure in low (lights off — eyes
closed) and high (lights on — eyes open) visual input in acute poikilocapnic hypoxia. Transfer function metrics of the middle cerebral artery
and posterior cerebral artery at very low (0.02-0.07 Hz), low (0.07-0.2 Hz), and high (0.2-0.5 Hz) frequencies were collected during a period of
seated rest with low and high visual input in acute poikilocapnic hypoxia (fraction of inspired oxygen = 12.5%). To accommodate for uneven
group sizes, data were analysed by a linear mixed model analysis with the primary outcome of interest the interaction effect of visual input (low
and high) and region (middle cerebral artery and posterior cerebral artery), adding participant as random effect. Partial pressure of end-tidal carbon
dioxide (PetCOy) at rest was also added into the model as a covariate for each variable and model fits were compared using the Chi-square
likelihood ratio test. The model which had the best fit is reported for each variable. * Main effect of visual input (P <0.05). ¥ Main effect of region
(P < 0.05). 2 Interaction effect when modelled with PETCO; (P < 0.05). ® Main effect of visual input when modelled with PETCO; (P < 0.05). ¢
Main effect of region when modelled with PeTCO; (P < 0.05). Additional fixed effects of interest (e.g., sex or PerCO.) did not change the statistical
outcome for any other variable. Abbreviations: CBv, cerebral blood velocity; MAP, mean arterial pressure; nGain, normalised gain. Values are
raw data means (standard deviation).
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6.5 Discussion

Main findings

This study aimed to determine the influence of low and high ambient visual input on regional
cerebral haemodynamics, vascular tone, and dynamic cerebral autoregulation in normoxia and
hypoxia. We report that high visual input compared to low visual input caused a greater
intracranial blood velocity and extracranial blood velocity of the posterior circulation compared
to anterior circulation in normoxia, whereas extracranial vascular tone was unchanged in both
circulations. Furthermore, in normoxia, posterior intracranial dCA to spontaneous oscillations
in blood pressure at rest was reduced in high compared to low visual input, whereas visual
stimulation did not influence anterior dCA. In hypoxia, visual stimulation elicited a greater
blood velocity and blood flow of the posterior intracranial and extracranial circulation
compared to the anterior circulation but did not influence extracranial vascular tone or
intracranial dCA. These findings suggest reductions in posterior intracranial dCA induced by
ambient visual stimulation in normoxia are not mediated by changes in extracranial vascular
tone and may indicate that the responsible mechanisms for the regional dCA occur

downstream.

Ambient visual stimulation does elicit regional blood velocity and blood flow responses of the

intracranial and extracranial cerebral conduit arteries

In agreement with previous studies (Hermes et al., 2007; Matsutomo et al., 2023), we
successfully evoked a greater response in blood velocity of the PCA compared to the MCA
with high ambient visual input (lights on — eyes open) compared to low ambient visual input
(lights off — eyes closed) in normoxia, indicating an increased metabolic state of the visual
cortex. Moreover, we demonstrated that this intracranial regional response from low to high

ambient visual input occurs in acute poikilocapnic hypoxia, extending previous literature that
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has used neurovascular coupling paradigms involving on-off cycles of visual stimuli (Caldwell
etal., 2017, 2018; Leacy et al., 2018). We also provide support to previous literature (Samora
et al., 2020) that these regional responses occur upstream at the extracranial arteries, with a
larger increase in blood velocity of the VA compared to the ICA in normoxia (P = 0.08) and,
for the first time to the authors knowledge, in blood velocity (P < 0.05) and blood flow (P <

0.08) of the VA compared to the ICA in hypoxia.

Dynamic cerebral autoregulation of the posterior circulation is reduced with ambient visual

stimulation in normoxia but not hypoxia

Here we report that ambient visual stimulation reduced VLF phase of the PCA, but not the
MCA, in normoxia, representing a smaller shift in time between blood pressure and blood
velocity that results in blood velocity having a greater tendency to follow fluctuations in blood
pressure and, therefore, is an indication of a reduced dCA of the PCA (i.e., more pressure-
passive) (Claassen et al., 2021). Our findings strengthen the single previous report in normoxia
showing reduced posterior dCA, but not anterior dCA, to spontaneous oscillations in blood
pressure with eyes open compared to eyes closed (Nakagawa et al., 2009). This previous study
reported an increased transfer function gain in the PCA to eyes opens compared to eyes closed
(Nakagawa et al., 2009), which also indicates a reduced dCA since it reflects a lower buffering
capacity of the posterior circulation to blood pressure fluctuations. Our findings extend these
findings as transfer function phase rather than gain has been suggested as the primary criterion
for evaluating dCA (Ogoh et al., 2018; R. Zhang et al., 1998). Taken together, these findings
indicate that increased metabolic state of the visual cortices with ambient visual stimulation in
normoxia does induce a reduction in dCA of the posterior conduit artery (i.e., PCA), possibly
reflecting a more localised pressure-passive and vulnerable microcirculation in the posterior

regions of the brain.
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Acute hypoxia induced vasodilation and reduced intracranial dCA as indicated by reduction in
LF phase of MCA and PCA compared to normoxia. However, in contrast to normoxia, visual
stimulation did not induce regional differences in dCA for any transfer function metric in
hypoxia. It is plausible that acute hypoxia will have drained the vasodilatory reverse of the
cerebrovasculature (Horiuchi et al., 2022). That is, the cerebrovasculature was maximally
dilated by hypoxia, and therefore any additional negative effects of high visual simulation (i.e.,
further reductions in dCA of the PCA) would have been overwhelmed by the global effects of
acute hypoxia. However, as visual stimulation did induce a positive regional difference in blood
velocity between the MCA and PCA in acute hypoxia, this may suggest that the posterior
microcirculation was not maximally dilated and still has a vasodilatory reserve. Therefore, it is
somewhat surprising to have not seen any regional differences in MCA and PCA transfer
function metrics to spontaneous oscillations in blood pressure, as we did in hormoxia in this
study, if measurements of the intracranial arteries are reflective of downstream
microvasculature haemodynamics. Possible explanations for this inconsistency are that dCA
changes in the intracranial arteries are not reflective of downstream vascular bed, and that a
localised alteration in vascular tone in the posterior microcirculation is not related to, or are not
translated to, the change in dCA at the intracranial arteries, and/or the reduction in dCA of the

cerebral conduit arteries was already maximal due to the hypoxia.

Ambient visual stimulation does not modulate regional vascular tone of the extracranial

cerebral conduit arteries

In contrast with our hypothesis and recent reports (Samora et al., 2020), visual stimulation did
not evoke an increase in VA diameter in normoxia. The presence of an unexpected hypocapnia
in response to visual stimulation in normoxia may have modified the cerebrovascular response
of the cerebral conduit arteries. Whilst we successfully elicited a regional response between
blood velocity of the PCA and MCA to visual stimulation in normoxia, the impact of a
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hypocapnia associated cerebral vasoconstriction likely attenuated a positive increase in
intracranial blood velocity to visual stimulation and may have also blunted any increase in VA
blood flow and vessel diameter. Indeed, hypocapnia is shown to attenuate the NVC response
in the posterior circulation (Bader et al., 2021; Szabo et al., 2011). When PetCO is similar
between low and high visual input conditions, as occurred in acute hypoxia in this study, the
blood velocity of the PCA and VA were positive compared to the MCA and ICA, respectively,
and there was a statistical trend for the increase in blood flow of the VA compared to the ICA,
supporting previous work that visual stimulation evokes an increase in blood flow of the VA
(Samora et al., 2020). Another possible reason for the lack of vessel diameter change in the VA
to visual stimulation in this study is that the extracranial arteries are not sensitive with
alterations in visual stimulation. It is likely that the cerebrovascular response to visual
stimulation at the cerebral conduit arteries is driven by a localised downstream vasodilation of
the large- (e.g., PCA) and micro- (e.g., pial arteries) vasculature more proximal to the visual
cortices (Bizeau et al., 2018; Masamoto & Vazquez, 2018). Indeed, our findings suggest that
modulation of upstream extracranial cerebral conduit artery vascular tone are not responsible
for the regional dCA to spontaneous oscillations in blood pressure at rest reported here in
normoxia, and therefore other mechanisms induced by visual stimulation primarily determine
dCA outcome. Further investigations that control for fluctuation in PErCO; are required to fully
determine whether, if at all, the extracranial cerebral conduit arteries are vasoactive in response
to a visual stimulation induced increase in the metabolic state of the visual cortices, and, in

turn, impact dCA.

Comparison between the intracranial and extracranial arteries

Previous reports have shown that the magnitude of VA blood flow response to visual
stimulation was smaller than PCA blood velocity response, and this was attributed to the
anatomical location of the VA that feeds other branching arteries before the basilar artery and
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intracranial branches (i.e., PCA) that source the visual cortices (Samora et al., 2020). Recently,
it has been shown that there is a heterogenous haemodynamic response in the posterior cerebral
circulation, with the PCA found to have larger cerebrovascular resistance response and a
stronger associated to alterations in PETCO- than the VA during isometric exercise (Washio et
al., 2022). Taken together, and in combination with distinctive subtype, distribution, and
density of adrenoreceptors between the extracranial and intracranial arteries (Koep et al., 2022),
these findings indicate site-specific regulatory mechanisms in the posterior circulation between
the PCA and VA. Here, in contrast to reports (Samora et al., 2020), we show that VA blood
velocity and VA blood flow had a larger or similar response to PCA blood velocity in normoxia
and hypoxia. It is plausible that the increased sensitivity to PETCO; in the PCA (Washio et al.,
2022), and an unexpected hypocapnia in normoxia in our study, may have caused an attenuated

blood velocity response in the PCA compared to VA to visual stimulation.

Methodological considerations

In agreement with previous reports using magnetic resonance imaging (Hermes et al., 2007;
Matsutomo et al., 2023), we show that prolonged alterations in ambient laboratory visual
stimulation between lights on—eyes open or lights off—eyes closed do evoke a robust metabolic
activation of the visual cortices and, furthermore, we extend these reports that this
haemodynamic response can be captured in the cerebral conduit arteries by duplex and
transcranial Doppler ultrasound. Our findings provide a simple alternative method to the more
conventionally used visual stimulation paradigms that involve on-off cycles of a visual stimuli
a few centimetres from the face, such as a flashing screen, reading, or eye tracking of a moving
object (Phillips et al., 2016; Samora et al., 2020), for inducing a regional difference in the

haemodynamic response between the cerebral conduit arteries.
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The impact of the metabolic state of the visual cortices with visual stimulation on dCA may
contribute to the observations of a reduced dCA in the PCA compared to MCA under normal
physiological conditions that are likely to have completed assessments in a laboratory with
lights on—eyes open (Haubrich et al., 2004; Sorond et al., 2005). Therefore, our findings extend
the recommended guidelines for transfer function analysis of dCA (Claassen et al., 2016;
Panerai et al., 2023), by evidencing that the standardised conditions should not only minimise
visual disturbances (for example, people entering or leaving a room), but also consider the
basal visual stimulation. Such recommendations for a darkened room to minimise visual
stimulation are suggested in the standardised assessment of flow-mediated dilation of a conduit

artery (Thijssen et al., 2011).

We followed the recommendations of the Cerebral Autoregulation Research Network
(CARNet) for transfer function analysis of dCA (Claassen et al., 2016; Panerai et al., 2023)
and used the commercially available Ensemble software in our assessment of dCA. To
maximise the number of trials that reached the coherence threshold, we increased the duration
of recording and number of windows from the conventional 300 s and 5 windows to 500 s and
9 windows. However, whilst this adjustment preserved 80% of our data in the LF range, 65%
of data in the VLF range and 80% of the data in HF range were lost and limited our ability for
any interpretation in the VLF and HF range. We acknowledge that assessing the relationship
between spontaneous oscillations in blood pressure and cerebral blood velocity is beneficial
for the translation to clinical populations, however, using driven oscillations in blood pressure,
such as sit-to-stand or squat-to-stand, would produce greater coherence values (> 0.99) and
would maximize the signal-to-noise ratio of the blood pressure-cerebral haemodynamic
relationship and may provide a better model for transfer function analysis of regional dCA to

visual stimulation (Burma et al., 2021).
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Neurovascular coupling assessments are often measured as a ratio-scaled increase in blood
velocity (i.e., relative change). A ratio-scaling problem has been previously been reported
during assessment the extracranial arteries blood flow response to hypoxia [Chapter 4 (Friend
et al., 2021)], akin to that previously been identified with FMD assessment of the brachial
artery vascular function (Atkinson et al., 2013; Atkinson & Batterham, 2013a, 2013b), and
describes a skewness towards the vessels with smaller values to have the largest and most
varied measurement error. Consequently, with the possibility of inter- and intra-individual
lateral resting blood velocity differences between pairs of the MCA and PCA, investigation for
a ratio-scaling problem in neurovascular coupling assessments is warranted to minimise a

mathematical, rather than physiological, source of measurement error.

Upon including sex as an exploratory fixed factor, we found a greater increase in blood velocity
in the VA than ICA to hypoxia in men. Whilst we are cautious in our interpretation of our
findings in women due to the small sample size (N = 6), this may provide some insight and
impetus for investigation of the regulation of the extracranial arteries to visual stimulation
between men and women, particularly as to date studies examining the influence of sex to
cerebral responses to visual stimulation have been limited to the intracranial arteries (Koep et

al., 2023; Leacy et al., 2022).

Conclusions

In conclusion, visual stimulation reduced dCA of the PCA, but not the MCA, to spontaneous
oscillations in blood pressure at rest in normoxia, whereas there was no regional difference in
dCA to visual stimulation in hypoxia. Visual stimulation elicited a greater blood velocity in the
PCA and VA compared to the MCA and ICA, but did not reduce extracranial vessel tone, in
normoxia and hypoxia, suggesting other mechanisms are responsible for the reduction in dCA

of the posterior circulation to visual stimulation in normoxia.
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Chapter Seven

General discussion

7.1 Summary of main findings

This PhD aimed to investigate regional cerebral conduit artery blood flow regulation in acute
poikilocapnic hypoxia. The first study (Chapter 4) found that the bilateral vessel diameter and
blood flow response to hypoxia was comparable between the internal carotid artery (ICA) and
vertebral artery (VA). This study also provided evidence to recommend that assessing the
vessel with the larger resting blood flow, rather than the left or right vessel, reduces unilateral
measurement error compared to the bilateral measurement. The second study (Chapter 5)
reported a regional difference in dynamic cerebral autoregulation (dCA) in men during hypoxia
compared to normoxia. Specifically, VA rate of regulation (RoR) to abrupt reductions in blood
pressure in men was reduced in hypoxia, whereas ICA RoR was maintained. There was also
evidence which suggested that dCA was not influenced by hypoxia-induced reductions in
vascular tone. The third study (Chapter 6) found that ambient visual stimulation does not
modulate regional extracranial vascular tone of the cerebral conduit arteries, and therefore is
unlikely to explain the reduced intracranial dCA to spontaneous oscillations in blood pressure
in the posterior circulation in normoxia. Further, the study extended reports that visual
stimulation does induce a regional difference in detectable haemodynamics in the extracranial
arteries in normoxia and hypoxia. In conclusion, the findings of this thesis suggest regional
differences between the anterior and posterior cerebral conduit arteries exists in dCA in
hypoxia and with visual stimulation in normoxia, but not the blood flow response to hypoxia.
This thesis also emphasises the importance of capturing vascular tone and volumetric blood

flow measurements to fully understand the regional regulation of the cerebral circulation.
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7.2 Regional regulation of the cerebral conduit arteries

In this thesis, regional differences between the anterior and posterior cerebral conduit arteries
were reported in dCA in hypoxia and with visual stimulation in normoxia, but not blood flow

response to hypoxia.

7.2.1 Regional dynamic cerebral autorequlation of the cerebral conduit arteries to acute

poikilocapnic hypoxia and with visual stimulation

This thesis provides evidence of heterogeneous dCA between the cerebral conduit arteries that
feed the anterior and posterior regions of the brain. In Chapter 5, volumetric dCA to abrupt
reductions in blood pressure of the extracranial arteries in hypoxia was reduced (i.e., more
pressure-passive) in the VA, but not the ICA, extending the existing literature that has solely
investigated dCA to hypoxia in the anterior circulation using volumetric (Horiuchi et al., 2016,
2022; Tymko et al., 2020) or blood velocity measurements (Levine et al., 1999; Ogoh et al.,
2010; Subudhi et al., 2009). In Chapter 6, dCA to spontaneous oscillations in blood pressure
of the intracranial arteries with ambient visual stimulation in normoxia was reduced in the
posterior cerebral artery (PCA), but not middle cerebral artery (MCA), and provides support
to, to our knowledge, the only other study which reports of regional dCA to ambient visual
stimulation (Nakagawa et al., 2009). The results from Chapter 6 provide a potential mechanism
for previously reported regional differences in dCA a rest, since it is likely that these reports
were conducted with ambient visual stimulation from laboratory light (Haubrich et al., 2004;
Sorond et al., 2005). This thesis provides direct evidence that investigating cerebrovascular
regulation (particularly dCA) with a single measurement (e.g., MCA) as a marker of global
cerebral haemodynamics is insufficient and that future studies should incorporate
measurements that reflect the vasculature that feed both the anterior and posterior regions of

the brain.
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This results from this thesis are strengthened by the multimodal and multimetric approach to
assessing dCA that aligns with recent recommendations of best practice for investigating the
cerebral pressure-flow relationship (Brassard et al., 2023). Indeed, the standardised rapid thigh
cuff method in Chapter 5 is the best method available to assess dCA to abrupt changes in blood
pressure by volumetric blood flow measurements of the extracranial arteries. Pairing upstream
extracranial (ICA and VA) volumetric measurements with downstream intracranial (MCA and
PCA) blood velocity measurements during the rapid thigh cuff method in hypoxia enabled a
comparison between methods of assessing cerebral haemodynamics. The lack of regional
difference in dCA to abrupt changes in blood pressure between the intracranial arteries
highlights the importance of assessing the cerebrovasculature using vascular tone and
volumetric measurements to fully understand regional differences in cerebral blood flow
regulation. Since completion of Chapter 5 of this thesis, others have stated that adopting
volumetric cerebral blood flow measurements is an important next step to develop the research
field of dCA (Brassard et al., 2023). Notwithstanding, the findings in Chapter 6 of a regional
difference in dCA to spontaneous oscillations in blood pressure between the MCA and PCA
with visual stimulation in normoxia complement the findings in Chapter 5 by providing a
measurement of the cerebrovascular regulation downstream of the extracranial arteries.
Collectively these Chapters 5 and 6 provide evidence that regional differences in dCA exists

between the anterior and posterior circulations;

1) at the extracranial and intracranial segments of the cerebrovasculature,

2) using both volumetric blood flow and blood velocity measurements, and

3) in response to small and large fluctuations in blood pressure, reflecting two distinct points
on the autoregulatory curve, i.e., spontaneous oscillations and driven abrupt reductions in blood

pressure.
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7.2.2 Visual stimulation elicits regional blood velocity and blood flow responses in the cerebral

conduit arteries

The findings in Chapter 6 provide evidence of a regional blood velocity and blood flow
response in the extra- and intra-cranial arteries to visual stimulation. A regionally greater blood
velocity in PCA compared to MCA to ambient visual stimulation reported in Chapter 6
supports the existing literature (Hermes et al., 2007; Matsutomo et al., 2023; Nakagawa et al.,
2009) and is akin to those found in studies of neurovascular coupling that modulate
neurometabolic activity with cyclical light-on and light-off protocols (Caldwell et al., 2017,
2018; Phillips et al., 2016). Moreover, the findings from Chapter 6 also extends literature
showing that this regional difference in haemodynamics to visual stimulation occurs at the level
of the extracranial arteries (ICA and VA) and is detectable by duplex ultrasound measurements
of blood velocity and blood flow (Samora et al., 2020). Finally, the observation of a regional
difference in intracranial blood velocity responses in acute hypoxia despite the hypoxia-
induced vasodilation aligns with previous reports of an intact neurovascular coupling response

to acute hypoxia (Caldwell et al., 2017, 2018; Leacy et al., 2018).

Despite these visual stimulation-induced changes in blood velocity and blood flow, and in
contrast to our proposed mechanistic hypothesis, visual stimulation did not reduce extracranial
vessel tone in either normoxia or hypoxia. Therefore, mechanisms other than reductions in
extracranial vascular tone likely explain the expected reductions in dCA of PCA, but not MCA,
with visual stimulation in normoxia. It can be likely that as there is an increase in blood velocity
at the VA and PCA, but not extracranial vessel diameter, the vascular tone reductions in the
posterior circulation are likely mediated downstream. Indeed, the data in acute hypoxia from
Chapter 6 suggests that the microvasculature still had a capacity to accommodate visual
stimulation-induced increases in demand, despite a hypoxia-induced vasodilation of the

extracranial conduit arteries. Evidence of segmental modulation of vascular tone throughout
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the large- (e.g., PCA) and micro- (e.g., pial arteries) vasculature that is more proximal to the
visual cortices has been reported previously (Bizeau et al., 2018; Masamoto & Vazquez, 2018).
Curiously, if the posterior microcirculation downstream of the extracranial conduit arteries had
been further dilated with visual stimulation in hypoxia (a stressor known to reduce vascular
tone), then it might be expected that dCA of the PCA, but not MCA, to be further reduced if
vascular tone reductions are related to reduced dCA. The lack of this observation in hypoxia in
Chapter 6 suggests reductions of dCA at the intracranial cerebral conduit arteries were already
maximal due to the hypoxia and/or are not reflective of microvasculature dCA. Further
investigations are required to determine whether resting vascular tone is different between the
microvasculature that feed the anterior and posterior regions and how this may explain the

differences in dCA observed.

7.2.3 Comparable regional cerebral conduit artery haemodynamics to acute hypoxia

The relatively large cohorts in Chapter 4, 5 and 6, and the bilateral assessment to measure the
‘true’ response in Chapter 4, provides a consistent finding that regulation in vascular tone and
volumetric blood flow between the ICA and VA to acute poikilocapnic hypoxia is comparable.
This comparable extracranial regulation to acute hypoxia throughout this thesis contrasts the
regional difference in extracranial and intracranial dCA reported in Chapters 5 and 6. Whilst
the mechanisms underpinning regulation of the cerebrovasculature to alterations in partial
pressure of oxygen, visual stimulation, or blood pressure likely work as an integrative system
and share functional pathways (Ainslie & Duffin, 2009; Claassen et al., 2021), there may be
regional sensitivities to these stimuli as shown in this thesis. Acute hypoxia elicits a large global
sustained stimulus to the cerebral circulation, whereas visual stimulation or assessments of
dCA elicits localised and/or transient responses to the cerebral circulation. An example of the

complexity of these mechanisms was demonstrated in Chapter 6 with the combined assessment
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of dCA with visual stimulation in acute hypoxia. Indeed, the observation of a reduced dCA to
spontaneous oscillations in blood pressure in the PCA compared to MCA with visual
stimulation in normoxia, was not replicated in acute hypoxia. It is likely that any additional
negative effects of visual simulation (i.e., further reductions in dCA of the PCA) were
overwhelmed by the global effects of acute hypoxia, possibly as acute hypoxia will have
drained the vasodilatory reverse of the cerebrovasculature (Horiuchi et al., 2022). However,
this does not explain why in Chapter 5 there was a reduced dCA of the VA, but not ICA, to
abrupt reductions in blood pressure to acute hypoxia, and is likely a result of the added

complications between methods of quantifying dCA (see 7.5.2).
Summary

The findings from this thesis provide robust empirical evidence of regional differences between
the anterior and posterior cerebral conduit arteries in dCA in acute hypoxia and with visual
stimulation in normoxia, but not the blood flow response to acute hypoxia. Future studies
should investigate the mechanistic underpinning that are producing these regional differences

in the cerebral circulation (see section 7.6.2).

7.3 Importance of volumetric flow measures of cerebrovascular regulation

Cerebral arteries are lined with vascular smooth muscle that enables then to regulate cerebral
blood flow through modulation vascular tone (Brozovich et al., 2016), which have the greatest
influence in the calculation of blood flow. This thesis emphasises the importance capturing
vessel diameter and volumetric flow to fully understand the regional cerebrovascular response
to environmental stress that otherwise would have been missed if only measured using

measurements of blood velocity.

169



7.3.1 Cerebral conduit extracranial arteries do vasodilate to acute poikilocapnic hypoxia

Each of the empirical chapters in this thesis used an exposure to acute poikilocapnic hypoxia.
Volumetric (and vessel diameter) measurements of the extracranial arteries were central to the
investigation in each of these repeat exposures and the findings across the chapters of this thesis
provide evidence that the extracranial cerebral conduit arteries do regulate blood flow by
reducing vascular tone to hypoxia. Indeed, in Chapter 4, there were comparable increases in
vessel diameter of the ICA and VA to hypoxia when measured bilaterally. In Chapter 5 and
Chapter 6 the cerebral blood flow response to hypoxia of the extracranial arteries was also
mediated solely by a change in vessel diameter, not blood velocity, providing further support
to the importance of assessing vessel diameter. The comparable vessel diameter responses
between the ICA and VA to hypoxia were present despite differences in posture between
Chapters 4 (supine) and Chapters 5 and 6 (seated), and these differences in posture may have
contributed to the different blood velocity responses between chapters. The findings in this
thesis that the extracranial conduit arteries actively modulate vascular tone to acute
poikilocapnic hypoxia provides clarity to existing inconsistent evidence (Lewis et al., 2014;
Ogoh et al., 2013). Specifically this is consistent with some previous studies (Fernandes et al.,
2018; Hoiland et al., 2017; Lewis et al., 2014; Morris et al., 2017) but contrasts with others
(Lafave et al., 2019; Ogoh et al., 2013; Willie et al., 2012; Willie, Smith, et al., 2014). These
findings from Chapter 4, 5, and 6 supports the importance of using volumetric measurements

to fully understand the how the cerebrovascular regulates blood flow to environmental stress.

7.3.2 Reduced posterior dCA in hypoxia was only identified with volumetric flow

measurements of the extracranial arteries

In Chapter 5 a multimodal approach was used to assess the cerebrovascular response to abrupt

reductions in blood pressure using a combination of TCD and duplex ultrasound (Labrecque et

170



al., 2021). The primary finding in Chapter 5 of a reduced dCA to abrupt reductions in blood
pressure of the posterior, but not anterior, circulation in men to hypoxia was only identified
from the measurement of volumetric (i.e., vascular conductance) RoR of the extracranial
arteries. In contrast, RoR derived from blood velocity (i.e., vascular conductance index) of the
MCA and PCA showed no regional difference to hypoxia. To our knowledge this is the first
study of reduced volumetric RoR in the VA in acute hypoxia, with existing volumetric reports
only focusing on the ICA (Horiuchi et al., 2016, 2022; Tymko et al., 2020). Therefore, the data
from Chapter 5 further supports the importance of using volumetric measurements to fully

understand regional cerebrovascular regulation.

7.3.3 The regional haemodynamic response to visual stimulation is detected with volumetric

blood flow measurements of the extracranial arteries

In Chapter 6, volumetric measurements of the extracranial arteries captured a regional
difference in haemodynamics between the anterior and posterior circulation in response to
visual stimulation. Indeed, whilst the vascular tone of the extracranial arteries was not
modulated by visual stimulation, the observation of a regional increase in blood velocity and
flow in VA, but not ICA, during normoxia and acute hypoxia, suggests that the extracranial
arteries are also sensitive to detect haemodynamic alterations to visual stimulation.
Furthermore, this regional haemodynamic response between the ICA and VA was of a similar
degree to the response in the MCA and PCA and therefore also likely reflects the regularly
attributed localised microvascular response that occurs with visual stimulation (Hermes et al.,
2007; Matsutomo et al., 2023). This observation of a regional haemodynamic response in the
extracranial arteries demonstrates the utility of using duplex ultrasound over TCD because it

captures vessel diameter and volumetric blood flow in addition to blood velocity. Therefore,
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duplex ultrasound may be advantageous for investigations where vascular tone is known to

change, e.g., visual stimulation with hypoxia-induced vasodilation.

Summary

This thesis shows the importance of capturing vascular tone and volumetric measurements to
fully understand cerebrovascular regulation. Indeed, duplex ultrasound measurements of
volumetric blood flow revealed findings that would have been missed from measurements of
blood velocity from TCD. Future studies should implement volumetric measurements when

investigating regional differences in the cerebral circulation (see section 7.6.1).

7.4 Unilateral volumetric assessments of cerebral conduit arteries

In Chapter 4, a systematically approached consensus was established for duplex ultrasound
volumetric measurements that assessing the vessel with the larger resting blood flow, rather
than the left or right vessel, reduces unilateral measurement error compared to the bilateral
measurement. Throughout the remaining empirical chapters of the thesis (Chapters 5 and 6),
the recommendation of selecting the vessel with the greatest resting blood flow from Chapter
4 is reinforced. Indeed, in Chapter 5 and Chapter 6, each study was designed to capture
ipsilateral duplex ultrasound and transcranial Doppler ultrasound assessments of the ICA/MCA
and VA/PCA to investigate dCA at both the intracranial and extracranial arteries to hypoxia.
The most stable TCD signal that could be sustained for a prolonged period was prioritised in
Chapters 5 and 6, so it was not always feasible to follow the recommendation from Chapter 4.
However, the duplex ultrasound volumetric blood flow measurements of the extracranial
arteries were the only measurement that revealed a regional difference in dCA to acute hypoxia,
whereas TCD blood velocity measurements did not reveal regional differences (Chapter 5).
Furthermore, duplex ultrasound volumetric blood flow measurements were also sensitive to

detect the regional haemodynamic response to the visual stimulation, matching the TCD blood
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velocity measurements (Chapter 6). Considering these findings, the duplex ultrasound
measurement recommendation from Chapter 4 should be prioritised over TCD since duplex
ultrasound was the most informative about cerebrovascular regulation. The findings from this
thesis to prioritise volumetric blood flow when assessing mechanisms of blood flow regulation

(i.e., dCA) align with recent recommendations (Brassard et al., 2021, 2023).

In Chapter 4 we investigated how anatomical variance in artery resting blood flow (i.e., size)
may impact cerebrovascular regulation to environmental stress. Anatomical variances and/or
imbalances of resting blood flow between lateral pairs of arteries have a higher incidence rate
in the VA than ICA (Gaigalaite et al., 2016; Jeng & Yip, 2004; Katsanos et al., 2013). A VA
with a resting blood flow < 40 ml-min~tis termed VA hypoplasia and has an incidence rate
ranging from 10 to 31 % (Chen et al., 2010; Gaigalaite et al., 2016). If severe enough, VA
hypoplasia can cause a reduction in net vertebral artery blood flow (< 100 ml-mint)in a
condition called vertebrobasilar insufficiency. These anatomical variances in the posterior
circulation have been related to reduced cerebrovascular function (Sato et al., 2015) and the
manifestation of cerebrovascular and cardiovascular disease (Chuang et al., 2012; Hart, 2016;
Katsanos et al., 2013; Seidel et al., 1999; Warnert, Rodrigues, et al., 2016). In Chapter 4, there
was only one case (out of 86) of VA hypoplasia. Whilst this restricts our interpretation of the
present data and cannot specifically be applied to these anatomical variants, we found no
relationship between artery resting blood flow and the absolute blood flow response to acute
hypoxia (Chapter 4, Figure 4.4b), which suggests that artery resting blood flow is not related
to the magnitude of change in blood flow to a stressor (i.e., acute hypoxia). Furthermore, the
negative relationship between artery resting blood flow and the relative blood flow response to
acute hypoxia suggests that the arteries with lowest resting blood flow have the greatest relative
response, which was explained by a ratio-scaling problem. Therefore, whilst this data is unable

to fully explore the impact of VA hypoplasia on cerebrovascular function, the recommendation
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in Chapter 4 of choosing the artery with the largest resting blood flow to minimise measurement
error will not be impacted by the possibility of a different cerebrovascular regulation of a

hypoplastic artery.

7.5 Thesis methodological considerations

7.5.1 End-tidal CO> control

Regional sensitivity to the partial pressure of end-tidal carbon dioxide (PeTCO2) between the
anterior and posterior cerebral conduit arteries is well established (Sato, Sadamoto, et al., 2012;
Willie et al., 2012). Therefore, an important methodological consideration for this thesis was
the presence of alterations in PetCO,. All studies used poikilocapnic hypoxia as an
experimental manipulation to induce a robust environmental stimulus that raises blood flow by
20-30% during a 1-2 h of exposure. In Chapter 4 a 3.9 (x2.1) mmHg decrease in PErCO2, and
the associated vasoconstriction, did not impact the regionally comparable hypoxia-induced
vasodilation of the ICA and VA. In contrast, in Chapter 5 and Chapter 6, the presence of
hypocapnia-induced vasoconstriction likely had a greater impact on the results. Indeed, in
Chapter 5, a 2.7 (£3.6) mmHg decrease in PETCO2 may explain the lack of reduction in ICA,
MCA and PCA RoR given its known effect to attenuate, and even abolish, hypoxia-induced
reductions in dCA (Ogoh et al., 2010; Querido et al., 2013). However, existing literature in
poikilocapnic hypoxia reports reduced volumetric ICA RoR (Horiuchi et al., 2016; Tymko et
al., 2020) and therefore it is surprising to not have emulated this reduction in anterior dCA too.
In Chapter 6, in contrast to previous literature (Nakagawa et al., 2009), there was a hypocapnia
[2.9 (¥2.8) mmHg decrease in PETCO] in the high visual input group in normoxia only. A
visual stimulation associated hypocapnia in normoxia likely explains the negative change
scores in cerebral haemodynamics from low to high visual input. Despite the negative values,

there was still the presence of a regional difference in the blood velocity and blood flow
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response to visual stimulation, with an attenuated reduction in PCA and VA haemodynamics
compared to MCA and ICA, suggesting that the cerebrovasculature was not fully overwhelmed
by the hypocapnic vasoconstriction as it could still respond to the addition of visual stimulation.
Conversely, the similar PETCO. between the high and low visual input trials in hypoxia in
Chapter 6 revealed the expected positive increase in posterior haemodynamics compared to
anterior haemodynamics. Therefore, the differing haemodynamic responses (negative vs
positive change scores) to visual stimulation in normoxia and hypoxia in Chapter 6 demonstrate
the impact of uncontrolled PeTCO; alterations between repeat trials. Whilst PETCO. was
included as a fixed factor in the linear mixed model analysis to examine the impact of
fluctuations in PETCOz on cerebrovascular regulation, it did not always improve the model fit.
Future studies should aim to minimise fluctuations in PetCO. by using methods such as
volitionally or metronome controlled respiratory rates and/or end-tidal gas clamping systems

(Fisher & Mikulis, 2021; Mardimae et al., 2012; Ogoh et al., 2010; Querido et al., 2013).

7.5.2 Complexities of measuring dynamic cerebral autorequlation

Whilst there has been a successful decade of methodological advances and consensuses within
the field of dCA research (Claassen et al., 2016; Panerai et al., 2023), the complexity to quantify
dCA still remains a topic of discussion (Brassard et al., 2023; Tzeng et al., 2012). This thesis
used the advised multimodal and multimetric approach to assess dCA (Brassard et al., 2023;
Labrecque et al., 2021) and reports a regional difference in dCA between the anterior and
posterior intracranial and extracranial cerebral conduit arteries. However, the findings in this
thesis were not without some inconsistencies and complexities. In Chapter 5, acute
poikilocapnic hypoxia induced a regional difference in dCA to abrupt reductions in blood
pressure at the extracranial arteries, with a reduced VA, but not ICA, whereas there was no

reduced dCA in either intracranial artery (MCA or PCA). The results from Chapter 5 supports
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the view that dCA responses between different methods (e.g., duplex and TCD) are not
comparable (Brassard et al., 2023; Tzeng et al., 2012). In Chapter 6, dCA to spontaneous
oscillations in blood pressure in the PCA was reduced with visual stimulation; however, a high
proportion of the data was lost by not achieving the appropriate coherence thresholds set out
by standardised guidelines for transfer function analysis (Claassen et al., 2016; Panerai et al.,
2023). Using sit-stand/squat-stand induced oscillations in blood pressure may provide an
alternative to explore as these manoeuvres have been shown to improve coherence values (>
0.90) to have a greatest confidence in the transfer function metrics (Burma et al., 2021).
Standardisation of the movement depth (Batterham et al., 2020) and the use of force sensors
(Brassard et al., 2023) for the squat-stand/sit-stand manoeuvres have recently emerged and may
help the manoeuvres become agreed upon technique for assessment of dCA. As highlighted in
a recent review (Brassard et al., 2023), until there is an agreed upon gold standard method,
researchers should implement the variety of multimodal and multimetric tools available for a

holistic physiological interpretation of dCA.

7.6 Future directions

7.6.1 Implementation of volumetric regional assessment to mechanisms of cerebrovascular

regulation

This thesis highlights that the cerebral conduit arteries play an important role in the regulation
of cerebral blood flow. This thesis also suggests that mechanisms of blood flow regulation
(e.g., dCA) be completed at multiple arteries of the cerebral circulation to capture possible
regional differences in cerebrovascular regulation. Furthermore, in line with recent
recommendations (Brassard et al., 2023), volumetric measurements should be central to
investigations of cerebrovascular regulation to continue to progress the field forward.

Throughout this thesis, volumetric measurements detected the same cerebrovascular response,
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or was the only method that revealed a regional cerebrovascular response, as the more
conventional and widely used blood velocity-derived TCD measurements. Duplex ultrasound
is a valuable measurement tool that offers a non-invasive, cheaper, and portable volumetric
measurement alternative to magnetic resonance imaging or positron emission tomography, that
also has the benefit of an excellent temporal resolution for the assessment of cerebral blood
flow to a variety of dynamic stressors in the laboratory or in the field (e.g., hypoxia, dCA,
orthostasis). This thesis also shows that approximately 100 h of training is required to obtain
accurate and reliable duplex ultrasound volumetric measurements (Chapter 3). Future studies
should aim to implement duplex ultrasound volumetric measurements to assess regional

regulation of the cerebrovasculature.

7.6.2 Identifying possible cellular mechanisms that underpin the regional difference in cerebral

conduit artery requlation

The primary findings in this thesis relate to the regional differences in cerebrovascular
regulation between posterior and anterior conduit arteries. One proposed mechanism for the
regional differences in dCA is that the posterior circulation has a lower vascular tone at rest
compared to anterior brain regions (Sato, Sadamoto, et al., 2012). In Chapter 6, we investigated
whether the lower basal vascular tone of the posterior region was due to increased metabolic
activity caused by visual stimulation by directly measuring vessel diameter of the extracranial
cerebral conduit arteries using duplex ultrasound. It was reported that vascular tone was
unchanged in the extracranial cerebral conduit arteries to visual stimulation, but a change in
cerebral blood velocity and cerebral blood flow of the PCA and VA, respectively, suggests that
the modulation to visual stimulation is downstream of the cerebral conduit arteries. As has been

adopted previously (Bizeau et al., 2018), future studies could utilise magnetic resonance
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imaging of the downstream microcirculation to investigate where in the posterior circulation

ambient visual stimulation modulates vascular tone.

Other proposed possible mechanisms for lower basal vascular tone of the posterior circulation
could be related to differences in sympathoexcitation, postural control, gravitational stress,
autonomic innervations, and reactivity to reactive oxygen species (Sato, Sadamoto, et al.,
2012). Regional heterogeneity in receptor densities identified between the anterior and
posterior circulations has been established recently (Koep et al., 2022) and now require future
investigations to translate how these structural differences impact cerebrovascular regulation,
for example through the use of various blockades (e.g., cholinergic, beta adrenergic,
sympathetic). Recent studies have already revealed evidence of mechanistic differences in
control of cerebral blood flow between the anterior-posterior circulations, including adenosine-
triphosphate-sensitive K+ channel activation (Rocha et al., 2020), endothelium-dependent
vasodilation (Fernandes et al., 2018), and sensitivity to nitric oxide bioavailability and reactive
oxygen species (Mattos et al., 2019, 2020; Vianna et al., 2018). Future research should continue
to build upon these recent advancements to better understand the mechanisms underpinning

the regional differences in cerebral conduit artery regulation.

7.6.3 Reqgional requlation of the cerebral conduit arteries in the development of

pathophysiology

This thesis shows that the cerebral conduit arteries that supply the brain tissue are involved in
the regulation of cerebral blood flow to physiological stress and this regulation may also be
region-specific. This region-specific cerebral blood flow regulation at the cerebral conduit
arteries is remarkedly like the region-specific reductions in tissue perfusion at the posterior
cingulate, temporal, parietal, and hippocampal cortices, which are associated with

neurodegenerative diseases such as Alzheimer’s disease (Korte et al., 2020; Swinford et al.,
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2023; H. Zhang et al., 2021). Region-specific alterations in cerebral blood flow and/or
cerebrovascular function have also been associated with psychological disorders (Baruah and
Vasudevan 2019). Therefore, measuring cerebral haemodynamic and function at the cerebral
conduit arteries could contribute to understanding the development of these pathophysiological

conditions.

The regional differences in dCA reported in this thesis may be a mechanism to explain the
stronger association of the posterior circulation than anterior circulation with orthostatic
(in)tolerance (Kay & Rickards, 2016), acute mountain sickness (Barclay et al., 2021; Bian et
al., 2014), and cerebral small vessel disease (Liu et al., 2016). Similarly, anatomical variants
in the posterior cerebral conduit artery circulation are related to symptoms of headache,
migraine, vertigo, and syncope migraine (Chuang et al., 2012; Gaigalaite et al., 2016; Katsanos
et al., 2013; J. H. Park et al., 2007; Y. Wang et al., 2009) and are thought to be involved in
development of hypertension (Hart, 2016; Warnert, Hart, et al., 2016; Warnert, Rodrigues, et
al., 2016). Further, recent work in clinical populations has revealed that hypertensive patients
have a blunted increase in VA blood flow to acute hypoxia (Fernandes et al., 2018), and L-
arginine increased nitric oxide bioavailability (Vianna et al., 2018). Whilst reduced dCA of the
cerebral conduit arteries in autonomic disorders has also been explored in a recent review
(Brassard et al., 2021), it does highlight the common drawback that most research at the
cerebral conduit arteries is limited to a single index of cerebral haemodynamics (i.e., MCA
blood velocity) as a representation of global cerebral function. Future research should continue
to build upon the recent associations between alterations in cerebral conduit artery function and
pathophysiology by measuring arteries that are representative of the anterior and posterior

circulations.
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7.6.4 Reqgional cerebral blood flow requlation and sex

All studies in the thesis used a mixed cohort of men and women. In Chapter 5, including sex
as a fixed factor in the linear mixed model analysis improved the model fit and revealed a
regional difference in volumetric extracranial dCA in men only to acute poikilocapnic hypoxia.
There are inconsistent findings with examining cerebral conduit artery haemodynamics and
dCA within women (Deegan et al., 2010, 2011; Edgell et al., 2012; Favre et al., 2020; Favre &
Serrador, 2019; Labrecque et al., 2021; Vavilala et al., 2005; Y. J. Wang et al., 2010). This lack
of clarity is suggested to be largely a consequence of the differences in measurement
techniques, primarily TCD-derived blood velocity, and standardisation of control and
classification of menstrual cycle (Barnes & Charkoudian, 2021). Indeed, hormonal profiles of
estrogen and progesterone between men and women are commonly reported to explain sex
differences in cerebrovascular function, because these hormones are known to influence the
cerebrovasculature (Krejza et al., 2001, 2003, 2013; Peltonen et al., 2016; Robison et al., 2019).
However, the suggestion of sex-specific differences in Chapter 5 remained despite women
completing repeat assessments during the menstrual or non-active pill phase associated with
the lowest levels of oestrogen and progesterone to reduce the variability of sex hormones.
Consequently, completing cerebrovascular assessment in women during the lower hormone
phase of the cycle is not an appropriate method when using mixed cohort of men and women
and suggests that mechanisms other than resting sex hormone differences likely explain the

observed regional differences in dCA between men and women.

Women are underrepresented in physiology research (James et al., 2023). Sex differences are
prominent in brain structure and cerebral blood flow across the lifespan between men and
women, and this rapidly growing body of evidence is changing the previous status quo, which
considered sex differences to be negligible (Kaczkurkin et al., 2018). Indeed, sex and gender

differences in intrinsic biological risk factors are increasingly prominent for the development
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of Alzheimer’s disease between men and women (Zhu et al., 2021). Furthermore, orthostatic
symptoms and/or intolerance are worse in women (Cheng et al., 2011; Fu et al., 2005),
particularly with increasing age (Newman et al., 2022). The incidence of migraine is greater in
women compared to men (Al-Hassany et al., 2020), and the risk of cerebrovascular diseases,
such as stroke, are lower in young premenopausal women compared to men but then is reversed
following menopause (Robison et al., 2019). Other possible sex-specific mechanisms that have
been explored, in addition to differences in sex hormone profiles, include; the greater resting
cerebral perfusion in women (Alisch et al., 2021; Daniel et al., 1989; Rodriguez et al., 1988),
dissimilarities in brain structure (Kaczkurkin et al., 2018) and cerebral conduit artery size
(Mdller et al., 1991; Scheel, Ruge, & Schoning, 2000), distinct autonomic responses at rest
(Hart et al., 2009) and during orthostasis (Robertson et al., 2020), and differences in
cerebrovascular function, e.g.,, myogenic, endothelium-dependent, and -independent
mechanisms (Pabbidi et al., 2018). Chapter 5 adds to the mounting evidence supporting sex
differences in cerebrovascular function. Given this evidence, researchers developing studies
into cerebrovascular function that include women, particularly as a mixed cohort, should be
cautious when hypotheses are derived from research that was conducted almost entirely in men.
Indeed, future studies of cerebrovascular regulation should carefully consider the
methodological approaches to studying men and women. Only when studies are conducted
with such methodological approaches in mind can research help understand potential sex-

related differences in biology, health, and disease (Rich-Edwards et al., 2018).

181



7.7 Conclusions
The major conclusions from this thesis include:

1. The cerebral conduit arteries vasodilate and increase blood flow comparably between

the anterior and posterior circulations in acute hypoxia.

2. Dynamic cerebral autoregulation to abrupt reductions in blood pressure of the
extracranial arteries in acute hypoxia and to spontaneous oscillations in blood pressure
of the intracranial arteries with visual stimulation in normoxia is reduced in the

posterior circulation compared to the anterior circulation.

3. Visual stimulation does not modulate extracranial cerebral conduit artery vascular tone
and is unlikely to be a mechanism for the reduced dynamic cerebral autoregulation

observed in the intracranial posterior circulation.

4. Unilateral duplex volumetric measurements of the extracranial arteries should be
prioritised over transcranial Doppler ultrasound blood velocity-only measurements of
the intracranial arteries as volumetric measurements provide a clearer interpretation of

cerebrovascular regulation.

5. Unilateral volumetric measurements of the extracranial arteries should be assessed in

the artery exhibiting the largest resting blood flow of a lateral pairing to reduce error

when compared to a bilateral measurement.
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Appendix 4: Example Medical Questionnaire and Consent Form

Date:  / [/

Baseline Medical and Demographics Questionnaire

ID Name

Age

Are you in good health?

If no, please explain

How would you describe your present level of activity?

Tick intensity level and indicate approximate duration.

YES

NO

Vigorous

Moderate

Low intensity

DUration (MINUELES).....ccecveeeieieriet ettt e r s b eae e

How often?

< Once per month

2-3 times per week

Once per month

4-5 times per week

Once per week

> 5 times per week

Have you suffered from a serious illness or accident?

If yes, please give particulars:

Do you suffer from allergies?

If yes, please give particulars:

Do you suffer, or have you ever suffered from:

YES

YES

NO

NO

YES

NO

YES

NO

Anaemia

Epilepsy

Diabetes

High blood pressure
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Are you currently taking medication? le. Anti-inflammatories or cardiovascular medication (beta-
blockers, ACE-inhibitors, nitrates)

YES NO

If yes, please give particulars:

Are you currently attending your GP for any condition or have you consulted your doctor in the last
three months?

YES NO

If yes, please give particulars:

Have you, or are you presently taking part in any other laboratory experiment?

YES NO
Section A: Risk Factors and Exclusions
Al. Are you a smoker? O VYes O No
A2. Do you have any of the following conditions?
a) Diabetes O Yes O No
b) Cardiovascular disease O Yes O No
c) Haematological disease O VYes O No
d) Chronic infectious disease O Yes O No
e) Neurological disorder (e.g. Alzheimer’s) O Yes O No
f) SNCT:rr(c));r;l).lscular disorder (e.g. Multiple O Ves O No
g) Musculoskeletal disor‘ders or injury that are O Yes O No
exacerbated by exercise
h) Claustrophobia O Yes O No
i) Metal implants O Yes O No
j) Cardiac pace maker O Yes O No
k) Respiratory problems (e.g. asthma, bronchitis) O Yes O No
[) Currently pregnant O Yes O No
A3. Have you ever been injured by a metallic object?
O VYes O No

(e.g. shrapnel)
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Section B: Headache and Migraine

B1. How often do you suffer from headaches (excluding migraine)?

O Lessthan monthly O Monthly [ Weekly O Daily
BZI. Dc.) you, or have you ever, suffer(ed) from O Ves O No
migraine?
IfYes, goto 1 No gotoCl
B3
B3. How often do you suffer from migraine?
O Lessthan monthly O Monthly O Weekly O Daily

Section C: Altitude Experience

C1. What is the approximate altitude where you live for most of the year?

Meters / Feet (delete as appropriate)

C2. Have you been to altitude before (= 1500 m / 5000 ft)?

O VYes O No

If Yes, continue answering questions If No, you have completed the questionnaire.

below. Please pass your questionnaire to the
researcher.

C3. How many days in the last year have you spent above 1500m?

Days

C4. Please give the date when you were last above 1500 m

C5. Have you been to high altitude (> 2500 m / 8000 ft) before?

O VYes O No

If yes, continue answering questions If No, you have completed the questionnaire.

below. Please pass your questionnaire to the
researcher.

C6. Please give the date when you were last at high altitude (= 2500 m)
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Section D: High Altitude llinesses

D1. On trips to or above 2,500 m have you suffered any of the following acute mountain
sickness symptoms? Please tick the maximum severity you have previously suffered.

a) Headache O Not O mild O Moderate
experienced

b) Gastro-intestinal O Not O mild O Moderate
distress experienced

c) Fatigue and/or O Not O mild O Moderate
weakness experienced

d) Dizziness/light- O Not O mild O Moderate
headedness experienced

e) Difficulty sleeping O Not O mild O Moderate

experienced

O

O

Severe/
incapacitating

Severe/
incapacitating

Severe/
incapacitating

Severe/
incapacitating

Severe/
incapacitating

D2. Have you suffered previously from severe high altitude illness?

a) High altitude cerebral oedema O Yes
If yes, was the illness confirmed by a clinician? O Yes
b) High altitude pulmonary oedema O VYes
If yes, was the illness confirmed by a clinician? O Yes

O No
O No
O No
O No
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Those who menstruate only: Participants who menstruate are asked to provide details of their
menstrual cycle. It is crucial that we test female participants in a similar phase of their menstrual
cycle to minimise the effects of fluctuating sex hormones on brain blood vessel function.
Participants may be asked to complete the experimental protocol(s) in the early follicular phase (i.e.,
during their period or during their ‘off-week’ of their contraceptive).

The following questions will ask you to provide detail about your menstrual cycle.

Please tick that you wish to opt in or opt out from answering these questions.
e |optin O
e |optout O
e This question is not applicable to me O

Q1. At present which statement best describes your menstrual cycle? Please tick one.

1. |do have periods/withdrawal bleeds: These are regular O

2. |do have periods/withdrawal bleeds: These are irregular o

3. ldo not have periods/withdrawal bleeds. My periods/withdrawal bleeds have stopped due
to menopause, surgery, or reasons O

Q2. Are you using the oral contraceptive pill/contraceptive patch/injection/implant/intra-uterine
system?

Yes No

Please specific which and give details (e.g. brand name)

If yes, has your contraception changed within the last 6 months?
Yes No

Q3. How often have you had periods/withdrawal bleeds in the last year?
>23days 0O
24-25 days O
26-27 days O
28-29 days O
30-31 days O
<32days O
Every 3-4 months O

Very irregular, sometimes monthly, sometimes skips several months 0O

Q4. When was the start of your last periods/withdrawal bleeds? (DD/MM/YYYY)
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PLEASE COMPLETE AND SIGN THE DECLARATION BELOW
DECLARATION

| agree that | have none of the above conditions and | hereby volunteer to be a participant in
experiments/investigations during the period of .......c.ccccceveeerennne. (Date, Month, Year)

My replies to the above questions are correct to the best of my belief and | understand that they
will be treated with the strictest confidence. The experimenter has explained to my satisfaction the
purpose of the experiment and possible risks involved.

| understand that | may withdraw from the experiment at any time and that | am under no
obligation to give reasons for withdrawal or to attend again for experimentation.

Furthermore, if | am a student, | am aware that taking part or not taking part in this experiment, will
neither be detrimental to, or further, my position as a student.

| undertake to obey the laboratory/study regulations and the instructions of the experimenter
regarding safety, subject only to my right to withdraw declared above.

Signature (participant) ...........cceeeeeeeeeveeeseeeennans Date ....cccoeveeeeeenns
PLINE NAME ...ttt
Lo o Lo Lo [ =2
Signature (experimenter) ............cccceevveeveeeruennne. Date ..cceevevrivienenenn
Print NAME ..ottt ettt

Thank you for completing this questionnaire.

Please return the completed questionnaire to a member of the research
team.
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Appendix 5.1: Lake Louise Questionnaire Acute Mountain Sickness Scale

Lake Louise Questionnaire (LLQ)

A diagnosis of acute mountain sickness (AMS) is based on the following conditions;

e Exposure to altitude within the last 4 days

e Presence of a headache
AND

e Presence of at least one other symptom

e A total of 3 of more

SELF-REPORT QUESTIONNAIRE

Add together the individual scores for each symptom to get the total score.

Headache

No headache

Mild headache

Moderate headache

Severe headache

WIN =L O

Gastrointestinal symptoms

None

Poor appetite or nausea

Moderate nausea or vomiting

Severe nausea or vomiting

WiIN =[O

Fatigue and weakness

Not tired or weak

Mild fatigue/weakness

Moderate fatigue/weakness

Severe fatigue/weakness

WIN(= O

Dizziness/light-headedness

Not dizzy

Mild dizziness

Moderate dizziness

Severe dizziness, incapacitating

WIN|IFL|O

*A total LLQ score of 5 or more, with the presence of headache, and at least one other
symptom, the participant must be removed for the chamber/Douglas bag*

If you are ever unsure about whether it is safe to leave a participant in the chamber, just

remove them

212



Chapter 4 Condition Time Interaction

00:00 00:30 01:00 01:30
Normoxia 0.23 + 0.62 017 * 044 020 =*= 051 0.18 *= 0.50

00:00 00:30 01:00 01:30
Hypoxia 022 + 057 0.80 + 093" 071 =+ 087F 103 =+ 1.14°f <0.001 <0.001 <0.001
Chapters 5 & 6 Condition Time Interaction
00:00 00:20 00:40 01:00 01:20 01:40

Normoxia 0.00 + 000 0.05 + 023 021 * 054 011 + 032 013 + 034 015 =+ 0.38

00:00 00:20 00:40 01:00 01:20 01:40
Hypoxia 0.00 + 000 015 * 049 050 =+ 0.71 067 + 097 041 + 087 047 =+ 083 <0.001 <0.001 0.146

Appendix 5.2. Total Lake Louise Questionnaire Acute Mountain Sickness Score in normoxia (FiO2 = 20.9%) and in acute poikilocapnic
hypoxia for Chapter 4 (FiO2 = 12.0%) and Chapters 5 & 6 (FiO2 = 12.5%). Data were analysed by a linear mixed model analysis. The primary
outcome of interest was the effect of interaction of condition and time. P < 0.05 compared to normoxia within timepoint. P < 0.05 compared to
00:00 within condition. Values are raw data means (standard deviation).
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