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Key Points: 

 Aerobic exercise elicits increases in cerebral blood flow (CBF) as well as core body 

temperature; however, the isolated influence of temperature on CBF regulation during 

exercise has not been investigated 

 This study assessed CBF regulation and neurovascular coupling during submaximal cycling 

exercise and temperature-matched passive heat stress during isocapnia (i.e., end-tidal PCO2 

was held constant) 

 Submaximal cycling exercise and temperature-matched passive heat stress provoked 

approximately 16% increases in vertebral artery blood flow, independent of changes in end-

tidal PCO2 and blood pressure 

 External carotid artery blood flow increased by approximately 43% during both exercise and 

passive heat stress with no change in internal carotid artery blood flow 

 Neurovascular coupling (i.e., the relationship between local increases in cerebral metabolism 

and appropriately matched increases in regional cerebral blood flow) is preserved during both 

exercise and temperature-matched passive heat stress 

  

ABSTRACT 

 

Acute moderate-intensity exercise increases core temperature (Tc; +0.7-0.8°C); however, such 

exercise increases cerebral blood flow (CBF; +10-20%) mediated via small elevations in arterial 

PCO2 and metabolism. This study aimed to isolate the role of Tc from PCO2 on CBF regulation 

during submaximal exercise. Healthy adults (n=11; 10M/1F; 26±4 years) participated in two 

interventions each separated by ≥48 hours: 1) 60 mins semi-recumbent cycling (EX; 50% workload 

max); and 2) 75 mins passive heat stress (HS; 49°C water-perfused suit) to match the exercise-

induced increases in Tc (EX: Δ0.75±0.33°C vs. HS: Δ0.77±0.33°C, P=0.855). Blood flow (Q) in the 

internal and external carotid (ICA and ECA, respectively) and vertebral (VA) arteries (Duplex 

ultrasound) was measured. End-tidal PCO2 and PO2 were effectively clamped to resting values within 

each condition. The QICA was unchanged with EX and HS interventions (P=0.665), consistent with the 
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unchanged end-tidal PCO2 (P=0.327); whereas, QVA was higher throughout both EX and HS (EX: 

Δ16±21% vs. HS: Δ16±23%, time effect: P=0.006) with no between condition differences (P=0.785). 

These increases in QVA contributed to higher global CBF throughout both EX and HS (EX: Δ12±20% 

vs. HS: Δ14±14%, time effect: P=0.029; condition effect: P=0.869). The QECA increased throughout 

both EX and HS (EX: Δ42±58% vs. HS: Δ53±28%, time effect: P<0.001; condition effect: P=0.628). 

Including blood pressure as a covariate did not alter these CBF findings (all P>0.05). Overall, these 

data provide new evidence for temperature-mediated elevations in posterior CBF during exercise that 

are independent of changes in PCO2 and blood pressure. 

 

INTRODUCTION 

 

With relative increases in exercise intensity up to approximately 60-70% maximal oxygen uptake 

(  O2max), cerebral blood flow (CBF) increases progressively (+10-20%) (Ogoh & Ainslie 2009a; Sato 

& Sadamoto 2010) to regulate cerebral substrate delivery (Ide & Secher 2000; Fisher et al. 2013), and 

is mediated via relative alveolar hypoventilation (i.e., small elevations in arterial PCO2; PaCO2) and 

increases in cerebral oxidative metabolism (CMRO2) (Nybo et al., 2002; Smith et al., 2014). Global 

CBF (gCBF) regulation during exercise and passive heat stress are both severity-dependent such that 

high-intensity exercise (e.g., >70% VO2max) (Larsen et al., 2008; Smith et al., 2014) and severe 

passive heat stress (e.g., >1°C core temperature; Tc) both attenuate the elevated CBF via 

hyperventilatory-induced reductions in PaCO2 (i.e., hypocapnia) to provoke cerebral vasoconstriction. 

Further, hypocapnic cerebral vasoconstriction uncouples appropriate changes in CBF to support local 

cerebral metabolism (i.e., neurovascular coupling; NVC) (Szabo et al., 2011), and may explain 

previously observed regional differences in CBF with both exercise and passive heat stress (Sato et 

al., 2011; Qian et al., 2014; Smith et al., 2016). With heavy aerobic exercise (i.e., 80% VO2peak) (Sato 

et al., 2011) – and related increases in Tc – and during passive heat stress (i.e., +1.5°C) (Ogoh et al., 

2014), internal carotid artery blood flow (QICA) is reportedly compromised while blood supply to the 

face and neck is increased (e.g., exercise: +100% and heat stress: +130%, respectively) via 

redistribution of flow to the external carotid artery (QECA) to aid thermoregulatory heat dissipation 

(Ogoh et al., 2013; Sato et al., 2016). These reductions in QICA are likely explained by hypocapnia-

mediated differences in vascular resistance of the ICA and ECA to regulate CBF (Sato et al., 2011; 

Willie & Ainslie, 2011) as explained by a partial (Brothers et al., 2009) or full restoration of QICA 
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(Nelson et al., 2011; Bain et al., 2013) when hypocapnia is acutely restored or when hyperventilation 

is voluntarily suppressed (Fujii et al., 2015; Tsuji et al., 2019).  

The coupling between regional CBF and metabolism (i.e., NVC) allows for regulation of 

cerebral perfusion and temperature (Yablonskiy et al., 2000). During exercise, gCBF is affected by 

the balance between contributions of cerebrovascular tone and perfusion pressure and is regulated via 

changes in PaCO2, cerebral neural activity, and metabolism (i.e., CMRO2) (Ogoh & Ainslie, 2009). 

Acute moderate-intensity exercise (e.g., 30-45 mins at 50-60% workload max) also increases Tc (e.g., 

active heat stress; +0.7-0.8°C) (Nybo et al., 2002; Sato et al., 2016), and this elevation in Tc 

influences key CBF regulatory pathways (e.g., vascular tone, ventilatory control, and MAP). For 

example, gCBF decreases by 10-15% for every 1°C rise in Tc during passive heat stress, mediated via 

hyperventilatory-evoked reductions in PaCO2 (Fan et al., 2008; Bain et al., 2013; Ogoh et al., 2013; 

2014; Bain et al., 2015). Importantly, +2°C increase in Tc with passive heat stress provokes a 20% 

increase in CMRO2 in humans, irrespective of the hyperthermic ventilatory response and resultant 

respiratory alkalosis (Bain et al., 2019; in review). Further, when PaCO2 was restored at +2°C Tc, 

CMRO2 remained elevated with a respective increase in global CBF from normothermic values (Bain 

et al., 2019; in review). As such, conceivable temperature-mediated increases in CMRO2 – evoked via 

exercise or passive heat stress – may elicit related increases in CBF via the thermodynamic Q10 effect, 

independent of PaCO2. Whether temperature per se influences CBF during exercise has not been 

investigated; therefore, we aimed to address this by using a temperature-matched passive heat stress 

protocol. 

The purpose of this study was to investigate the influence of core temperature on 

cerebrovascular blood flow regulation in the ICA, ECA, and vertebral artery (VA), as well as NVC in 

the middle and posterior cerebral artery (MCA & PCA, respectively) during acute submaximal 

exercise, independent of changes in end-tidal PCO2 (PETCO2). We hypothesized that: 1) Blood flow in 

the ICA would be maintained during both exercise and passive heat stress with isocapnia, irrespective 

of competing increases in QECA; 2) Blood flow in the ECA would be increased to the same extent with 

both temperature-matched exercise and passive heat stress for thermoregulatory heat dissipation; 3) 

Blood flow in the VA would be increased during both exercise and passive heat stress; 4) The NVC 

response would not be different between exercise and passive heat stress at matched temperature and 

PETCO2. 
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METHODS 

 

Eleven healthy young volunteers (n = 10 males/1 female; 26±4 years, 181±5 cm, 75±10 kg, 23±3 

kg/m
2
) were recruited to participate in this study. The female participant was taking an oral 

contraceptive and was tested within the early follicular phase (e.g., days 1 & 3). Participants had no 

history of cerebrovascular, cardiovascular, or respiratory disease and were not taking any prescription 

medication at their time of participation, as determined by a pre-screening questionnaire. Following 

verbal and written explanation of the study, written informed consent was provided by all participants. 

This study was approved by the University of British Columbia Clinical Research Ethics Board (H17-

02594) and all procedures were conducted in accordance with the Declaration of Helsinki, except 

registration in a database. 

 

Experimental Protocol 

Each experimental session was separated by at least 48 hours and was conducted at the same time of 

day. Participants refrained from alcohol and caffeine consumption as well as vigorous exercise or 

activity for at least 12 hours prior to experimental testing. Upon arrival to the laboratory, urine 

specific gravity (model TS 400, Reichert Analytical Instruments, Depew, NY, USA) was assessed to 

confirm adequate (≤1.020) hydration. 

First, participants completed a peak oxygen consumption (  O2peak) exercise test on a semi-

recumbent cycle ergometer (Angio 917900, Lode, Netherlands) to determine peak power output. 

Following 2.5 mins warm-up at 100 W, a ramp protocol was performed whereby cycling resistance 

was progressively increased by 1 W/ 3 sec (20 W/min) while participants maintained a self-selected 

cadence (70-80 rpm) until 1 of 2 criteria was met: 1) The participant no longer wished to continue 

(volitional exhaustion); 2) The participant was no longer capable of maintaining the required 

pedalling frequency (physical exhaustion).  

Participants completed two experimental interventions, each separated by ≥48 hours: 1) 60 

mins semi-recumbent cycling (EX; 50% workload max); and 2) 75 mins semi-recumbent passive heat 

stress (HS; 49°C water-perfused suit) to target the matched increases in Tc experienced during 

exercise. Cardiorespiratory, cerebrovascular, and thermometry variables were assessed before EX and 
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HS bouts during thermoneutral rest (PRE). These variables were then assessed following 

approximately 45-60 mins of these conditions during EX and HS once Tc increases were matched and 

PETCO2 had been effectively clamped to resting poikilocapnic levels for ≥5 mins. This steady-state 

restoration of PETCO2 was maintained throughout the cerebrovascular assessment and has previously 

been shown to elicit an end-tidal to arterial PCO2 gradient of approximately <1 mmHg (Tymko et al., 

2016). The order of acquisition of the extracranial arteries (e.g., common carotid artery, CCA; ICA; 

ECA; and VA) was randomized between participants and the order of CBF versus NVC assessment 

was counter-balanced between participants. 

Cardiorespiratory Measures 

Beat-by-beat blood pressure was acquired using non-invasive finger photoplethysmography 

(Finometer PRO, Finapres Medical Systems, Amsterdam, Netherlands) and was calibrated prior to 

data collection using the return-to-flow function. The Finometer blood pressure waveform was 

averaged to calculate MAP after calibrating values to the average of at least two automated brachial 

blood pressure measurements (Omron Healthcare, model: BP769CAN). Stroke volume (SV) was 

estimated from the blood pressure waveform (Beat Scope, Finapres Medical Systems, Amsterdam, 

Netherlands). Heart rate (HR) was continuously measured using a lead-II electrocardiogram (ECG; 

ADI BioAmp ML132). 

Breath-by-breath CO2 and O2 were sampled at the mouth and recorded using a calibrated gas 

analyzer (model ML206, ADInstruments). The partial pressures of end-tidal CO2 and O2 (i.e., PETCO2 

and PETO2, respectively) were calculated in LabChart using peak detection analysis with correction for 

daily barometric pressure. Both PETCO2 and PETO2 were controlled using a custom-designed dynamic 

end-tidal forcing system to effectively regulate end-tidal gases across wide ranges of PETCO2 and 

PETO2 independent of ventilation (  E); this device has previously been described in detail elsewhere 

(Tymko et al., 2015; 2016). This was used to “clamp” PETCO2 to poikilocapnic resting levels during 

EX and HS measures (i.e., conditions were isocapnic). Lastly, respiratory flow was measured by a 

pneumotachograph (model HR 800L, HansRudolph, Shawnee, KS, USA). 

 

Cerebrovascular Measures 

Transcranial Doppler (TCD) ultrasound (2-MHz, Spencer Technologies, Seattle, WA, USA) was used 

to assess cerebral blood velocity (CBV), as an index of CBF, in the right MCA and left PCA. The 
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TCD probes were attached to a specialized headband (model M600 bilateral head frame, Spencer 

Technologies), and each vessel was insonated through the trans-temporal window, using previously 

described location and standardization techniques (Willie et al., 2011a).  

Blood velocity and vessel diameter of the right CCA, ICA and ECA, and left VA, were 

measured using a 10-MHz multifrequency linear array duplex ultrasound (Terason uSmart 3300; 

Teratech, Burlington, MA, USA). Pulse-wave mode was used to measure peak blood velocity and 

arterial diameter was concurrently measured using B-mode imaging. The ICA and ECA blood 

velocity and vessel diameter were measured ≥1.5 cm from the carotid bifurcation to avoid any 

turbulent or retrograde flow patterns, while VA blood velocity and diameter were measured between 

C4-C5 or C5-C6. The vessel location was decided on an individual basis to allow for reliable image 

acquisition, with the same location repeated within participants and between trials. Additionally, the 

insonation angle (60°) was unchanged throughout each test and, following acquisition of the first 

ultrasound image, there was no alteration of B-mode gain or dynamic range to avoid changes in 

arterial wall brightness/thickness.  

Ultrasound recordings were captured and saved for offline analysis using custom edge-

detection and wall tracking software (BloodFlow Analysis, version 5.1). This analysis method utilizes 

integration of diameter and velocity traces to calculate mean beat-to-beat flow at 30 Hz independent 

of observer bias (Woodman et al., 2001). Mean shear rates were calculated as four times the peak 

velocity divided by vessel diameter (Woodman et al., 2001). Mean blood flow was calculated as half 

of the time-averaged maximal velocity multiplied by the cross-sectional luminal area for a minimum 

of 12 cardiac cycles (Thomas et al., 2015). The gCBF was estimated as twice the sum of the unilateral 

QICA and QVA measurements. Lastly, cerebrovascular conductance (CVC) was calculated by dividing 

gCBF, ICA, ECA, VA, MCA, and PCA by MAP, respectively. 

 

Neurovascular Coupling 

The NVC test evoked selective changes in PCAv in response to activation of the visual cortex; 

whereas, the MCAv allowed for regional comparisons. Bilateral TCD ultrasound was used to measure 

left PCAv and right MCAv. Following two mins of rest, five cycles of repeated, alternating, 30s 

exposure to eyes-closed, and then eyes-open with a flashing checkerboard stimulus was completed, 

according to standardized guidelines (Phillips et al., 2016). A previous study has evaluated the 
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relationship between CMRO2 and CBF during a flashing checkerboard visual stimulus using blood 

oxygen level dependent (BOLD) MRI in the visual cortex to validate this approach (Lin et al., 2008). 

The researcher confirmed that the participant’s eyes were closed and open during the respective trials. 

The PCAv and MCAv response to five cycles were exported on a breath-by-breath and beat-by-beat 

basis and used for data analysis (Phillips et al., 2016). Here, for the time aligned NVC analysis, beat-

to-beat (cardiovascular and cerebrovascular) and breath-by-breath (respiratory) data underwent cubic 

spline interpolation at 5 Hz using a custom built Matlab code (MathWorks, United States) (Phillips et 

al., 2016). The NVC test provides insight into metabolic and myogenic regulation that is normalized 

to any temporal changes in arterial blood gases (Phillips et al., 2016).  

 

Thermometry 

Esophageal temperature (Tes) was measured using a general purpose thermocouple (RET‐ 1; 

Physitemp Instruments, Clifton, NJ, USA) inserted through the nasal passage and into the esophagus. 

The bottom of the esophageal thermistor probe was inserted to a depth calculated on an individual 

basis with the following formula: L (cm) = 0.228 x (standing height) – 0.194 (Mekjavić & Rempel, 

1990). Rectal temperature (Tre) was also measured using a general purpose thermocouple (RET‐ 1; 

Physitemp Instruments, Clifton, NJ, USA) inserted approximately 15-20 cm past the anal sphincter. 

The Tes was preferentially used as this method provides better temporal resolution due to the higher 

vascularization and superficial region of the esophagus; however, Tre was also measured to confirm 

that a steady-state temperature was achieved when participants experienced changes in respiration 

during the restoration of PETCO2. The following results are presented as core temperature (Tc) (i.e., 

Tes; n=10 and Tre; n=1); one participant experienced transient reductions in temperature with excess 

cool air/ saliva passing over the esophageal thermocouple; however, all Tc methods were the same 

between conditions for each participant. Skin temperature (Tsk) was measured using skin thermistors 

(MLT422/A; ADInstruments, Colorado Springs, CO, USA) on the cheek (relevant for QECA) and chest 

(as an index of changes in body Tsk). Thermal sensation and comfort were assessed at 10 mins 

intervals throughout EX and HS conditions using the ASHRAE thermal comfort scale. During the 

passive HS visit, participants were fitted with a full-body water-perfused suit (Med-Eng, Ottawa, ON, 

Canada) that covered the entire body except the hands, feet, and head. Throughout the PRE-HS 

assessment, thermoneutral 34°C water was circulated through the water-perfused suit; the water 
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temperature was raised to 49°C for the passive heating protocol and blankets were used to accelerate 

the heating protocol as well as prevent heat loss and maintain Tc once the target had been reached. 

 

Statistical Analyses 

All data (apart from extracranial blood flow) were sampled continuously at 1000 Hz using an 

analogue-to-digital converter (Powerlab, 16/30; ADInstruments, Colorado Springs, CO, USA) and 

data were interfaced with LabChart (Version 7.1) and analyzed offline. All data are presented as mean 

± SD unless otherwise stated. All CBF and NVC measures were conducted at rest (PRE) and repeated 

during temperature-matched EX and HS conditions. A linear mixed effects model with fixed effects 

of time (PRE vs. during) and condition (EX vs. HS) was used to compare all CBF variables (e.g., 

QCCA, QICA, QECA, QVA, MCAv, and PCAv). Subjects were included as a random effect and MAP was 

added as a co-variate for all CBF variables as MAP improved the model fit (-2 Log Likelihood). All 

NVC variables (PCAv, MCAv, PCACVC, MCACVC, MAP, PETCO2) were compared as absolute peak 

response, change in absolute peak response from BL, time to peak response, average absolute 

response, average change in absolute response, relative peak response, and average relative response 

using the same linear mixed model described above. A Bonferroni correction was applied for multiple 

comparisons when significant interactions were detected. At least 30s averages were used for all CBF 

scans. Additionally, a 25s average during the eyes-closed stage was used to calculate relative percent 

change from BL for NVC. Absolute changes were calculated during the last 20s of visual activation 

stage of NVC (i.e., eyes-open). Statistical analyses were performed using SPSS software (IBM 

statistics, Version 22.0) and statistical significance was set at P<0.05. 

 

RESULTS 

 

Study participants’ maximal achieved workload on a semi-recumbent cycle ergometer was 273±43 W 

with a respective VO2peak of 43±7 mLkg
-1
min

-1
. During the submaximal exercise protocol, 

participants cycled at 50% workload max (i.e., 136±22 W); however, this value was lowered slightly 

(i.e., 99±23 W; 37±6% workload max) as participants reached their target peak Tc change (e.g., 
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Δ0.75°C) after approximately 30-40 mins in an effort to stabilize Tc throughout NVC and CBF 

measures. 

 

Thermometry 

The change in Tc during submaximal cycling (PRE-EX: 37.32±0.38°C vs. EX: 38.07±0.38°C; 

Δ0.75±0.33°C) was well-matched during the passive HS trial (PRE-HS: 37.18±0.38°C vs. HS: 

37.95±0.38°C; Δ0.77±0.33°C) (time effect: P<0.001; condition effect: P=0.074; interaction effect: 

P=0.855). Cheek Tsk was also increased during both EX (PRE-EX: 33.46±1.14°C vs. EX: 

34.19±1.14°C; Δ0.73±1.30°C) and passive HS (PRE-HS: 33.39±1.14°C vs. HS: 35.00±1.14°C; 

Δ1.61±1.30°C) (time effect: P=0.003; condition effect: P=0.301; interaction effect: P=0.221). Chest 

Tsk was elevated during passive HS (PRE-HS: 34.46±0.90°C vs. HS: 37.38±0.95°C; Δ2.91±1.21°C; 

interaction: P<0.001) but not EX (PRE-EX: 33.42±0.90°C vs. EX: 33.95±0.90°C; Δ0.53±1.17°C; 

interaction: P=0.147). Perceived thermal sensation and comfort scores increased (i.e., hotter and 

greater discomfort) with prolonged duration of both EX and HS trials (time effect: both P<0.001); 

however, were not different between EX and HS conditions throughout each trial at respective 

durations of thermal stress (e.g., 10, 20, 30 mins; interaction effect: both P>0.05). 

 

Ventilatory and hemodynamic (Table 1) 

Throughout both EX and HS trials, PETCO2 and PETO2 were effectively maintained and, therefore, 

were not different between or within days (interaction effect: P=0.327 and P=0.952, respectively). 

Both EX and HS evoked increases in   E (EX: Δ44.53±8.19 Lmin
-1

, P<0.001; and HS: Δ6.28±8.42 

Lmin
-1

, P=0.019); however,   E was higher during EX (P<0.001) with no between condition 

differences in PRE- intervention values (P=0.280) (see Table 1). 

Overall, MAP was not significantly different throughout both EX and HS trials (Table 1; time 

effect: P=0.450); however, to account for intra-individual differences in MAP – as well as 

approximately 8±12 mmHg higher MAP during EX compared to HS (condition effect: P=0.064) – 

cerebrovascular conductance (CVC = flow or velocity/ MAP) was compared for all CBF variables 

(see Cerebrovascular). Both EX and HS evoked increases in cardiac output (CO) (EX: Δ7.2±1.7 

Lmin
-1

, P<0.001; and HS: Δ1.7±1.7 Lmin
-1

, P=0.017) and HR (EX: Δ67±11 bpm, P<0.001; and HS: 
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Δ27±10 bpm, P<0.001); however, CO and HR were higher during EX versus HS (both P<0.001) with 

no between condition differences in PRE- intervention values with either variable (both P>0.05). 

Overall, SV was higher throughout the EX versus HS trial (condition effect: P=0.029; interaction 

effect: P=0.270). Lastly, QCCA was increased to the same extent during both EX and HS (time effect: 

P=0.003; interaction effect: P=0.165). 

 

Cerebrovascular (Table 2; Figure 1) 

Overall, although QICA, shear rate, and ICACVC were not significantly different between or within 

conditions (all P>0.05), QECA was increased to the same extent during both conditions (EX: 42±58% 

vs. HS: 53±28%, respectively; time effect: P<0.001, interaction effect: P=0.618). Likewise, QVA 

showed comparable increases during both conditions (EX: 16±21% vs. HS: 16±23%, respectively; 

time effect: P=0.006, interaction effect: P=0.785). These results were unchanged when also presented 

as CVC (see Table 2). Both MCAv and PCAv increased during EX (MCAv: 17±13%, P=0.001; and 

PCAv: 13±9%, P=0.010); however, these variables were unchanged with HS (MCAv: -2±7%, 

P=0.747; and PCAv: -4±6%, P=0.560). Notably, MCACVC and PCACVC were not different between or 

within conditions (all P>0.05). The gCBF – driven by increases in QVA – was likewise elevated during 

both conditions (EX: 12±20% vs. HS: 14±14%, respectively; time effect: P=0.029, interaction effect: 

P=0.800) and this response was supported by gCVC (time effect: P=0.027; interaction effect: 

P=0.157). 

 

Neurovascular Coupling (Table 3; Figure 2; Figure 3) 

The absolute peak NVC response for PCAv was higher for EX versus HS conditions with no 

difference within trials (PRE-EX: 48.22±11.13 cms
-1

 vs. EX: 54.70±11.13 cms
-1

 and PRE-HS: 

46.78±10.92 cms
-1

 vs. HS: 47.29±11.11 cms
-1

, respectively; time effect: P=0.064, condition effect: 

P=0.024, interaction effect: P=0.110). When expressed as PCACVC, this absolute peak NVC response 

was higher during both EX and HS versus PRE- testing with no differences between conditions (time 

effect: P=0.035; condition effect: P=0.471; interaction effect: P=0.180). The PCAv and PCACVC were 

elevated from PRE- values during both EX and HS (time effect: P=0.007 and P=0.029, respectively); 

whereas, when expressed as an absolute peak change from BL, this response was higher for the EX 

versus HS condition (PRE-EX: 9.35±2.98 cms
-1

 vs. EX: 9.02±2.98 cms
-1

 and PRE-HS: 8.06±2.88 
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cms
-1

 vs. HS: 7.20±2.97 cms
-1

, respectively; time effect: P=0.366, condition effect: P=0.025, 

interaction effect: P=0.685) with no difference within trials. This absolute peak change result was 

consistent between conditions when expressed as PCACVC (time effect: P=0.372; condition effect: 

P=0.035; interaction effect: P=0.418). The relative peak response for PCAv was reduced during both 

EX and HS versus PRE- values (PRE-EX: 24.35±5.69% vs. EX: 19.57±5.69% and PRE-HS: 

20.89±5.45% vs. HS: 17.98±5.68%, respectively; time effect: P=0.014, condition effect: P=0.100, 

interaction effect: P=0.532), likely driven by the elevated PCAv evoked via EX. After accounting for 

MAP changes, the relative peak response in PCACVC was higher for the EX versus HS condition (time 

effect: P=0.265; condition effect: P=0.021; interaction effect: P=0.849) with no difference within 

trials. Lastly, both the PCAv and PCACVC time to peak response was not different within or between 

conditions (all P>0.05).  

 

DISCUSSION 

 

The main findings of this study were: 1) Submaximal cycling exercise and temperature-matched 

passive heat stress, independent of changes in PETCO2 and MAP, did not evoke increases in QICA; 2) 

The QECA was increased to the same extent with both temperature-matched exercise and passive heat 

stress; 3) The QVA and gCBF increased to the same extent during both exercise and temperature-

matched passive heat stress; 4) Throughout both exercise and passive heat stress, the NVC response 

was preserved. These findings support our initial hypotheses of a temperature-dependent influence for 

selective increases in QVA and QECA during exercise; such increases are independent of changes in 

PETCO2 and MAP. 

 

Cerebrovascular responses to submaximal exercise 

The gCBF response during exercise is regulated via elevations in PaCO2 and cerebral metabolism and 

is affected by contributions of systemic blood pressure and cerebrovascular tone (Ogoh & Ainslie, 

2009). Recently, Smith and colleagues (2016) investigated the influence of PaCO2 on cerebral 

vasodilation during recumbent submaximal exercise (i.e., <80% Wmax) and showed that increases in 

CBF were not different whether PETCO2 increased with (poikilocapnia) or was kept constant at resting 
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levels (isocapnia) (Smith et al., 2016). Importantly, although gCBF was not influenced by PETCO2 

(Smith et al., 2016), regional CBF increases in the posterior circulation have been reported during 

normal poikilocapnic submaximal exercise (e.g., 60-80% VO2peak and 60% Wmax) with related 

elevations in PETCO2 (Sato et al., 2011); these data indicate that the regional – but not gCBF – is 

likely influenced by PaCO2 (Sato et al., 2011; Smith et al., 2016). Additionally, throughout these 

submaximal exercise studies, the relative increases in QVA were reportedly higher (Sato et al., 2011) 

or lower (Smith et al., 2016) versus the QICA response with poikilocapnia; however, these changes 

were reportedly not different during isocapnia (Smith et al., 2016). These data are inconsistent with 

the current study where the relative change in QVA was higher compared to QICA during steady-state 

exercise at approximately 50% Wmax with isocapnia. An explanation for these between study 

differences may be related to the duration of exercise (e.g., 60 mins in the present study versus 5-mins 

steady-state progressive exercise intensity in Sato et al., 2011 and Smith et al., 2016) and posture 

(e.g., semi-recumbent in the present study and Sato et al., 2011 versus recumbent in Smith et al., 

2016) (Ota et al., 2019). Although HR,   E, PETCO2, and PETO2 were comparable between the current 

study and Smith and colleagues (2016), during related exercise intensity (i.e., <60% Wmax), MAP 

was appreciably lower (approximately 94 mmHg vs. 105 mmHg) which may contribute to higher 

CVC during exercise in the present study. Although resting MAP was not different between the 

current study and Smith and colleagues (2016), resting HR was lower in the present study 

(approximately 67 bpm vs. 74 bpm) and Wmax was appreciably higher (approximately 275 W vs. 200 

W); therefore, differences in fitness and/or body posture (e.g., semi-recumbent vs. supine) may 

explain the lower MAP response during exercise, thereby influencing CVC regulation in the current 

study. 

Sato and colleagues (2016) have recently reported that increases in QICA throughout 40 mins 

of semi-recumbent cycling at 60% VO2peak with varying degrees of hyperthermia (e.g., +1.2-1.6°C Tc) 

is related to the increases in PETCO2 (Sato et al., 2016). This finding supports the current study 

whereby QICA was unchanged throughout exercise when PETCO2 was maintained, and also relates to 

previous work indicating an integral role of CO2 in mediating CBF during passive heat stress (Bain et 

al., 2013). Both Sato and colleagues (2011) and Smith and coworkers (2016) have reported greater 

elevations in posterior CBF (e.g., QVA and PCAv, respectively) with progressive increases in cycling 

exercise intensity (semi-recumbent and supine, respectively) under poikilocapnic conditions (Sato et 

al., 2011; Smith et al., 2016). As such, these data support the possibility of a higher cerebrovascular 

CO2 reactivity in the posterior circulation as previously reported at rest (Willie et al., 2012). 

Conversely, in the current study, QVA was increased to the same extent during both exercise and 
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passive heat stress under isocapnic conditions with no change in QICA; therefore, as discussed next, it 

seems possible that there is a temperature-mediated control of regional CBF in the posterior 

circulation during submaximal steady-state cycling exercise. 

 

Why are there selective increases in posterior CBF during exercise? 

The selective increase in QVA and, therefore, overall increase in gCBF observed in the present study, 

is likely related to compensatory increases in cerebral metabolism (Fisher et al., 2013). As NVC 

describes coupling of CBF to local increases in neural activity and metabolism, and this response was 

preserved during submaximal exercise, the observed increases in PCAv provoked with exercise 

indicate appropriately matched CBF to elevated CMRO2 in the posterior circulation. Related to the 

current study, NVC has been reportedly maintained with upright cycling exercise at 60% of VO2max 

during poikilocapnia, with comparable absolute peak change in PCAv (i.e., both approximately 9 

cms
-1

) (Willie et al., 2011b). This NVC response involves localized increases in intracellular Ca
2+

, 

NO, and ATP; therefore, contributing to retrograde propagation of vasodilatory signals to elicit 

increases in CBF [reviewed in: (Iadecola, 2017)]. Previously, Yamaguchi and colleagues (2015) have 

reported an attenuated contribution of MAP on NVC with high-intensity exercise (Yamaguchi et al., 

2015b), and that exhaustive exercise attenuates NVC by blunting the exercise pressor reflex to visual 

stimulation (Yamaguchi et al., 2015a). These latter results are likely explained by exercise-induced 

hyperventilation and related hypocapnia with poikilocapnic high-intensity exercise. Indeed, 

hypocapnia-evoked cerebral vasoconstriction reportedly reduces NVC at rest (Szabo et al., 2011). 

Additionally, this uncoupling of the NVC response at maximal exercise is further supported by 

increases in CMRO2 in parallel with reductions in CBF [reviewed in: (Smith & Ainslie, 2017)]. 

Further, as discussed next, the influence of hotter inflow CBF on cerebral tissue temperature, and 

therefore, cerebral metabolism may provide further insight into the elevation in CMRO2 achieved with 

exercise (Ide & Secher, 2000; Fisher et al., 2013; Smith et al., 2014). 

 

Core temperature-mediated CBF regulation 

Changes in Tc can have a large effect on CMRO2, such that the change in biological activity for a 

given change in temperature can be expressed as a Q10 temperature coefficient [reviewed in: (Bain et 

al., 2015)]. Values derived with anesthesia and hypothermia (Donnelly et al., 1956; MacVeigh et al., 
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1997) indicate that human cerebral tissue corresponds to a Q10 of approximately 2-3, i.e., CMRO2 

decreases by approximately 10-20% per degree Celsius reduction in cerebral temperature. Assuming a 

Q10 of approximately two (Donnelly et al., 1956; MacVeigh et al., 1997; Nybo et al., 2002), the 

+0.75°C increase in Tc in the present study would indicate approximately 7.5% increase in CMRO2 

during passive heat stress; however, regional differences in cerebral temperature (Olszewski 1952) 

and metabolism (Qian et al., 2014) may have also contributed to the current selective CBF regulation. 

Increases in CMRO2 may mediate selective increases in QVA as the brainstem and hypothalamic 

thermoregulatory centers sensitive to changes in Tc are supplied by the posterior cerebral circulation 

(Siemens & Kamm, 2018). Additionally, as the NVC response to passive heat stress was preserved in 

the present study, these data indicate sufficiently matched CBF to local CMRO2 (Yablonskiy et al., 

2000), likely provoked by higher regional cerebral tissue temperature (i.e., Q10 effect; +0.75°C Tc) 

(Nunneley et al., 2002) and perhaps reflective of increases in QVA with heat stress. 

Findings from the current study indicate changes in Tc may account for up to approximately 

75% of the increases in QECA during submaximal cycling exercise (e.g., relative increase in QECA 

during EX: 42±58% vs. HS: 53±28%). Further, passive heat stress (i.e., +1.5°C Tc) reportedly 

provokes 23% increases in systemic metabolism and corresponding regional elevations in CMRO2 in 

the lateral cerebellum (Nunneley et al., 2002), perhaps indicating thermoregulatory sensitivity in the 

posterior cerebrovasculature. Regional increases in CBF (via PET imaging) have also been recently 

reported in the brainstem and cerebellum during submaximal (i.e., 30% HR reserve) supine cycling 

exercise, indicating reflex cardiovascular control of CBF distribution during exercise (Hiura et al., 

2018). Additionally, Sato and colleagues (2016) reported that CVC in the ICA was significantly 

reduced at 40 mins during hyperthermic exercise, whereas, it was preserved in the VA (Sato et al., 

2016). These results indicate that temperature and/or related increases in CMRO2 – and not PaCO2 or 

MAP – per se may regulate regional CBF during submaximal exercise as posterior CBF was favoured 

during poikilocapnia (Sato et al., 2016) as well as isocapnia (per current findings; Fig. 1). 

 

Perspectives 

Findings from the current study indicate that the therapeutic cerebrovascular effects of exercise (e.g., 

increases in regional CBF) may be achieved with moderate-level passive heat stress; as such, these 

findings may provide support for passive heat stress as a novel exercise alternative for clinical 

populations with impaired cerebrovascular health and/or inability to participate in aerobic exercise 
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(e.g., spinal cord injury, cerebral palsy, multiple sclerosis) (Phillips et al., 2017; Metzger et al., 2018; 

Coombs et al., 2019); however, future research on exercise in the heat is required for these clinical 

groups. Favourable blood flow patterns (e.g., antegrade shear stress) evoked via exercise and passive 

heat stress can acutely (Carter et al., 2013) and chronically (Carter et al., 2014) improve endothelial 

function (Brunt et al., 2016; 2018). Indeed, in vitro evidence suggests an increased nitric oxide (NO) 

bioavailability in cerebral artery cells exposed to shear stress (Mashour & Boock, 1999), thus 

indicating an endothelium dependent shear-mediated regulation of CBF. As hyperventilatory-induced 

hypocapnia occurs at approximately +0.5-1.0°C (Fan et al., 2008; Tsuji et al., 2017), targeted 

cerebrovascular heat therapy would likely be slightly less than the present level of passive heat stress 

achieved in this study (e.g., +0.75°C) to maximize increases in CBF in a practical setting. 

Additionally, typical Finnish sauna bathing can acutely increase Tc by up to +2.0°C (Laukkanen et 

al., 2018) and the incidence of cerebrovascular diseases is lower in those who frequently participate in 

sauna bathing (Kunutsor et al., 2018); therefore, further investigations with both acute and chronic 

heating interventions are required to prescribe the ideal level of heat therapy for both systemic and 

cerebrovascular improvements. Lastly, results from the present study suggest that changes in Tc 

should be considered when assessing CBF regulation during exercise to provide context for 

comparisons between different exercise intensities and durations. 

Passive heat stress (+1.5°C Tc) reportedly increases systemic metabolism by approximately 

23% and provokes related regional increases in CMRO2 in the hypothalamus, thalamus, corpus 

callosum, cingulate gyrus, and cerebellum (Nunneley et al., 2002). The preoptic-anterior 

hypothalamus – supplied in part by posterior aspects of the Circle of Willis – plays an important role 

in body temperature regulation and fever (Boulant, 2000) via efferent pathways regulating cutaneous 

blood flow and sweating (McAllen & McKinley, 2018). Additionally, temperature-dependent 

increases in metabolic flux can increase skeletal muscle oxidative stress via cellular respiration 

(Jarmuszkiewicz et al., 2015) that may exacerbate the heat-evoked pro-inflammatory response 

(Bouchama & Knochel, 2002). Local CBF supplying the hypothalamus is reportedly preserved during 

anesthesia and across wide ranges of MAP (e.g., 41-140 mmHg) in rabbits (Cranston & Rosendorff, 

1971); therefore, temperature sensitivity in this region likely plays a large role in CBF regulation. 

Lastly, selective increases in posterior CBF during submaximal cycling exercise may improve blood 

flow regulation supplying the brainstem (Hiura et al., 2018). Such increases in regional CBF 

supplying the brainstem, cerebellum, and hypothalamus were reportedly consistent with the exercise-

induced elevations in MAP (Hiura et al., 2018); as such, regional CBF distribution may support 
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improved reflex cardiovascular control (e.g., autonomic regulation of MAP and HR responses) during 

exercise. 

 

Experimental limitations 

The present study utilized dynamic end-tidal control to effectively clamp PETCO2 and PETO2 

throughout exercise and passive heat stress to their respective resting values. This system regulates 

end-tidal gases on a breath-by-breath basis by providing individualized inspired gas mixtures of CO2, 

O2, and N2, independent of ventilation (Tymko et al., 2015; 2016). Importantly, this method provides 

accurate PETCO2 control as a surrogate for PaCO2 as the gradient between PETCO2 and PaCO2 is 

approximately 1 mmHg (Tymko et al., 2015). Brothers and colleagues (2011) have reported that 

PETCO2 accurately reflects PaCO2 during passive heat stress of approximately 1.0-1.5°C; therefore, 

effective end-tidal clamping in the present study was likely adequate to control PaCO2 (Brothers et 

al., 2011). With progressive increases in exercise intensity, PaCO2 is reduced, such that the end-tidal 

to arterial CO2 gradient increases; as such, PETCO2 values typically overestimate PaCO2 (Liu et al., 

1995). Briefly, PETCO2 reportedly underestimates PaCO2 slightly at rest (Robbins et al., 1990) and 

overestimates PaCO2 during exercise (Jones et al., 1979; Robbins et al., 1990). As a result, controlling 

PETCO2 values without direct PaCO2 and/or blood temperature correction may have overestimated 

arterial PCO2 by approximately 1-2 mmHg throughout the exercise trial in the current study (Reyna et 

al., 2015). We feel, however, that this possible error will not have an appreciable influence on our 

main outcome variables. Lastly, although we are not aware of any evidence of sex-related differences 

in NVC (Phillips et al., 2016), we do not know if there are sex differences in cerebrovascular and/or 

temperature regulation during exercise and passive heat stress; as such, our results are mostly 

applicable to young males. 

 

Technical considerations 

Assessment of CBV via transcranial Doppler (TCD) ultrasound is an adequate surrogate of absolute 

CBF only if the insonated cerebral vessel diameter does not change (Ainslie & Hoiland, 2014). 

Importantly, in vivo evidence supports small but significant cerebral vasoconstriction (i.e., reduced 

diameter) in the MCA with exercise-induced sympathetic activation (Verbree et al., 2017); as such, 

conceivable reductions in MCA diameter, paired with the observed increase in MCAv, may explain 
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the unchanged QICA seen during exercise. Additionally, the ICA supplies both the anterior cerebral 

artery (ACA) and MCA; therefore, the assumption of unity between QICA and MCA flow/ velocity is 

contingent on the consistent distributive relationship between the MCA and ACA [discussed in: 

(Hoiland & Ainslie, 2016)]. Likewise, the vertebro-basilar circulation is highly anatomically complex; 

that is, the VA supplies extracranial branches of the deep cervical artery and inferior thyroid artery, as 

well as anterior and posterior spinal arteries, perforating branches to the medulla, and the posterior 

inferior cerebellar artery before feeding the basilar artery and PCA. The inconsistency between 

increases in QVA and unchanged PCAv during passive heat stress may be explained by redistribution 

of QVA to intracerebral arteries supplying the brainstem and cerebellum due to higher 

thermoregulatory sensitivity in these regions (Nunneley et al., 2002). 

 

CONCLUSION 

 

In conclusion, independent of changes in PETCO2 and MAP, our findings support our initial 

hypotheses of a temperature-dependent influence of selective increases in QVA and QECA during 

exercise. The detailed mechanism(s) (i.e., Q10 effect and/or metabolism) and clinical implications of 

these findings remains to be explored. 
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Table 1. Absolute ventilatory and hemodynamic parameters at rest (PRE) and during submaximal exercise (EX) and passive heat stress (HS) 

 

 PRE-EX EX PRE-HS HS P-Values 

Ventilatory     Time Condition Time*Condition 

PETCO2 

(mmHg) 
40.9±3.7 42.0±4.2 41.0±3.5 41.2±3.6 P=0.089 P=0.482 P=0.327 

PETO2 (mmHg) 90.7±4.5 89.5±4.2 91.3±4.8 90.0±5.0 P=0.217 P=0.585 P=0.952 

  E (Lmin
-1

) 14.9±4.4
$
 59.5±10.2

#$
 12.2±3.4

%
 18.4±5.6

#%
 P<0.001 P<0.001 P<0.001 

VT (L) 1.2±0.2
$
 2.7±0.7

#$
 1.0±0.4 1.4±0.6

#
 P<0.001 P<0.001 P<0.001 

RR (BPM) 13±5
$
 23±4

#$
 13±4 15±5

#
 P<0.001 P<0.001 P<0.001 

Hemodynamic        

MAP (mmHg) 90±9 95±8 88±11 87±11 P=0.450 P=0.064 P=0.184 

SBP (mmHg) 122±7 131±7 120±13 122±14 P=0.105 P=0.066 P=0.245 
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DBP (mmHg) 72±10 74±9 71±11
+
 66±10

+
 P=0.369 P=0.036 P=0.106 

CO (Lmin
-1

) 7.3±1.5
$
 14.5±1.7

#$
 6.3±1.5

%
 8.0±1.1

#%
 P<0.001 P<0.001 P<0.001 

HR (bpm) 69±16
$
 136±13

#$
 65±13

%
 92±23

#%
 P<0.001 P<0.001 P<0.001 

SV (mL) 105.8±11.5 107.5±17.8 100.3±11.8
+
 92.0±24.0

+
 P=0.467 P=0.029 P=0.270 

QCCA (mLmin
-

1
) 

451±40 499±72* 424±65 538±78* P=0.003 P=0.760 P=0.165 

 

Abbreviations: End-tidal PCO2, PETCO2; end-tidal PO2, PETO2; ventilation,   E; tidal volume, VT; respiratory rate, RR; mean arterial pressure, MAP; systolic 

blood pressure, SBP; diastolic blood pressure, DBP; cardiac output, CO; heart rate, HR; stroke volume, SV; QCCA, common carotid artery blood flow. 

*P<0.05 time effect; 
+
P<0.05 condition effect; 

#
EX significantly different than HS; 

$
PRE-EX significantly different than EX; 

%
PRE-HS significantly different 

than HS. Data are mean ± SD for n=11. Data were compared with a linear mixed effects model including fixed factors of time (PRE vs. during) and condition 

(EX vs. HS) and random effects for subject ID. 
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Table 2. Absolute vascular parameters at rest (PRE) and during submaximal exercise (EX) and passive heat stress (HS) 

 

 PRE-EX EX PRE-HS HS P-Values 

ICA     Time Condition Time*Condition 

Diameter (cm) 0.49±0.04 0.51±0.05 0.49±0.03 0.50±0.03 P=0.140 P=0.776 P=0.909 

Velocity (cms
-1

) 40.83±4.11 41.98±8.01 42.66±4.72 46.99±6.67 P=0.129 P=0.057 P=0.394 

Q (mLmin
-1

) 237±48 256±79 246±41 278±60 P=0.104 P=0.329 P=0.665 

Shear Rate (s
-1

) 332±42 335±67 347±40
+
 378±51

+
 P=0.234 P=0.030 P=0.342 

SRAUC (a.u.) 19936±2531 20107±4004 20817±2392
+
 22656±3077

+
 P=0.223 P=0.022 P=0.336 

CVC (mLmin
-

1
mmHg

-1
) 

2.68±0.63 2.70±0.77 2.81±0.51 3.20±0.64 P=0.200 P=0.052 P=0.242 

ECA        

Diameter (cm) 0.45±0.04 0.48±0.04* 0.45±0.05 0.47±0.05* P=0.004 P=0.706 P=0.722 

Velocity (cms
-1

) 27.13±7.02 31.93±10.87* 25.24±5.13 35.18±6.91* P<0.001 P=0.675 P=0.169 

Q (mLmin
-1

) 137±44 189±86* 137±61 198±67* P<0.001 P=0.628 P=0.618 
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Shear Rate (s
-1

) 240±64 259±84* 220±41 290±56* P=0.018 P=0.763 P=0.188 

SRAUC (a.u.) 14392±3856 15550±5017* 13217±2480 17400±3365* P=0.018 P=0.767 P=0.189 

CVC (mLmin
-

1
mmHg

-1
) 

1.53±0.46 2.04±0.94* 1.54±0.62 2.27±0.71* P<0.001 P=0.222 P=0.268 

VA        

Diameter (cm) 0.41±0.04 0.42±0.06 0.41±0.04 0.41±0.05 P=0.299 P=0.613 P=0.387 

Velocity (cms
-1

) 25.27±3.82 27.70±5.71* 24.34±5.05 28.05±5.04* P=0.016 P=0.793 P=0.569 

Q (mLmin
-1

) 106±29 122±41* 101±27 120±35* P=0.006 P=0.514 P=0.785 

Shear Rate (s
-1

) 243±32 263±52* 235±52 268±45* P=0.027 P=0.871 P=0.564 

SRAUC (a.u.) 14572±1918 15798±3125* 14099±3131 16059±2699* P=0.027 P=0.867 P=0.565 

CVC (mLmin
-

1
mmHg

-1
) 

1.18±0.29 1.27±0.40 1.14±0.28 1.40±0.40 P=0.008 P=0.466 P=0.168 

MCAv (cm·s
-1

) 59.77±11.48
$
 69.05±11.25

#$
 62.81±12.82 62.71±11.54

#
 P=0.027 P=0.274 P=0.009 

MCACVC (cm·s
-

1
·mmHg

-1
) 

0.67±0.12 0.73±0.12 0.72±0.14 0.73±0.17 P=0.209 P=0.415 P=0.456 

PCAv (cm·s
-1

) 42.30±8.30
$
 47.64±9.84

#$
 43.06±9.32 42.09±9.53

#
 P=0.130 P=0.007 P=0.024 

PCACVC (cm·s
-

1
·mmHg

-1
) 

0.47±0.08 0.51±0.10 0.49±0.09 0.50±0.15 P=0.262 P=0.554 P=0.556 
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gCBF (mLmin
-1

) 692±96 774±216* 689±88 791±132* P=0.029 P=0.869 P=0.800 

gCVC (mLmin
-

1
mmHg

-1
) 

7.81±1.28 8.09±2.08* 7.83±0.99 9.25±1.15* P=0.027 P=0.144 P=0.157 

 

Abbreviations: Internal carotid artery, ICA; external carotid artery, ECA; vertebral artery, VA; middle cerebral artery mean velocity, MCAv; posterior 

cerebral artery mean velocity, PCAv; flow, Q; shear rate area under the curve, SRAUC; cerebrovascular conductance, CVC; global, g; cerebral blood flow, 

CBF. *P<0.05 time effect; 
+
P<0.05 condition effect; 

#
EX significantly different than HS; 

$
PRE-EX significantly different than EX. Data are mean ± SD for 

n=11. Data were compared with a linear mixed effects model including fixed factors of time (PRE vs. during) and condition (EX vs. HS) and random effects 

for subject ID. 
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Table 3. Neurovascular coupling (NVC) at rest (PRE) and during submaximal exercise (EX) and passive heat stress (HS) 

 

  PRE-EX EX PRE-HS HS P-Values 

NVC Response      Time Condition Time*Condition 

Peak absolute 

(cms
-1

) 

PCAv 48.22±11.13 54.70±11.13 46.78±10.92
+
 47.29±11.11

+
 P=0.064 P=0.024 P=0.110 

PCACVC 0.54±0.14 0.63±0.14* 0.56±0.14 0.58±0.14* P=0.035 P=0.471 P=0.180 

Δ Peak absolute 

(cms
-1

) 

PCAv 9.35±2.98 9.02±2.98 8.06±2.88
+
 7.20±2.97

+
 P=0.366 P=0.025 P=0.685 

PCACVC 0.11±0.03 0.12±0.03 0.10±0.03
+
 0.10±0.03

+
 P=0.372 P=0.035 P=0.418 

Average absolute 

(cms
-1

) 

PCAv 42.66±9.67 48.79±9.67* 41.61±9.49
+
 42.39±9.65*

+
 P=0.031 P=0.023 P=0.089 

PCACVC 0.48±0.12 0.55±0.12 0.49±0.12 0.51±0.12 P=0.055 P=0.543 P=0.228 

Δ Average 

absolute (cms
-1

) 

PCAv 3.80±1.49 3.13±1.49 2.88±1.44
+
 2.31±1.49

+
 P=0.087 P=0.021 P=0.893 

PCACVC 0.04±0.02 0.04±0.02 0.03±0.02
+
 0.03±0.02

+
 P=0.521 P=0.018 P=0.928 

Peak relative (%) 
PCAv 24.35±5.69 19.57±5.69* 20.89±5.45 17.98±5.68* P=0.014 P=0.100 P=0.532 

PCACVC 24.99±5.05 23.35±5.05 21.70±4.86
+
 20.54±5.05

+
 P=0.265 P=0.021 P=0.849 
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Average relative 

(%) 

PCAv 10.07±3.47 6.72±3.47* 7.57±3.32 5.76±3.47* P=0.009 P=0.070 P=0.406 

PCACVC 9.85±3.21 7.70±3.21 7.10±3.07
+
 6.13±3.21

+
 P=0.078 P=0.017 P=0.488 

Time to peak (s) 
PCAv 11.85±5.95 13.97±5.95 13.42±5.68 13.35±5.95 P=0.578 P=0.794 P=0.554 

PCACVC 11.94±6.43 14.66±6.43 14.95±6.14 13.49±6.43 P=0.728 P=0.615 P=0.254 

 

*P<0.05 time effect; 
+
P<0.05 condition effect. Data are mean ± SD for n=11. Data were compared with a linear mixed effects model including fixed factors of 

time (PRE vs. during) and condition (EX vs. HS) and random effects for subject ID. 
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Figure 1. Cerebrovascular conductance (CVC) before (blue circles) and during (red triangles) 

submaximal exercise (EX) and temperature-matched passive heat stress (HS). A) Internal carotid 

artery (ICA); B) External carotid artery (ECA); C) Vertebral artery (VA); D) global (g; i.e., 2x 

ICA+VA). The ECACVC, VACVC, and gCVC were all increased to the same extent during EX and HS 

conditions (time effect: all P<0.05). Data are individual values with group average for n=11. Data 

were compared with a linear mixed effects model including fixed factors of time (PRE vs. during) and 

condition (EX vs. HS) and random effects for subject ID. 
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Figure 2. Absolute neurovascular coupling response of the posterior cerebral artery cerebrovascular 

conductance (PCACVC) before (PRE) and during submaximal exercise (EX; A & C) and temperature-

matched passive heat stress (HS; B & D). A & B) Average absolute change in PCACVC; C & D) 

Absolute change from BL in PCACVC. Absolute PCACVC was elevated during EX; therefore, the 

average absolute change in PCACVC was significantly higher with EX (A). When expressed as an 

absolute change score, this response was higher on average for the EX condition (C vs. D). Data are 

mean ± SEM for n=11. Data were compared with a linear mixed effects model including fixed factors 

of time (PRE vs. during) and condition (EX vs. HS) and random effects for subject ID. 
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Figure 3. Neurovascular coupling response of the posterior cerebral artery cerebrovascular 

conductance (PCACVC) before (PRE) and during submaximal exercise (EX; A & C) and temperature-

matched passive heat stress (HS; B & D). A & B) Average relative change in PCACVC; C & D) 

Individual data with respective group average lines for relative peak response of PCACVC. As PCACVC 

was elevated at BL, the relative peak response was lower during EX; however, this condition was on 

average higher than the HS trial (A vs. B). Data are mean ± SEM for n=11. Data were compared with 

a linear mixed effects model including fixed factors of time (PRE vs. during) and condition (EX vs. 

HS) and random effects for subject ID. 
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