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What is the central question of this study?  25 

Is blood flow regulation to hypoxia different between the internal carotid arteries (ICA) and 26 

vertebral arteries (VA), and what is the measurement error in unilateral extracranial artery 27 

assessments compared to bilateral?    28 

What is the main finding and its importance?  29 

ICA and VA blood flow regulation to hypoxia is comparable when factoring for vessel type 30 

and vessel side. Compared to bilateral assessment, vessels assessed unilaterally had 31 

individual measurement errors of up to 37%. Assessing the vessel with the larger resting 32 

blood flow, not the left or right vessel, reduces unilateral measurement error.   33 
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Abstract 34 

Whether blood flow regulation to hypoxia is similar between left and right internal carotid 35 

arteries (ICA) and vertebral arteries (VA) is unclear. Extracranial blood flow is regularly 36 

calculated by doubling a unilateral assessment; however, lateral artery differences may lead 37 

to measurement error. This study aimed to determine extracranial blood flow regulation to 38 

hypoxia when factoring for vessel type (ICA or VA) and vessel side (left or right) effects, and 39 

investigate unilateral assessment measurement error compared to bilateral assessment. In a 40 

repeated-measures crossover design, extracranial arteries of 44 participants were assessed 41 

bilaterally by duplex ultrasound during 90 minutes of normoxic and poikilocapnic hypoxic 42 

(12.0% fraction of inspired oxygen) conditions. Linear mixed model analyses revealed no 43 

‘Condition’ × ‘Vessel Type’ × ‘Vessel Side’ interaction for blood flow, vessel diameter, and 44 

flow velocity (all P > 0.05) indicating left and right ICA and VA blood flow regulation to 45 

hypoxia was similar. Bilateral hypoxic reactivity was comparable [ICA, 1.4 (1.0) vs VA, 1.7 46 

(1.1) Δ%·ΔSpO2
-1; P = 0.12]. Compared to bilateral assessment, unilateral mean 47 

measurement error of the relative blood flow response to hypoxia was up to 5%, but 48 

individual errors reached 37% and were greatest in ICA and VA with the smaller resting 49 

blood flow due to a ratio-scaling problem. In conclusion, left and right ICA and VA 50 

regulation to hypoxia is comparable when factoring for vessel type and vessel side. Assessing 51 

the ICA and VA vessels with the larger resting blood flow, not the left or right vessel, 52 

reduces unilateral measurement error.   53 
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Introduction  54 

Cerebral blood flow regulation is critical to support oxygen delivery to match the high 55 

metabolic demand of the brain and to maintain normal neurovascular function (Ogoh, 2017; 56 

Willie, Tzeng, Fisher, & Ainslie, 2014). During acute hypoxia when arterial oxygen content is 57 

reduced, global cerebral blood flow increases (Hoiland, Howe, Coombs, & Ainslie, 2018). 58 

However, hypoxia-induced changes in blood flow are not uniform across the brain (Lawley, 59 

Macdonald, Oliver, & Mullins, 2017; Rossetti et al., 2020), which may in part relate to different 60 

regulation of blood flow at the extracranial arteries (Lewis, Messinger, Monteleone, & Ainslie, 61 

2014; Ogoh et al., 2013; Subudhi et al., 2014; Willie et al., 2012).  62 

Regional extracranial blood flow regulation can be measured non-invasively by duplex 63 

ultrasound of the vertebral arteries (VA) that feed the homeostatic posterior brain regions, and 64 

the internal carotid arteries (ICA) that feed the more functional anterior brain regions. In 65 

response to hypoxia, absolute increases in blood flow within the ICA are greater than the VA 66 

(Lafave et al., 2019). When indexed as a relative response some evidence indicates that the 67 

blood flow increase to hypoxia in the VA is greater than in the ICA (Lewis et al., 2014; Ogoh 68 

et al., 2013; Subudhi et al., 2014; Willie et al., 2012). Although the majority of literature 69 

reporting differences between ICA and VA blood flow regulation has been in response to 70 

hypoxia, the greater relative response in the VA has also been observed in response to other 71 

stressors including carbon dioxide, orthostasis, and exercise, and is proposed as a mechanism 72 

to preferentially maintain posterior blood flow to the homeostatic brain regions (Sato, Fisher, 73 

et al., 2012; Sato, Oue, Yoneya, Sadamoto, & Ogoh, 2016; Sato, Sadamoto, et al., 2012). 74 

Despite this compelling argument, a disparity exists within the literature with a similar number 75 

of studies failing to report differences between the ICA and VA blood flow regulation to 76 

hypoxia (Hoiland et al., 2017; Lafave et al., 2019; Willie, Smith, et al., 2014). It is also 77 
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contentious whether the increase in blood flow to hypoxia at the extracranial arteries is 78 

regulated by a change in vessel diameter (Lewis et al., 2014) or not (Ogoh et al., 2013).  79 

In contrast to the study of ICA (anterior) versus VA (posterior) extracranial regional 80 

blood flow response to hypoxia, the effect of vessel side has yet to be considered in studies 81 

using duplex ultrasound. Regulation of extracranial blood flow to hypoxia is typically assessed 82 

by doubling unilateral measurements of the ICA and VA. Reports suggest that at rest the left 83 

and right ICA have equal blood flow, whereas the right VA has 20–30% less blood flow than 84 

the left VA as a consequence of its smaller resting vessel diameter (Khan et al., 2017; Schöning, 85 

Walter, & Scheel, 1994). Anatomical variations in the aortic branching that alter shear stress 86 

and vascular resistance between arteries have been proposed as a possible mechanism for the 87 

difference in lateral extracranial blood flow  (Hu et al., 2013; van Campen, Verheugt, & Visser, 88 

2018). Moreover, intra- and extracranial cerebrovasculature have the capacity for 89 

compensatory collateral flow as demonstrated during and after vessel occlusion (Romero et al., 90 

2010; Wang et al., 2019), and immediately after endarterectomy (Aleksic & Brunkwall, 2009; 91 

Wang et al., 2019). Therefore, the interplay between extracranial artery vessel type (ICA or 92 

VA) and vessel side (left or right) should be considered when investigating the global 93 

haemodynamic response to a stressor. 94 

Another possible explanation for the equivocal findings in regional extracranial blood 95 

flow regulation to hypoxia is the method by which extracranial blood flow data is acquired and 96 

expressed. In assessments of brachial artery vascular function by flow-mediated dilation 97 

(FMD), a negative correlation between resting brachial artery diameter and the percentage 98 

change in diameter suggests that the calculation of diameter percentage change in smaller 99 

brachial arteries overestimates the relative FMD response (Atkinson & Batterham, 2013a, 100 

2013b; Atkinson, Batterham, Thijssen, & Green, 2013). Further, brachial arteries with smaller 101 

diameters displayed more varied responses than those with large diameters. Consequently, the 102 
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relatively larger blood flow increase to hypoxia in the VA compared to ICA previously reported 103 

(Lewis et al., 2014; Ogoh et al., 2013; Subudhi et al., 2014; Willie et al., 2012) may be a product 104 

of a ratio-scaling problem arising from random intra-individual lateral anatomical and resting 105 

blood flow differences, more prominent in the VA than the ICA, when unilateral rather than 106 

bilateral measurements are used.  107 

The primary aim of this study was to determine the extracranial blood flow regulation 108 

to acute poikilocapnic hypoxia when factoring for vessel type (ICA or VA) and vessel side (left 109 

or right) effects. In this study, we assessed left and right ICA and VA blood flow, vessel 110 

diameter, and flow velocity by duplex ultrasound. We hypothesised that when factoring for 111 

vessel type and vessel side extracranial blood flow regulation to hypoxia would be similar in 112 

left and right ICA and VA. The secondary aim of this study was to investigate the measurement 113 

error in unilateral compared to bilateral calculations of extracranial blood flow. Although other 114 

stimuli might be used (e.g. carbon dioxide, exercise), we chose to examine the extracranial 115 

measurement error to acute poikilocapnic hypoxia as it has previously been shown to increase 116 

cerebral blood flow by approximately 30% for a 1–2 h period (Lewis et al., 2014; Morris, 117 

Flück, Ainslie, & McManus, 2017). Based on the previously identified ratio-scaling problem 118 

with FMD, we hypothesised that a negative relationship would exist between extracranial 119 

artery resting normoxic blood flow and the relative blood flow response to hypoxia. We also 120 

expected that extracranial arteries with the smaller resting blood flow would have a more varied 121 

relative blood flow response to hypoxia than those arteries with larger resting blood flows. 122 

Consequently, the measurement error to the relative blood flow response to hypoxia was 123 

hypothesised to be greater when calculated from doubling a unilateral measurement of the 124 

lateral extracranial artery with the smaller resting blood flow.  125 

Methods 126 
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Ethical Approval 127 

Ethical approval for this study was obtained from Bangor University (proposal number 2019-128 

16489, accepted 11/03/2019) and was conducted following the standards of the Declaration of 129 

Helsinki 2013, except for registration in a database, with written informed consent obtained 130 

from all study volunteers.  131 

Participants 132 

Forty-four young healthy participants were recruited in this study [17 female, 24 (5) years, 177 133 

(9) cm, 72 (9) kg, haemoglobin 15 (1) g·dL-1, haematocrit 44 (4) %]. Participants were non-134 

smokers, and free from cardiovascular, haematological, and neurological disease. Participants 135 

had not resided overnight at an altitude of >2500 m within the last six months. Participants 136 

were screened for vascular abnormalities to ensure reliable ICA and VA ultrasound images 137 

could be acquired. To minimise the impact of fluctuations in sex hormones on blood flow 138 

measurements (Krejza, Mariak, Huba, Wolczynski, & Lewko, 2001) female participants were 139 

included if they had contraceptive-induced amenorrhea or a regular menstruating cycle.  140 

Participants with a regular menstrual cycle were tested during the early follicular phase (day 1 141 

to 7) or the placebo phase of the oral contraceptive. Participants were instructed to refrain from 142 

consuming alcohol and from undertaking exhaustive exercise within 24 hours of experimental 143 

trials. Experimental trials were completed at the same time of day and participants were 144 

encouraged to match their diet and supplement intake, including caffeinated beverages, before 145 

arrival at the laboratory.   146 

Study Design 147 

A repeated-measures, crossover design was used where each participant completed two 148 

experimental trials separated by a minimum of 48 hours. Experimental trials consisted of a 90 149 

min exposure to either normoxia (fraction of inspired oxygen [FiO2] = 20.9%) or poikilocapnic 150 
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hypoxia (FiO2 = 12.0%) in a temperature [26 (2) °C] and humidity [30 (4) %] controlled 151 

environmental chamber (Hypoxico Inc, New York, USA). 152 

Experimental procedures 153 

On entry to the chamber, participants were instrumented with a 3-lead electrocardiogram, pulse 154 

oximeter, and a blood-pressure cuff to measure heart rate, peripheral arterial oxygen saturation 155 

(SpO2; Model 9590 Oximeter; Nonin Medical Inc. Minnesota, USA), and mean arterial blood 156 

pressure (MAP; Model M6 AC ME, Omron Healthcare Co., Ltd, Kyoto, Japan), respectively. 157 

After 20 min participants lay supine for 10 min before a facemask was attached to measure the 158 

partial pressure of end-tidal carbon dioxide (PETCO2) and minute ventilation (V̇E) for 5 min 159 

(Metalyzer 3B, CORTEX Biophysik, GmbH; Leipzig; Germany). Following this, blood flow 160 

measurements of the left and right ICA and VA were completed by duplex ultrasound. 161 

Cardiovascular measurements were obtained at 30 min intervals and respiratory measurements 162 

were obtained at minute 30 and 90. 163 

Duplex ultrasound acquisition and analysis 164 

All extracranial blood flow measurements were collected by the same operator (ATF), using 165 

duplex ultrasound with a 12 MHz linear transducer (Acuson X300, Siemens Healthcare, 166 

GMbH; Erlanden: Germany) at 30 frames per second, and per recommended technical 167 

guidelines (Thomas, Lewis, Hill, & Ainslie, 2015). Bilateral ICA and VA blood flow was 168 

calculated from consecutive left and right measurements. To improve the accuracy of the blood 169 

flow measurements and minimise the trade-off between B-mode and pulsed-wave Doppler 170 

mode (Thomas et al., 2015), vessel diameter and flow velocity measurements were collected 171 

in consecutive 30 s recordings with care taken to maintain the same position within the vessel. 172 

High-resolution B-mode images were used to measure vessel diameter. Flow velocity was 173 

measured using Doppler velocity spectrum with the cursor set in the centre of the vessel with 174 
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a 60º angle of insonation with the Doppler gate adjusted to fill the size of the vessel. ICA were 175 

measured 1.0–1.5 cm distal to the carotid bifurcation and VA were measured between C3 and 176 

the subclavian artery. The order of imaging was (1) VA right, (2) ICA right, (3) VA left, and 177 

(4) ICA left. In a separate day-to-day reproducibility study (N = 10) completed by the same 178 

operator (ATF), the coefficient of variation (CV) of this technique for blood flow, vessel 179 

diameter, and flow velocity of the ICA (11%, 4%, and 7%) and VA (9%, 2%, and 7%) were 180 

comparable with recommended guidelines (Thomas et al., 2015). 181 

All data was captured and stored for subsequent offline analysis by an investigator blinded to 182 

the condition of the experimental trials. Following a conservative image quality check, data 183 

and statistical analysis were completed on 33 ICA pairs (24 male, 9 female) and 43 VA pairs 184 

(26 male, 17 female). The 11 ICA exclusions were due to lack of clear insonation and poor 185 

image quality whilst the 1 VA exclusion was due to the presence of an unidentified branching 186 

vessel. Offline analysis was adapted from standardised procedures described elsewhere 187 

(Hoiland et al., 2017; Ogoh et al., 2013). Specifically, mean flow velocity was calculated using 188 

half the time-averaged maximum velocity (TAMx) and was averaged from 10 cardiac cycles 189 

to minimise the impact of respiration. Mean vessel diameter was measured using an automated 190 

edge-detection tracking software (Brachial Analyser, Medical Imaging Applications, Iowa, 191 

USA) and was calculated from a weighted average of the peak systolic and diastolic diameters 192 

across 10 cardiac cycles [(systolic diameter x ⅓) + (diastolic diameter x ⅔)]. Subsequently, 193 

blood flow was calculated using the following equation: 194 

𝐵𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 (𝑚𝑙 ∙ 𝑚𝑖𝑛−1)195 

=  [𝑇𝐴𝑀𝑥 (𝑐𝑚 ∙ 𝑠−1)/2]  ×  [𝜋 × (𝑚𝑒𝑎𝑛 𝑎𝑟𝑡𝑒𝑟𝑦 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚𝑚)/2)2]  196 

×  60 197 
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Absolute and relative change in blood flow was calculated as the change in blood flow from 198 

normoxia to hypoxia at the same time point using the following equations: 199 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 𝑡𝑜 ℎ𝑦𝑝𝑜𝑥𝑖𝑎 (𝑚𝑙 ∙ 𝑚𝑖𝑛−1)  200 

=  ℎ𝑦𝑝𝑜𝑥𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 (𝑚𝑙 ∙ 𝑚𝑖𝑛−1) –  𝑛𝑜𝑟𝑚𝑜𝑥𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 (𝑚𝑙201 

∙ 𝑚𝑖𝑛−1) 202 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 𝑡𝑜 ℎ𝑦𝑝𝑜𝑥𝑖𝑎 (%)  203 

=  [(ℎ𝑦𝑝𝑜𝑥𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 (𝑚𝑙 ∙ 𝑚𝑖𝑛−1) –  𝑛𝑜𝑟𝑚𝑜𝑥𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 (𝑚𝑙204 

∙ 𝑚𝑖𝑛−1))/𝑛𝑜𝑟𝑚𝑜𝑥𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤  (𝑚𝑙 ∙ 𝑚𝑖𝑛−1)]  ×  100 205 

To control for differences between individual responses to poikilocapnic hypoxia, an index of 206 

absolute and relative hypoxic blood flow reactivity was calculated by normalising these values 207 

to the absolute change in SpO2 (ΔSpO2).  208 

To calculate the difference in resting normoxic blood flow between lateral arteries of the ICA 209 

and VA, the following equation was used: 210 

𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝑎𝑟𝑡𝑒𝑟𝑦 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑟𝑒𝑠𝑡𝑖𝑛𝑔 𝑛𝑜𝑟𝑚𝑜𝑥𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤  (%)  211 

=  [(𝐿𝑎𝑟𝑔𝑒𝑟 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 (𝑚𝑙 ∙ 𝑚𝑖𝑛−1) –  𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 (𝑚𝑙212 

∙ 𝑚𝑖𝑛−1))/𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑏𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤  (𝑚𝑙 ∙ 𝑚𝑖𝑛−1)]  ×  100 213 

Extracranial arteries were also identified and grouped by the lateral vessel (left or right) with 214 

the larger resting normoxic blood flow. 215 

Statistical Analysis 216 

Statistical analysis was conducted using SPSS Statistics v25 (IBM Corp., Armonk, NY, USA). 217 

Values are mean (SD) unless otherwise stated and statistical significance was set at P < 0.05.  218 
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To determine any differences in cardiorespiratory variables during normoxia and hypoxia a 219 

linear mixed model (LMM) was used. Fixed effects of interest were ‘Condition’ (normoxia or 220 

hypoxia), ‘Time’ (30, 60, or 90 min), as well as the interaction (‘Condition’ × ‘Time’), with 221 

‘Participant ID’ added as a random effect. Baseline data were not included as these 222 

measurements were collected during seated rest before entry to the environmental chamber.  223 

To determine whether there are resting normoxic blood flow differences between left and right 224 

ICA and VA, a LMM was used with fixed effects of interest ‘Vessel Type’ (ICA or VA), and 225 

‘Vessel Side’ (left or right), as well as the interaction (‘Vessel Type’ × ‘Vessel Side’), adding 226 

‘Participant ID’ added as a random effect. 227 

To determine whether there are differences in blood flow regulation to hypoxia between the 228 

four extracranial arteries, a LMM was used to examine left and right ICA and VA absolute 229 

blood flow, vessel diameter, and flow velocity in normoxia and hypoxia. Specifically, fixed 230 

effects of interest were ‘Condition’, ‘Vessel Type’, and ‘Vessel Side’, with ‘Participant ID’ as 231 

added as a random effect. The primary outcome of interest was the interaction (‘Condition’ × 232 

‘Vessel Type’ × ‘Vessel Side’). In addition, for conventional purposes, a LMM was used to 233 

examine the absolute change and relative change in blood flow, vessel diameter, and flow 234 

velocity regulation to hypoxia (i.e. change from normoxia) between the ICA and VA with 235 

‘Vessel Type’, and ‘Vessel Side’ and their interaction (‘Vessel Type’ × ‘Vessel Side’) as fixed 236 

effects of interest, adding ‘Participant ID’ as a random effect. Values from LMM analysis are 237 

reported as estimated marginal means and an estimated SD which was derived from the 238 

standard error (SE), where n is the sample size [𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑆𝐷 = 𝑆𝐸 × (√𝑛)] (Shenouda, 239 

Gillen, Gibala, & MacDonald, 2017). 240 

To determine the measurement error in unilateral compared to bilateral calculations of relative 241 

extracranial blood flow response to hypoxia, we investigated whether a ratio-scaling problem 242 



13 
 

exists and quantified the measurement error by Bland-Altman analysis (Bland & Altman, 243 

1986). Disproportionate ratio-scaling in the calculation of relative change ratios has been 244 

described extensively elsewhere (Atkinson & Batterham, 2013a, 2013b; Atkinson et al., 2013). 245 

For clarity, the analysis used in the present study is described. Pearson’s correlation was used 246 

to determine whether a negative relationship between resting normoxic blood flow and the 247 

relative blood flow response to hypoxia existed in the left and right arteries of the ICA and VA. 248 

To confirm that the relationships between resting normoxic blood flow and the relative blood 249 

flow response to hypoxia were statistically different from the relationships between resting 250 

normoxic blood flow and the absolute blood flow response to hypoxia, correlation coefficients 251 

were compared using Fisher’s Z transformation via the cocor online software (Diedenhofen & 252 

Musch, 2015). Then, appropriate ratio-scaling was applied to the ICA and VA to calculate the 253 

‘corrected’ ICA and VA blood flow response to hypoxia. The calculation of the regression 254 

slope between logarithmically-transformed normoxic blood flow and hypoxic blood flow was 255 

used to determine whether hypoxic blood flow scales disproportionately for the range of values 256 

of normoxic blood flow, with an upper confidence limit [95%CI] being less than 1.0 indicating 257 

this to be true. An analysis of covariance analysis (ANCOVA) model was used to determine 258 

group differences between unilateral and bilateral calculations of logged-scale change in blood 259 

flow (Δblood flow), with logarithmically-transformed normoxic blood flow as a covariate. 260 

Back-transformation of covariate-adjusted Δblood flow were converted to Δ%blood flow as 261 

the final corrected, and more conventional, calculation of the relative blood flow response to 262 

hypoxia. Bland-Altman analysis was used to determine the level of agreement between 263 

unilateral and bilateral calculations of the relative blood flow response to hypoxia for the ICA 264 

and VA. Unilateral measurements were determined by resting normoxic blood flow (smaller 265 

or larger) or vessel side (left or right) and doubled before calculating the relative blood flow 266 

response to hypoxia. The mean difference between unilateral and bilateral calculations of the 267 
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relative blood flow response to hypoxia was determined as the measurement bias (error), with 268 

the respective 95% confidence intervals, and the 95% limits of agreement.  269 

Results 270 

Cardiorespiratory responses to hypoxia  271 

There were no interactions for cardiorespiratory responses during the period of supine rest 272 

(Table 1, all P > 0.05). Compared to normoxia, acute poikilocapnic hypoxia increased heart 273 

rate [Main effect of ‘Condition’; +11 (6) bpm; P < 0.001], MAP [+1 (4) mmHg; P < 0.05] and 274 

V̇E [+0.9 (1.4) L·min-1; P < 0.001], and decreased PETCO2 [-3.9 (2.1) mmHg; P < 0.001] and 275 

SpO2 [-20 (3) %; P < 0.001] during supine rest. Cardiorespiratory responses were stable 276 

between 30–90 min with the exception of an increase in MAP [Main effect of ‘Time’; +2 (4) 277 

mmHg, 90 vs 60 min; P < 0.01] and a decline in V̇E [-0.5 (1.5) L·min-1, 90 vs 30 min; P < 278 

0.05] in both conditions.  279 

Resting extracranial artery characteristics 280 

There was no ‘Vessel Type’ × ‘Vessel Side’ interaction (P = 0.17), nor a main effect of ‘Vessel 281 

Side’ (P = 0.74), in resting normoxic blood flow between the left and right ICA [299 (43) and 282 

288 (43) mL·min-1, 4%] and left and right VA [103 (43) and 95 (43) mL·min-1, 8%], but there 283 

was a main effect of ‘Vessel Type’ (P < 0.001). The difference in resting normoxic blood flow 284 

between lateral arteries ranged from 1 to 91% for the ICA and 0 to 400% for the VA. More 285 

participants had a larger resting normoxic blood flow in the right ICA (14 left, 19 right) and 286 

VA (21 left, 22 right) than left.  287 

Extracranial artery blood flow regulation to hypoxia  288 

LMM analyses revealed no ‘Condition’ × ‘Vessel Type’ × ‘Vessel Side’ interaction for blood 289 

flow (Figure 1a; P = 0.62), vessel diameter (Figure 1b; P = 0.70), and flow velocity (Figure 1c; 290 
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P = 0.64), indicating that ICA and VA blood flow regulation to acute poikilocapnic hypoxia 291 

did not differ as a function of vessel type and vessel side. There was also no ‘Condition’ × 292 

‘Vessel Side’ interaction for vessel diameter (P = 0.32), flow velocity (P = 0.18), blood flow 293 

(P = 0.86), and the volume of left and right extracranial blood flow were similar in hypoxia 294 

[left ICA + VA, 495 (93) mL·min-1 vs right ICA + VA, 501 (93) mL·min-1; P = 0.89].  295 

Due to the ICA and VA differences at normoxic baseline, there was a ‘Condition’ × ‘Vessel 296 

Type’ interaction for blood flow (P < 0.001). Subsequently, to account for the large discrepancy 297 

between ICA and VA blood flow at normoxic baseline, this variable was analysed using the 298 

conventionally reported change scores from normoxia. LMM analysis revealed no ‘Vessel 299 

Type’ × ‘Vessel Side’ interaction for the absolute and relative blood flow response to hypoxia 300 

between the left and right ICA and VA (Figure 2a, 2c, 2e, 2g, all P > 0.05) and reaffirmed that 301 

there was no main effect of ‘Vessel Side’ for these blood flow variables (all P > 0.05). As 302 

expected, a main effect of ‘Vessel Type’ (i.e. when data was pooled as the bilateral value) 303 

revealed that the ICA had a greater absolute blood flow response to hypoxia [Figure 2b; 155 304 

(63) vs 57 (65) ΔmL·min-1, P < 0.001], and absolute hypoxic reactivity [Figure 2d, 8.0 (3.3) vs 305 

3.0 (3.4) ΔmL·min-1·ΔSpO2
-1; P < 0.001] than the VA. Whereas, there was no main effect of 306 

‘Vessel Type’ for the relative blood flow response to hypoxia [Figure 2f, 26.6 (21.6) vs 33.2 307 

(22.6) Δ%; P = 0.053] and relative hypoxic reactivity [Figure 2h, 1.4 (1.0) vs 1.7 (1.1) 308 

Δ%·ΔSpO2
-1; P = 0.12]. When calculated bilaterally, acute poikilocapnic hypoxia increased 309 

global blood flow by 29.1 (18.1) % [776 (124) vs 995 (124) mL·min-1; P < 0.001]. There was 310 

no ‘Condition’ × ‘Vessel Type’ interaction for vessel diameter (P = 0.29) and flow velocity (P 311 

= 0.37), which had a similar relative vessel diameter response to hypoxia [ICA 6.9 (3.7) vs VA 312 

7.0 (3.8) %; P = 0.83] and relative flow velocity response to hypoxia [ICA 11.2 (15.7) vs VA 313 

15.6 (16.1) %; P = 0.09] between bilateral calculations of the ICA and VA. 314 

The relationship between resting normoxic blood flow and the blood flow response to hypoxia 315 
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No relationship was observed between resting normoxic blood flow and the absolute blood 316 

flow response to hypoxia (Figures 3a and 3b). However, negative relationships were identified 317 

between resting normoxic blood flow and the relative ICA and VA blood flow response to 318 

hypoxia (Figures 3c and 3d, r = -0.33 and -0.37, respectively; P < 0.001). These relationships 319 

were statistically different from the relationships observed between resting normoxic blood 320 

flow and the absolute blood flow response to hypoxia (both P < 0.001). These relationships 321 

indicated that vessels with smaller resting blood flow were associated with a greater and more 322 

varied relative blood flow change to hypoxia. As negative relationships were identified 323 

between normoxic blood flow and the relative blood flow response to hypoxia, ratio-scaling 324 

was conducted. The regression slopes between logarithmically-transformed resting normoxic 325 

blood flow and hypoxic blood flow were 0.70 (95%CI [0.49 to 0.91]) for the ICA and 0.79 326 

(95%CI [0.67 to 0.91]) for the VA with each upper confidence limit of less than 1.0, indicating 327 

that vessels with smaller resting blood flow were associated with a disproportionately large 328 

relative change in hypoxic blood flow. The covariate-adjusted group means for the relative 329 

blood flow response to hypoxia after ANCOVA analysis indicated smaller differences between 330 

left and right calculations of the ICA [27.5 (16.8) and 25.1 (16.8) %] and VA [28.3 (22.5) and 331 

32.4 (22.5) %] compared with non-corrected values of the relative blood flow response to 332 

hypoxia (Supplementary Table 1).  333 

Measurement bias between unilateral and bilateral calculations of the relative blood flow 334 

response to hypoxia 335 

Bland-Altman analysis revealed doubling unilateral ICA measurements from the vessel with 336 

the smaller resting normoxic blood flow overestimated the relative ICA blood flow response 337 

to hypoxia by 5% (95%CI [1 to 9], limits of agreement: -19 to +29%) compared to bilateral 338 

calculations (Figure 4a). Doubling unilateral ICA measurements from the vessel with the larger 339 

resting normoxic blood flow underestimated the relative ICA blood flow response to hypoxia 340 
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by 4% (95%CI [-7 to 0], limits of agreement: -23 to +16%) compared to bilateral calculations 341 

(Figure 4b). There was no significant bias in the relative VA blood flow response to hypoxia 342 

from doubling unilateral VA measurements from the vessel with the smaller or larger resting 343 

normoxic blood flow compared to bilateral calculations (Figure 4c and 4d). However, the 344 

vessel with the larger resting normoxic blood flow had the lowest measurement bias and 345 

narrowest limits of agreement to the relative VA blood flow response to hypoxia compared to 346 

doubling bilateral calculations (Figure 4d). 347 

Bland-Altman analysis revealed no significant bias in the relative ICA blood flow response to 348 

hypoxia from doubling left or right unilateral ICA measurements compared to bilateral 349 

calculations (Figures 5a and 5b). Bland-Altman analysis revealed doubling unilateral right VA 350 

measurements overestimated the relative VA blood flow response to hypoxia by 4% (95%CI 351 

[0 to 7], limits of agreement: -21 to +28%) compared to bilateral calculations (Figure 5d). In 352 

contrast, there was no significant bias in the relative VA blood flow response to hypoxia from 353 

doubling unilateral left VA measurements compared to bilateral calculations (Figure 5c).  354 

Discussion 355 

Main findings 356 

The principal finding of this study was that extracranial blood flow regulation to hypoxia is 357 

comparable (Figure 1) when factoring for vessel type (ICA or VA) and vessel side (left or 358 

right). The increase in blood flow to hypoxia was regulated by an increase in vessel diameter 359 

and flow velocity in all extracranial vessels. Global extracranial blood flow to hypoxia 360 

increased from 776 (124) to 995 (124) mL·min-1 (29.1%, P < 0.001) that was equally 361 

distributed between the left and right sides [left ICA + VA, 495 (93) vs right ICA + VA, 501 362 

(93); P = 0.89]. When conventionally reported as the change score from normoxia, the bilateral 363 

absolute blood flow response to hypoxia was greater in the ICA than the VA (Figure 2b and 364 
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2d), whereas the bilateral relative blood flow response to hypoxia was comparable between the 365 

ICA and VA (Figure 2f and 2h). We are unaware of previous duplex ultrasound investigations 366 

that have assessed bilateral extracranial blood flow regulation to hypoxia, nor considered the 367 

effect of vessel type and vessel side.  368 

This study also identified negative relationships between extracranial artery resting normoxic 369 

blood flow and the relative blood flow response to hypoxia for the ICA and VA (Figure 3c and 370 

3d), which illustrated a ratio-scaling problem akin to that previously described with FMD 371 

assessment of brachial artery vascular function (Atkinson & Batterham, 2013a, 2013b; 372 

Atkinson et al., 2013). Compared with bilateral measurement of relative blood flow change to 373 

hypoxia, the common practice of doubling unilateral measurements led to average errors of up 374 

to 5%, and individual errors of up to 37%, which were greatest and more varied in the 375 

extracranial arteries with smaller resting normoxic blood flow (Figure 4a – 5d).  376 

Bilateral extracranial blood flow regulation to hypoxia 377 

When assessed bilaterally, acute poikilocapnic hypoxia caused the same vasodilation [ICA 6.9 378 

(3.7) vs VA 7.0 (3.8) %; P = 0.87]) and comparable relative increases in blood flow and blood 379 

flow reactivity in the ICA and VA (Figure 2f and 2h). These regional blood flow responses to 380 

acute hypoxia are similar to those previously reported from studies employing the typical 381 

method of doubling unilateral measurements (Lewis et al., 2014; Morris et al., 2017; Willie et 382 

al., 2012). There are as many studies reporting that the increase in blood flow to hypoxia is 383 

mediated by vasodilation in both ICA and VA to extreme (<80% SpO2) poikilocapnic hypoxia 384 

(Lewis et al., 2014; Morris et al., 2017) or isocapnic hypoxia (Fernandes et al., 2018; Hoiland 385 

et al., 2017) as there are reporting no vasodilation (Lafave et al., 2019; Ogoh et al., 2013; Willie 386 

et al., 2012; Willie, Smith, et al., 2014), with others suggesting regionally-specific vasodilation 387 

(Kellawan, Harrell, Roldan-Alzate, Wieben, & Schrage, 2017; Subudhi et al., 2014). 388 
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Notwithstanding the methodological differences of inducing hypoxia that is known to affect 389 

the cerebrovascular response, such as the clamping of carbon dioxide (Kellawan et al., 2017; 390 

Ogoh et al., 2013; Willie et al., 2012), exposure to high-altitude hypobaric hypoxia (Hoiland 391 

et al., 2017; Lafave et al., 2019; Subudhi et al., 2014; Willie, Smith, et al., 2014) and length of 392 

exposure (Lewis et al., 2014), the aforementioned studies are often limited by their sample size 393 

and therefore sensitivity to detect small differences where high inter-individual variability with 394 

exposure to acute severe hypoxia is notable (Willie, Smith, et al., 2014). Compared to previous 395 

literature, the present study was conducted in a relatively large cohort and is strengthened by 396 

bilateral measurement of the blood flow response to hypoxia which provides more certainty 397 

that blood flow is similarly regulated in ICA and VA in response to acute poikilocapnic 398 

hypoxia.   399 

Extracranial artery blood flow measurement error 400 

The absolute increase in blood flow to hypoxia was comparable within ICA (Figure 3a) and 401 

VA (Figure 3b) irrespective of the resting blood flow. In contrast, significant negative 402 

relationships were identified between resting blood flow and the relative blood flow response 403 

to hypoxia in both the ICA and VA, where vessels with smaller resting blood flow had greater 404 

relative blood flow responses to hypoxia (Figure 3c and 3d). This indicated the same ratio-405 

scaling problem in extracranial arteries as has previously been described with FMD assessment 406 

of the brachial artery vascular function (Atkinson & Batterham, 2013a, 2013b; Atkinson et al., 407 

2013). In brief, Atkinson and Batterham describe this relationship to be a fundamental ratio-408 

scaling problem when using relative change ratios (i.e. Δ%FMD = [peak diameter – resting 409 

diameter]/resting diameter x100) where the numerator (i.e. difference in diameter) does not 410 

scale proportionately for the range of denominator values (i.e. resting diameter). The negative 411 

relationships also indicated that the relative change in blood flow to hypoxia were more varied 412 

in vessels with smaller resting normoxic blood flow. This skewness towards the group with the 413 
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smaller scores (i.e. smaller resting normoxic blood flow) is common with ratio indices since 414 

ratios cause the outcome data to be non-normally distributed even when the two ratios are 415 

normally distributed (Atkinson & Batterham, 2013b; Vickers, 2001). This relationship 416 

highlights a mathematical, rather than physiological, source of measurement error when 417 

adopting a unilateral rather than bilateral assessment.  418 

When compared to the bilateral calculation, doubling of a unilateral extracranial measurement 419 

of the relative blood flow response to hypoxia from the vessel with the smaller resting blood 420 

flow led to a greater mean measurement bias (5%) and wider limits of agreement (up to 31%) 421 

than from the vessel with the larger resting blood flow (Figure 4). Despite the mean bias of a 422 

unilateral measurement compared to the bilateral measurement being small (3 to 5%), it is 423 

misleading to judge the measurement error of a unilateral assessment from this metric alone. 424 

To fully examine measurement error, mean bias, the width of the limits of agreement, and 425 

visual inspection of the Bland-Altman plots for a constant or proportional bias should be 426 

completed (Giavarina, 2015). Here, the limits of agreement of a unilateral measurement were 427 

-26 to 31% (Figure 4), which can be considered significant when considering the magnitude is 428 

similar to the mean extracranial relative blood flow response to hypoxia. These wide limits of 429 

agreement indicate a low level of precision in unilateral measurements, compared to bilateral 430 

measurements, which may lead to erroneous interpretation of data particularly in small sample 431 

cohorts. Moreover, the Bland-Altman analysis revealed a proportional measurement bias that 432 

was more prominent in the vessels with the smaller blood flow (i.e. Figure 4a). Therefore, 433 

doubling a unilateral extracranial measurement from the vessel with the smaller resting 434 

normoxic blood flow is the least comparable, and causes the greatest measurement error, to the 435 

true bilateral relative blood flow response to hypoxia. 436 

In investigations of extracranial blood flow regulation to hypoxia, a unilateral measurement of 437 

the right VA is overwhelmingly favoured (Fernandes et al., 2018; Hoiland et al., 2017; Lafave 438 
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et al., 2019; Lewis et al., 2014; Morris et al., 2017; Ogoh et al., 2013; Willie et al., 2012) 439 

compared to the left VA (Subudhi et al., 2014; Willie, Smith, et al., 2014). The rationale often 440 

stated for the right side being chosen is to account for the 20–30% smaller blood flow in the 441 

right VA compared to the left VA such that absolute calculations of regional and global blood 442 

flow are an underestimation (Lewis et al., 2014; Ogoh et al., 2013). However, due to the stark 443 

differences in resting blood flow between the ICA and VA, regional blood flow response to 444 

stressors such as hypoxia are commonly reported relative to resting blood flow (Willie et al., 445 

2012). Disproportionate scaling in the calculation of blood flow relative change may, in part, 446 

have contributed to conclusions of preferential blood flow regulation to the posterior 447 

circulation compared to anterior circulation in previous research (Lewis et al., 2014; Ogoh et 448 

al., 2013; Subudhi et al., 2014; Willie et al., 2012). In these studies, the relative blood flow 449 

response to hypoxia was greater in the VA (posterior) than ICA (anterior) based on unilateral 450 

measures from the right VA (Lewis et al., 2014; Ogoh et al., 2013; Willie et al., 2012). In the 451 

current study, when unilateral extracranial measurements were selected on the vessel side, right 452 

VA measurements overestimated the relative blood flow response to the greatest degree (4%; 453 

Figure 4d) and had the widest limits of agreement (-21 to 28%) compared to the bilateral 454 

calculation. This finding is particularly noteworthy given that many investigators choose to 455 

scan the right rather than the left VA presuming that the right VA is the conservative option 456 

when doubling a unilateral measurement. But, as detailed in this study, vessels with the smaller 457 

resting blood flow are more susceptible to greater and more varied measurement errors due to 458 

the ratio-scaling problem when describing a relative blood flow response.  459 

Perspectives and application 460 

In this study, there was no statistical difference in resting blood flow between the left and right 461 

vessels of the ICA (4%) and VA (8%). Therefore, we may have underestimated the group mean 462 

measurement error of unilateral compared to bilateral assessment that may be found in future 463 
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studies. This is particularly likely for the VA as the left-to-right blood flow difference in the 464 

VA is typically reported in the range of 20–30% (Khan et al., 2017; Schöning et al., 1994). The 465 

heterogeneity between individuals in the magnitude of difference between left and right 466 

extracranial arteries blood flow (ICA: 1 to 91% and VA: 0 to 400%) means that without 467 

examining the contralateral vessel there is an increased likelihood of substantial measurement 468 

error in the calculation of the relative blood flow response to hypoxia.  469 

To eliminate measurement error in the relative blood flow response to hypoxia, bilateral 470 

measurements should be used. However, if this is infeasible, we advise the ICA and VA vessel 471 

with the larger resting normoxic blood flow be measured for each participant following pre-472 

screening of both the left and right vessels based on two inferences. Firstly, vessels with the 473 

smaller resting normoxic blood flow were associated with a greater and more varied relative 474 

blood flow response to hypoxia (Figure 2). This is also supported by the Bland-Altman analysis 475 

that identified the greatest measurement bias and limits of agreement, and the presence of a 476 

proportional bias is caused by unilateral measurements of the extracranial vessel with the 477 

smaller blood flow (Figure 4). Secondly from a practical aspect, successfully imaging a vessel, 478 

maintaining consistent flow velocity with a centrally-positioned Doppler gate, and accurately 479 

measuring vessel diameter (whether manual or automated) are all easier in the vessel containing 480 

the larger blood flow. Moreover, to improve efficiency and feasibility of identifying the vessel 481 

with the larger resting normoxic blood flow before experimental trials, the left and right vessel 482 

diameter could be measured using the standard built-in caliper method available in ultrasound 483 

devices as a strong index of vessel blood flow (Cipolla, 2009). Where simultaneous insonation 484 

of two extracranial arteries is necessary this is normally achieved by contralateral 485 

measurements due to ultrasound interference and physical probe space limitations (Sato et al., 486 

2016). In this instance, the extracranial artery (ICA or VA) with the widest difference in resting 487 

normoxic blood flow between the left and right vessels should be prioritised in imaging to 488 
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minimise measurement error. We advise these methods to be applied when measuring 489 

extracranial blood flow to other vasoactive stimuli such as carbon dioxide, orthostasis, and 490 

exercise.  491 

Methodological considerations 492 

The interaction of oxygen and carbon dioxide tensions are key factors in the overall change in 493 

cerebral blood flow during exposure to hypoxia (Bruce et al., 2016; Friend, Balanos, & Lucas, 494 

2019; Lucas et al., 2011). The single bout of poikilocapnic hypoxia used here resulted in a 495 

range of SpO2, V̇E and, PETCO2 between participants, therefore not all individuals had similar 496 

systemic hypoxia. However, when the relative blood flow response to hypoxia was corrected 497 

for the differences in SpO2 as an index of relative hypoxic reactivity the ICA and VA were 498 

found to remain similar (Figure 2h). Future research should use stepwise gas manipulations to 499 

investigate the regulation of extracranial arteries through the range of hypoxic severities 500 

typically experienced. Bilateral calculations of blood flow were derived from consecutive 501 

rather than simultaneous measurements of the left and right arteries as we only had access to a 502 

single ultrasound. However, the short time difference introduced by using consecutive left and 503 

right measurements likely had limited influence on the interpretation of our findings as the ICA 504 

and VA measurements were obtained whilst participants were rested. A wide range of 505 

methodological techniques are currently employed to measure cerebral blood flow at rest and 506 

in response to stressors, each with its advantages and disadvantages (Tymko, Ainslie, & Smith, 507 

2018). Duplex ultrasound offers a non-invasive, volumetric measurement of intravascular 508 

blood flow with excellent temporal resolution important for the assessment of cerebral blood 509 

flow to dynamic stressors (e.g. hypoxia, carbon dioxide, orthostasis, and exercise). However, 510 

to obtain accurate and reliable (~10% day-to-day CV) measurements considerable ultrasound 511 

training is required (Thomas et al., 2015). Notwithstanding this, the results presented here 512 

reveal a source of previously under-recognised measurement error in the assessments of 513 
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unilateral extracranial relative blood flow response to vasoactive stimuli, and provides a 514 

systematically approached consensus for the selection of unilateral extracranial measurements 515 

to minimise this measurement error when bilateral measurement is infeasible.     516 

Conclusions 517 

ICA and VA blood flow regulation to hypoxia is comparable when factoring for vessel type 518 

(ICA or VA) and vessel side (left or right) effects. Bilateral calculations of the ICA and VA 519 

indicated the same degree of vasodilation and comparable increases in relative blood flow to 520 

acute poikilocapnic hypoxia. Compared to bilateral assessment of the relative blood flow 521 

response to hypoxia, individual unilateral measurement error reached 37%, and were greatest 522 

in ICA and VA with the smaller resting blood flow due to a ratio-scaling problem. Where 523 

bilateral assessment is infeasible assessing the ICA and VA vessels with the larger resting 524 

blood flow, not the left or right vessel, reduces unilateral measurement error.  525 
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 727 

  
Normoxia   Hypoxia   P 

  Baseline 30 min 60 min 90 min   Baseline 30 min 60 min 90 min   Condition Time  Interaction 

SpO2 (%) 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) 90 (7) 84 (7) 83 (7) 85 (7)   91 (6) 85 (9) 85 (8) 86 (8)   <0.05 <0.01 0.71 

PETCO2 (mmHg) - 37.5 (3.6) - 37.4 (3.6)   - 34.2 (3.2) - 32.6 (3.7)   <0.001 0.12 0.06 

V̇E (L·min-1) - 9.5 (1.7) - 8.6 (1.3)   - 10.3 (1.9) - 9.6 (1.9)   <0.001 <0.05 0.45 

 728 

 729 

Table 1. Cardiorespiratory responses to normoxia and acute poikilocapnic hypoxia. Data were collected during a seated baseline and during 730 

supine rest between 30–90 min in a temperature [26 (2) °C] and humidity [30 (4) %] controlled environmental chamber during normoxia 731 

(fraction of inspired oxygen [FiO2] = 20.9%) and acute poikilocapnic hypoxia (FiO2 = 12.0%). Linear mixed model analysis was completed for 732 

the period of supine rest. Values are mean (SD). Abbreviations: SpO2, peripheral arterial oxygen saturation; MAP, mean arterial pressure; 733 

PETCO2, partial pressure of end-tidal carbon dioxide; V̇E, minute ventilation. 734 
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Figure 1. Extracranial artery blood flow regulation in normoxia and acute 736 

poikilocapnic hypoxia. Left and right internal carotid artery (ICA) and vertebral artery (VA) 737 
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blood flow regulation was measured from normoxia (fraction of inspired oxygen [FiO2] = 738 

20.9%) to acute poikilocapnic hypoxia (FiO2 = 12.0%). Linear mixed model analysis 739 

revealed no ‘Condition’ (normoxia or hypoxia) × ‘Vessel Type’ (ICA or VA) × ‘Vessel 740 

Side’ (left or right) interaction for blood flow (a, mL·min-1; P = 0.62), vessel diameter (b, 741 

mm; P = 0.70), and flow velocity (c, cm·s-1; P = 0.64), adding ‘Participant ID’ as a random 742 

effect. Data points are estimated marginal means (estimated SD) from LMM analysis. Raw 743 

mean (SD) data are presented in Supplementary Table 1.    744 
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Figure 2. Extracranial artery blood flow response and reactivity to acute poikilocapnic 746 

hypoxia. Left and right internal carotid artery (ICA; grey circle or bars) and vertebral artery 747 

(VA; white triangle or bars) blood flow response to acute poikilocapnic hypoxia (fraction of 748 

inspired oxygen [FiO2] = 12.0%). Linear mixed model (LMM) analysis revealed no ‘Vessel 749 

Type’ (ICA or VA) × ‘Vessel Side’ (left or right) interaction for the absolute change in blood 750 

flow to hypoxia (a, ΔmL·min-1; P = 0.32), absolute hypoxic reactivity (c, ΔmL·min-1·ΔSpO2
-751 

1; P = 0.37), the relative change in blood flow to hypoxia (e, Δ%; P = 0.15), or relative 752 

hypoxic reactivity (g, Δ%·ΔSpO2
-1; P = 0.13). There were no main effects of ‘Vessel Side’ 753 

for these blood flow variables (all P > 0.05). Main effects of ‘Vessel Type’ were revealed for 754 

the absolute change in bilateral blood flow to hypoxia (b; P < 0.001), absolute bilateral 755 

hypoxic reactivity (d; P < 0.001), but not for the relative change in bilateral blood flow to 756 

hypoxia (f; P = 0.053), or relative bilateral hypoxic reactivity (h; P = 0.12). * P < 0.001 757 

between ICA and VA. Data points represent individuals' ICA and VA blood flow responses 758 

to acute hypoxia. Bars are estimated marginal means (estimated SD) from LMM analysis.  759 
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Figure 3. Relationships between resting normoxic blood flow and the absolute or relative 761 

blood flow response to acute poikilocapnic hypoxia in the extracranial arteries. Internal 762 

carotid arteries (ICA) and vertebral arteries (VA) blood flow response were assessed from 763 

normoxia (fraction of inspired oxygen [FiO2] = 20.9%) to acute poikilocapnic hypoxia (FiO2 764 

= 12.0%). The blood flow response to hypoxia is presented as the absolute change (ΔmL·min-765 

1; a and b) and the relative change (Δ%; c and d) from resting normoxic blood flow (mL·min-766 

1). Data plots include the left and right vessels of the ICA and the VA.   767 
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768 

Figure 4. Bland-Altman plots of the measurement bias between a unilateral assessment 769 

of the vessel with the smaller or larger resting normoxic blood flow and the bilateral 770 

calculation of the relative change in blood flow from normoxia to acute poikilocapnic 771 

hypoxia of the extracranial arteries. Internal carotid arteries (ICA) and vertebral arteries 772 

(VA) relative blood flow response from normoxia (fraction of inspired oxygen [FiO2] = 20.9%) 773 

to acute poikilocapnic hypoxia (FiO2 = 12.0%) were calculated from doubling unilateral 774 

measurements of the vessel with the smaller (a and c) or larger (b and d) resting normoxic 775 

blood flow and compared to the bilateral calculation of the relative blood flow response to 776 

hypoxia. Average bias (solid black line) is reported with respective 95% confidence intervals 777 

(dashed black lines), and ±1.96SD limits of agreement (dotted black lines).  778 
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Figure 5. Bland-Altman plots of the measurement bias between a unilateral assessment 780 

of the left or right vessel and the bilateral calculation of the relative change in blood flow 781 

from normoxia to acute poikilocapnic hypoxia of the extracranial arteries. Internal carotid 782 

arteries (ICA) and vertebral arteries (VA) relative blood flow response from normoxia (fraction 783 

of inspired oxygen [FiO2] = 20.9%) to acute poikilocapnic hypoxia (FiO2 = 12.0%) were 784 

calculated from doubling unilateral measurements of the left (a and c) or right (b and d) side 785 

and compared to the bilateral calculation of the relative blood flow response to hypoxia. 786 

Average bias (solid black line) is reported with respective 95% confidence intervals (dashed 787 

black lines), and ±1.96SD limits of agreement (dotted black lines).  788 
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 789 

  
Normoxia Hypoxia Δ Δ% 

                      

Blood flow (mL·min-1) *                 

                      

  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 (53) 30.6 (33.0) 

    Right only 190 (76) 252 (86) 62 (40) 36.2 (28.3) 

    Bilateral 198 (44) 256 (50) 58 (40) 32.5 (28.4) 

                      

Vessel diameter (mm)                  

                      

  Internal carotid artery                 

    Left only 5.16 (0.37) 5.58 (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) 5.50 (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-1)                  

                      

  Internal carotid artery 

    Left only 46.0 (7.2) 50.4 (7.3) 4.4 (7.3) 10.8 (17.9) 

    Right only 48.1 (7.9) 53.5 (8.6) 5.4 (8.5) 12.7 (18.9) 

    Mean average 47.1 (7.0) 52.0 (6.9) 4.9 (6.8) 11.6 (15.5) 

                      

  Vertebral artery                 

    Left only 28.3 (5.4) 31.1 (5.6) 2.8 (5.5) 11.9 (21.8) 

    Right only 27.7 (5.6) 32.7 (5.9) 4.9 (4.8) 19.7 (20.2) 

    Mean average 28.0 (4.6) 31.9 (4.6) 3.8 (4.5) 15.4 (19.0) 

 790 

Supplementary Table 1. Extracranial artery blood flow, vessel diameter, and flow 791 

velocity in normoxia and acute poikilocapnic hypoxia. Blood flow (mL·min-1), vessel 792 

diameter (mm), and flow velocity (time-averaged maximum velocity; cm·s-1) were assessed 793 
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in the left and right internal carotid arteries (ICA) and vertebral arteries (VA) during 794 

normoxia (fraction of inspired oxygen [FiO2] = 20.9%) and acute poikilocapnic hypoxia 795 

(FiO2 = 12.0%). Left and right vessel blood flows were calculated by doubling unilateral 796 

measurements, whereas bilateral blood flow was calculated as the sum of left and right 797 

unilateral measurements. Data are mean (SD) of the raw values, with the absolute (Δ) and 798 

relative change (Δ%) from normoxia. Linear mixed model analysis revealed no ‘Condition’ 799 

(normoxia or hypoxia) × ‘Vessel Type’ (ICA or VA) × ‘Vessel Side’ (left or right) 800 

interaction for blood flow (a, mL·min-1; P = 0.62), vessel diameter (b, mm; P = 0.70), and 801 

flow velocity (c, cm·s-1; P = 0.64), with ‘Participant ID’ as a random effect. LMM revealed 802 

no ‘Condition’ × ‘Vessel Side’ interactions. * Interaction effect of ‘Condition’ × ‘Vessel 803 

Type’ (P < 0.001).  804 


