
Physiological Reports. 2022;10:e15384.	﻿	     |  1 of 12
https://doi.org/10.14814/phy2.15384

wileyonlinelibrary.com/journal/phy2

Received: 15 June 2022  |  Accepted: 23 June 2022

DOI: 10.14814/phy2.15384  

O R I G I N A L  A R T I C L E

Influence of high-intensity interval training to exhaustion 
on the directional sensitivity of the cerebral pressure-flow 
relationship in young endurance-trained men

Faezeh Abbariki1,2  |   Marc-Antoine Roy1,2  |   Lawrence Labrecque1,2  |   
Audrey Drapeau1,2  |   Sarah Imhoff1,2  |   Jonathan D. Smirl3,4,5,6,7,8,9,10   |   
Patrice Brassard1,2

1Department of Kinesiology, Faculty of Medicine, Université Laval, Québec City, Québec, Canada
2Research Center of the Institut Universitaire de Cardiologie et de Pneumologie de Québec, Québec City, Québec, Canada
3Cerebrovascular Concussion Laboratory, Faculty of Kinesiology, University of Calgary, Calgary, Alberta, Canada
4Sport Injury Prevention Research Centre, Faculty of Kinesiology, University of Calgary, Calgary, Alberta, Canada
5Human Performance Laboratory, Faculty of Kinesiology, University of Calgary, Calgary, Alberta, Canada
6Hotchkiss Brain Institute, University of Calgary, Calgary, Alberta, Canada
7Integrated Concussion Research Program, University of Calgary, Calgary, Alberta, Canada
8Alberta Children's Hospital Research Institute, University of Calgary, Calgary, Alberta, Canada
9Libin Cardiovascular Institute of Alberta, University of Calgary, Alberta, Canada
10Concussion Research Laboratory, Faculty of Health and Exercise Science, University of British Columbia, Kelowna, British Columbia, Canada

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided 
the original work is properly cited.
© 2022 The Authors. Physiological Reports published by Wiley Periodicals LLC on behalf of The Physiological Society and the American Physiological Society.

Faezeh Abbariki and Marc-Antoine Roy contributed equally to this work.  

Correspondence
Patrice Brassard, Department of 
Kinesiology, Faculty of Medicine, 
PEPS—Université Laval 2300 rue de la 
Terrasse, Room 0290-H, Québec, QC 
GIV OA6, Canada.
Email: patrice.brassard@kin.ulaval.ca

Funding information
Foundation of the Institut universitaire 
de cardiologie et de pneumologie de 
Quebec; Ministère de l'Education, du 
Loisir et du Sport du Québec

Abstract
We previously reported subtle dynamic cerebral autoregulation (dCA) altera-
tions following 6 weeks of high-intensity interval training (HIIT) to exhaustion 
using transfer function analysis (TFA) on forced mean arterial pressure (MAP) 
oscillations in young endurance-trained men. However, accumulating evidence 
suggests the cerebrovasculature better buffers cerebral blood flow changes when 
MAP acutely increases compared to when MAP acutely decreases. Whether 
HIIT affects the directional sensitivity of the cerebral pressure-flow relationship 
in these athletes is unknown. In 18 endurance-trained men (age: 27 ± 6 years, 
VO2max: 55.5 ± 4.7  ml·kg−1·min−1), we evaluated the impact of 6 weeks of 
HIIT to exhaustion on dCA directionality using induced MAP oscillations dur-
ing 5-min 0.05 and 0.10 Hz repeated squat-stands. We calculated time-adjusted 
changes in middle cerebral artery mean blood velocity (MCAv) per change in 
MAP (ΔMCAvT/ΔMAPT) for each squat transition. Then, we compared aver-
aged ΔMCAvT/ΔMAPT during MAP increases and decreases. Before HIIT, 
ΔMCAvT/ΔMAPT was comparable between MAP increases and decreases during 
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1   |   INTRODUCTION

Dynamic cerebral autoregulation (dCA) describes the 
ability of the cerebral vessels to react to rapid blood pres-
sure changes (Aaslid et al., 1989). Although regular aer-
obic exercise is associated with multiple cerebrovascular 
adaptations (Bliss et al.,  2021; Lucas et al.,  2015; Smith 
et al., 2021), the direct impact of exercise training on the 
cerebral pressure-flow relationship is currently largely 
unexplored.

Improvements in cardiorespiratory fitness associated 
with aerobic exercise training are thought to have robust 
protective effects on the cerebrovascular function (Ainslie 
et al., 2008; Bailey et al., 2013; Smith et al., 2021). Higher 
cardiorespiratory fitness is often related to higher rest-
ing middle cerebral artery mean blood velocity (MCAv) 
(Ainslie et al.,  2008), cerebrovascular reactivity to carbon 
dioxide (CO2), and lower cerebrovascular resistance index 
(Smith et al., 2021). However, cardiorespiratory fitness may 
have less of an impact on dCA (Maxwell et al., 2022), and 
whether aerobic exercise training leads to improvements in 
dCA remains equivocal. Indeed, improving cardiorespira-
tory fitness with an exercise training program may enhance 
dCA, but only with the added stimulus of a cold environ-
ment, as thermoneutrality appears to negate it (Miller 
et al.,  2022). Furthermore, studies suggest dCA is either 
maintained (Aengevaeren et al., 2013; Ichikawa et al., 2013) 
or less efficient in endurance-trained athletes than in seden-
tary controls (Labrecque et al., 2017; Lind-Holst et al., 2011). 
Additionally, the different ways of assessing dCA used 
across these studies warrant caution as metrics may not cor-
relate with each other (Tzeng et al., 2012). While the afore-
mentioned literature included individuals with a history 
of mostly moderate-intensity endurance training, results 
focusing on both a controlled exercise intervention and a 
higher training intensity are relatively scarce.

High-intensity interval training (HIIT) is generally 
referred to as exercise bouts performed at intensities of 

85% to 95% of maximal heart rate and interspersed with 
rest or active light exercise recovery periods (Calverley 
et al., 2020; MacInnis & Gibala, 2017). Extensive research 
has been conducted on HIIT, indicating its relevance in 
clinical and physiological research with improvements 
in cardiorespiratory fitness beyond moderate-intensity 
continuous training (Calverley et al.,  2020; MacInnis & 
Gibala, 2017; Weston et al., 2014). Although HIIT presents 
an interesting stimulus for the cardiovascular system, a 
limited number of studies have focused on its effects on 
the cerebrovascular system (reviewed in Whitaker et al., 
2020). Indeed, recent work by Whitaker et al. indicated 
more research is needed to confirm the acute (Whitaker 
et al., 2022) and chronic (Whitaker et al., 2020) effects of 
HIIT on the cerebrovascular function.

We have previously reported subtle alterations in dCA 
following 6 weeks of HIIT to exhaustion (3 sessions per 
week at 85% or 115% of maximal aerobic power) using 
transfer function analysis (TFA) on forced mean arterial 
pressure (MAP) oscillations in young endurance-trained 
men (Drapeau et al.,  2019). Specifically, TFA phase at 
0.10 Hz repeated squat-stands was decreased after HIIT, 
irrespective of training intensity. TFA represents an analy-
sis which does not take the direction of MAP changes into 
consideration. Using time-domain analyses, it has been 
suggested that dynamic cerebral pressure-flow responses 
should be analyzed in each MAP direction separately 
(Labrecque, Smirl, et al.,  2022). Accumulating evidence 
suggests the cerebrovasculature is better adapted to buffer 
cerebral blood flow (CBF) changes when MAP transiently 
increases compared to when MAP transiently decreases 
(Brassard et al.,  2017; Labrecque, Burma, et al.,  2022; 
Labrecque et al., 2021; Panerai et al., 2018; Roy et al., 2022; 
Tzeng et al., 2010). Doing so, one study suggests endurance-
trained athletes show a similar pattern of dCA direc-
tional sensitivity as sedentary controls (Roy et al., 2022). 
However, unlike other endurance training programs, 
HIIT-related repetitive high MAP and subsequent cerebral 

0.05 Hz repeated squat-stands (p = 0.518). During 0.10 Hz repeated squat-stands, 
ΔMCAvT/ΔMAPT was lower during MAP increases versus decreases (0.87 ± 0.17 
vs. 0.99 ± 0.23 cm·s−1·mmHg−1, p  = 0.030). Following HIIT, ΔMCAvT/ΔMAPT 
was superior during MAP increases over decreases during 0.05 Hz repeated squat-
stands (0.97 ± 0.38 vs. 0.77 ± 0.35 cm·s−1·mmHg−1, p = 0.002). During 0.10 Hz re-
peated squat-stands, dCA directional sensitivity disappeared (p = 0.359). These 
results suggest the potential for HIIT to influence the directional sensitivity of the 
cerebral pressure-flow relationship in young endurance-trained men.
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blood velocity fluctuations (Labrecque et al.,  2020) may 
pose their own risk to cerebrovascular integrity as stud-
ies raised the concern of a potential breakthrough of the 
blood–brain barrier (Bailey et al., 2011; Lucas et al., 2015). 
Therefore, knowing whether MAP surges remain better 
buffered than transient MAP reductions as a result of re-
peated HIIT sessions is worth investigating.

The present analysis is part of a larger data set on which 
dCA has been previously analyzed using TFA, thus with-
out taking MAP direction into consideration. Accordingly, 
the aim of the current study was to expand on the mat-
ter by assessing the effect of HIIT to exhaustion on the 
directional sensitivity of the cerebral pressure-flow rela-
tionship in these young endurance-trained men. We hy-
pothesized 6 weeks of HIIT to exhaustion would maintain 
the directional sensitivity of the cerebral pressure-flow re-
lationship in endurance-trained young men.

2   |   MATERIALS AND METHODS

2.1  |  Ethics and informed consent

The current study was approved by the Comité d'éthique 
de la recherche de l'Institut universitaire de cardiologie et de 
pneumologie de Québec-Université Laval (CER: 20869) in 
accordance to the principles established in the Declaration 
of Helsinki (except for registration in a database). Prior to 
the investigation, all participants provided informed writ-
ten consent.

2.2  |  Participants

Nineteen endurance-trained men were recruited to con-
duct this study. All participants had a history of exercise of 
5–12 h per week, for at least 2 years. Also, they had no his-
tory of cerebrovascular or cardiovascular disease. Athletes 
with different backgrounds in endurance sports partici-
pated in this study; participants were cross-country skier 
(n = 1), mountain bikers (n = 2), triathletes (n = 7), and 
road cyclists (n = 9) (Paquette et al., 2017).

2.3  |  Experimental protocol

This analysis is part of a larger study conducted by 
Paquette et al.  (2017), which examined the influence of 
submaximal and supramaximal training on determinants 
of endurance performance (Paquette et al., 2017). An im-
portant feature of our training protocol was that all par-
ticipants in each session performed HIIT until exhaustion. 
Indeed, participants who performed submaximal (85% of 

maximal aerobic power) and supramaximal HIIT (115% 
of maximal aerobic power) were matched for total ef-
fort (e.g., they were asked to perform each exercise rep-
etition to exhaustion) rather than for total work, which 
is closer to what athletes typically do when performing 
high-intensity interval sessions at different intensities 
(Seiler et al., 2013). Using the same cohort of participants, 
Drapeau et al.  (2019) examined the effect of 6 weeks of 
HIIT (at both 85% and 115% of maximal aerobic power) 
on dCA evaluated with TFA (Drapeau et al., 2019). The 
current analysis represents a secondary analysis, based 
on the same larger data set used to examine dCA direc-
tional sensitivity. All participants were asked to abstain 
from consuming caffeine and alcoholic beverages for a pe-
riod of 24 h, and to avoid exercise training for at least 12 h 
(Burma et al., 2020). Data collection of all participants was 
done in the same order and the the visit sessions (before 
and following the training intervention) were at least 48 h 
apart. The post-training testing sessions were repeated 
48–96 h following the end of the 6-week training program.

2.4  |  Training interventions

Training sessions were completed three times a week for 
6 weeks with an interval of 48–72 h between each session. 
Participants were allowed to exercise on their own at a 
volume similar to the pre-study exercise volume of low or 
moderate intensity (monitored with a weekly physical ac-
tivity logbook). However, HIIT was prohibited.

Participants were randomly divided into HIIT 85% 
(n = 9) and HIIT 115% (n = 10) groups. The first training 
group performed repeated effort bouts of 1–7 min at 85% 
maximal aerobic power, with an active recovery duration 
corresponding to half the effort bout at 50% of maximum 
aerobic power or 150 W if the maximum power was less 
than 300 W. The second training group performed repeated 
effort bouts of 30 s to 1 min at 115% maximum aerobic 
power, with an active recovery duration corresponding to 
twice the effort bout at 50% of maximum aerobic power or 
150 W if the maximum power is less than 300 W. Since the 
focus of this original study was on the intensity of exercise 
(Paquette et al., 2017), the duration of intervention sessions 
was varied over a period of 6 weeks in order to reduce mo-
notony. Refer to Paquette et al. (2017) for more details on 
training sessions and interventions (Paquette et al., 2017).

We have previously showed this HIIT program im-
proves maximal oxygen uptake (VO2max) and anaerobic 
power (Paquette et al., 2017) and influences dCA quanti-
fied using TFA (Drapeau et al., 2019). Importantly, these 
adaptations following the 6-week HIIT program was inde-
pendent of training intensity. Accordingly, data from the 
two groups were pooled for the current analysis.
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2.5  |  Visit 1

Height and body mass of all participants were measured 
(Table 1). Then, resting hemodynamics of all participants 
was recorded for 10 min in the supine position. Heart 
rate was measured by 5-lead ECG and blood pressure 
was measured using arterial volume clamping (Nexfin, 
Edwards Lifesciences, Ontario, Canada) on the middle 
finger of the right hand. MCAv was monitored with a 
2 MHz pulsed transcranial Doppler ultrasound (Doppler 
Box, Compumedics DWL USA, Inc.). End-tidal partial 
pressure of carbon dioxide (PETCO2) was recorded by a gas 
analyzer (Breezesuite, MedGraphics Corp.) during base-
line rest and repeated squat-stand maneuvers. The gas 
analyzer was calibrated according to the manufacturer's 
instructions before each measurement.

2.6  |  Repeated squat-stand maneuvers

Familiarization of participants with the repeated squat-
stand maneuvers was done through mirroring the move-
ment of the experimenter before the main maneuver. 
Participants performed repeated squat-stand maneuvers 
in two steps in a randomized order, each step lasting 
5 min, at 0.05 Hz (10 s squat position and 10 s standing 
position) and 0.10 Hz (5 s squat position and 5 s standing 
position) separated by 5 min of rest (Brassard et al., 2017).

2.7  |  Visit 2

VO2max was measured on an electromagnetically braked 
upright cycle ergometer (Corival, Lode, Netherlands) 
using a progressive ramp protocol. In brief, the maximal 
exercise protocol was as followed: After a 3-min rest, all 
participants performed a 1-min warm-up of unloaded 

cycling, then executed an incremental ramp protocol (25 
or 30 W·min−1) to exhaustion. VO2max was defined with 
the highest 30 s mean VO2, concomitant with a respiratory 
exchange ratio of ≥1.15 (Paquette et al., 2017).

2.8  |  Visit 3

As previously described, maximal aerobic power was as-
sessed using an intermittent 5-min stage cycling test on 
the same cycle ergometer in order to set intensity of the 
training sessions (Paquette et al., 2017).

2.9  |  Data acquisition

An analog-to-digital converter (Powerlab 16/30 Ml880; 
ADInstruments) converted and stored at 1 kHz all sig-
nals. Subsequent analysis was performed with a free ver-
sion of a commercial software (LabChart version 8.1.8; 
ADInstruments). PETCO2 was acquired separately with 
Breeze Suite (MedGraphics Corp.), and time-aligned with 
the other signals.

2.10  |  Data analysis

To characterize the impact of 6 weeks of HIIT on the di-
rectional sensitivity of the cerebral pressure-flow relation-
ship, we utilized a time-adjusted ratio as described by our 
team for each squat-stand transition during the 5 min of 
repeated squat-stands at both frequencies. For a more in-
depth explanation of the current data analysis, we refer 
readers to this previous work (Labrecque et al., 2021).

The time-adjusted absolute changes (ΔMCAvT/ΔMAPT) 
during transient decreases in MAP (from maximum to min-
imum) were calculated as follows (Labrecque et al., 2021):

T A B L E  1   Baseline characteristics and resting values before and after training

Variables N Before training After training p value Cohen's d (95% CI)

Age (years) 18 27 ± 5

Height (m) 18 1.76 ± 0.1

Body mass (kg) 17 71.5 ± 10.4 70.4 ± 10.3 0.057 0.50 (0.31–1.12)

Maximal oxygen consumption (ml·kg−1·min−1) 17 55.5 ± 4.7 58.7 ± 4.1 0.008 0.74 (0.21–1.80)

Heart rate (bpm) 18 54 ± 8 51 ± 7 0.002 0.87 (0.60–1.65)

MAP (mmHg) 18 78 ± 9 81 ± 12 0.377 0.21 (−0.63–0.37)

MCAv (cm·s−1) 18 66 ± 9 67 ± 11 0.196 0.21 (−0.97–0.23)

PETCO2 (mmHg) 12 44 ± 4 46 ± 3 0.069 0.58 (0.15–1.18)

Note: Variables were analyzed within individual before and after 6 weeks of high-intensity interval training using paired t-tests. p < 0.05 is considered 
statistically significant. Cohen's d with 95% confidence intervals (CI) evaluates effect sizes: Negligible below 0.20, small from 0.20 to 0.50, moderate from 0.50 
to 0.80 and large above 0.80.
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ΔMCAvT/ΔMAPT changes during transient increases 
in MAP (from minimum to maximum) were calculated as 
follows (Labrecque et al., 2021):

To evaluate whether repeated squat-stands induced 
changes in PETCO2, an averaged PETCO2 of the first and 
last five breaths for each maneuver (0.05 and 0.10 Hz) 
were calculated (Drapeau et al., 2019; Labrecque, Burma, 
et al., 2022; Labrecque et al., 2019, 2021; Perry et al., 2019; 
Roy et al., 2022).

2.11  |  Statistical analysis

The Shapiro–Wilk test was used to confirm normal distribu-
tion of data. Paired t-tests were used to compare resting val-
ues, as well as changes in PETCO2 during repeated 
squat-stands, before and after training. The presence of a 
directional sensitivity of the cerebral pressure-flow relation-
ship was assessed at each repeated squat-stand frequency, 
before and after HIIT, by using paired t-tests to compare in-
creases and decreases in MAP within individuals. Changes 
observed during repeated squat-stands to calculate direc-
tionality, herein hemodynamic changes (∆MCAv, ∆MAP) 
and time intervals (∆TimeMCAv, ∆TimeMAP), were analyzed 
at each frequency with a two-way (MAP direction and train-
ing) mixed-model ANOVA. Multiple comparisons used 
Bonferonni correction. Effect sizes were reported using the 
generalized eta-squared (�2

G
) for all ANOVA analyses (≤0.02 

negligible, [0.03, 0.13] small, [0.13, 0.25] moderate, ≥0.26 
large) (Bakeman, 2005) and Cohen's d for comparisons be-
tween means (≤0.19 negligible, [0.20, 0.49] small, [0.50, 
0.79] moderate, ≥0.80 large) (Lakens,  2013). Data are ex-
pressed as means ± SD. p value <0.05 were considered sta-
tistically significant for all tests. Statistical analyses were 
performed using Graphpad prism (version 9.3.1) and effect 
sizes were calculated using Rstudio (version 4.1.1).

3   |   RESULTS

Of the 19 participants initially recruited, data are pre-
sented for 18 participants. One of the participants was 

excluded since post-training tests were not completed. 
Of those 18 participants, one participant's pre-training 
data were excluded at 0.05 Hz repeated squat-stands be-
cause blood pressure and MCAv tracings did not show 
the identifiable oscillations needed for our analyses. 
Post-training data from three participants were ex-
cluded at 0.10 Hz repeated squat-stands because of tech-
nical problems in blood pressure acquisition. PETCO2 
data from 6 participants were not included owing to 
technical reasons. Table 1 shows participants' pre- and 
post-training characteristics and resting values in the 
supine position.

3.1  |  Baseline characteristics and 
resting values

The 6-week HIIT protocol did not modify body mass 
(p = 0.057, d = 0.50 [CI: 0.31–1.12] [small]) and improved 
VO2max by 5.8% (p = 0.008, d = 0.74 [CI: 0.21–1.80] [mod-
erate]). The training program significantly decreased rest-
ing HR by 5.6% (p = 0.002, d = 0.87 [CI: 0.60–1.65] [large]), 
while other hemodynamic values did not change after the 
HIIT program (Table  1). These results were previously 
reported, although with participants' HIIT intensity as 
an additional factor in the analysis (Drapeau et al., 2019; 
Paquette et al., 2017).

3.2  |  Hemodynamic changes and time 
intervals during squat-stands

Data regarding hemodynamic changes during repeated 
squat-stands are shown in Table  2. Driven absolute 
changes in MAP and MCAv averaged across 5 min of 
repeated squats-stands did not differ between MAP in-
creases and decreases. MCAv changes were of signifi-
cantly lower amplitude during 0.05 Hz (training: 
F(1, 16) = 6.58, p = 0.010, �2

G
 = 0.05 [small]) and 0.10 Hz 

(training: F(1, 15) = 9.69, p = 0.007, �2
G

 = 0.09 [small]) re-
peated squat-stands after the training protocol. At 
0.05 Hz repeated squat-stands, those changes in MCAv 
were of shorter duration when MAP increased, irre-
spective of whether participants had gone through the 
HIIT protocol or not (MAP direction: F(1, 16)  = 14.09, 
p  < 0.001, �2

G
  = 0.35 [large]). There was an interaction 

effect of training and MAP direction at 0.05 Hz repeated 
squat-stands for time intervals of MAP (F(1, 16)  = 8.23, 
p < 0.001, �2

G
 = 0.17 [moderate]). Post-hoc analyses re-

vealed quicker changes of MAP increases before HIIT 
(p < 0.001, d = 1.61 [CI: 1.15–2.61] [large]), but not after 
HIIT (p = 0.912, d = 0.21 [CI: −0.79 to 0.26] [small]). 
Additionally, increases in MAP became significantly 

(MCAvmin−MCAvmax)

(TimeMCAvmin−TimeMCAvmax)

(MAPmin−MAPmax)

(TimeMAPmin−TimeMAPmax)

=

ΔMCAv

ΔTimeMCAv

ΔMAP

ΔTimeMAP

=
ΔMCAvT
ΔMAPT

.

(MCAvmax−MCAvmin)

(TimeMCAvmax−TimeMCAvmin)

(MAPmax−MAPmin)

(TimeMAPmax−TimeMAPmin)

=

ΔMCAv

ΔTimeMCAv

ΔMAP

ΔTimeMAP

=
ΔMCAvT
ΔMAPT

.
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longer after training (p = 0.032, d = 0.71 [CI: 0.32–1.19] 
[moderate]), while decreases in MAP did not become 
shorter (p  =  0.069), despite a moderate effect size 
(d = 0.67 [CI: 0.27–1.23]). Significant interaction effects 
were observed at 0.10 Hz repeated squat-stands for MAP 
changes (F(1, 15) = 3.55, p = 0.023, �2

G
 < 0.02 [negligible]) 

and time intervals of MCAv (F(1, 15)  = 3.46, p  =  0.018, 
�
2
G

 = 0.09 [small]), however no post hoc differences were 
isolated.

PETCO2 changes were assessed in 0.05 Hz (n = 6) and 
0.10 Hz (n  =  12) repeated squat-stands. By calculating 
the difference between the first 5 breaths and the last 5 
breaths of the 5-min repeated squat-stands, changes in 
PETCO2 did not significantly differ between pre- and 
post-training (0.05 Hz: +2.7 ± 1.7 vs. −0.2 ± 3.4, p = 0.093, 
d  =  0.85 [CI: 0.28–3.80] [large]; 0.10 Hz: +2.7 ± 1.7 vs. 
+2.2 ± 3.0, p = 0.640, d = 0.20 [CI: −0.71 to 2.01] [negligi-
ble]) (Drapeau et al., 2019).

3.3  |  Directional sensitivity of the 
cerebral pressure-flow relationship before 
exercise training

ΔMCAvT/ΔMAPT was similar during transient in-
creases and decreases in MAP at 0.05 Hz (0.87 ± 0.21 
and 0.91 ± 0.22 cm·s−1·mmHg−1; p  =  0.518, d  =  0.16 
[CI: −0.73 to 0.35] [negligible]) and smaller dur-
ing increases in MAP than during decreases in MAP 
at 0.10 Hz repeated squat-stands (0.87 ± 0.17 and 

0.99 ± 0.23 cm·s−1·mmHg−1; p  =  0.030, d  =  0.56 [CI: 
0.15–1.14] [moderate]) (Figure 1).

3.4  |  Influence of HIIT on the directional 
sensitivity of the cerebral pressure-flow 
relationship

Six weeks of HIIT was associated with higher ΔMCAvT/
ΔMAPT during increases than decreases in MAP 
at 0.05 Hz repeated squat-stands (0.97 ± 0.38 and 
0.77 ± 0.35 cm·s−1·mmHg−1; p  =  0.002, d  =  0.81 [CI: 
0.44–1.39] [large]) and no differences at 0.10 Hz repeated 
squat-stands (1.02 ± 0.56 and 0.80 ± 0.18 cm·s−1·mmHg−1; 
p = 0.404, d = 0.36 [CI: −0.13 to 0.63] [small]) (Figure 1). 
As exploratory analyses, post hoc multiple paired t-test 
were used to assess the influence of training intensity 
between the group trained at 85% (n  =  8) and at 115% 
(n = 10) of maximal aerobic power. ΔMCAvT/ΔMAPT was 
higher during MAP increases in the 85% group (0.91 ± 0.18 
and 0.68 ± 0.12, p = 0.038, d = 1.07 [CI: 0.80–3.62] [large]) 
but not in the 115% group (1.02 ± 0.50 and 0.85 ± 0.45, 
p = 0.211), although with a moderate effect size (d = 0.63 
[CI: 0.09–1.50] [moderate]). In contrast, ΔMCAvT/
ΔMAPT before training was smaller at 0.10 Hz repeated 
squat-stands during increases in MAP in the 85% group 
(0.81 ± 0.19 and 1.04 ± 0.19, p = 0.037, d = 1.08 [CI: 0.43–
3.02] [large]) but similar to decreases in MAP in the 115% 
group (0.93 ± 0.14 and 0.95 ± 0.26, p > 0.999, d = 0.16 [CI: 
−0.98 to 0.57] [negligible]).

T A B L E  2   Averaged hemodynamic changes and time intervals during squat-stands before and after training

Training Pre-training Post-training p-value

MAP direction Increase Decrease Increase Decrease Training Direction Interaction

0.05 Hz n = 17 n = 18

∆MCAv (cm·s−1) 32 ± 14 32 ± 14 26 ± 12 25 ± 12 0.010 0.419 0.623

∆MAP (mmHg) 37 ± 15 38 ± 14 34 ± 13 34 ± 13 0.172 0.988 0.076

∆TimeMCAv (s) 9.1 ± 1.3 10.8 ± 1.2 8.8 ± 1.5 11.2 ± 1.5 0.959 <0.001 0.266

∆TimeMAP (s) 8.7 ± 0.8 11.1 ± 0.7a 9.7 ± 1.3b 10.2 ± 1.1c 0.789 <0.001 <0.001

0.10 Hz n = 18 n = 16

∆MCAv (cm·s−1) 29 ± 11 29 ± 11 24 ± 9 24 ± 9 0.007 0.120 0.704

∆MAP (mmHg) 34 ± 14 34 ± 14 30 ± 12 30 ± 12 0.090 0.786 0.023

∆TimeMCAv (s) 5.2 ± 0.5 4.8 ± 0.5 4.8 ± 0.9 5.2 ± 0.8 0.953 0.802 0.018

∆TimeMAP (s) 4.9 ± 0.5 5.1 ± 0.5 5.1 ± 0.6 4.9 ± 0.6 0.918 0.716 0.070

Note: Directional component values are presented as 5-min averages of squat–stands data at each frequency for acute mean arterial pressure (MAP) increases 
and MAP decreases in all training groups. Values are means ± SD. p-values were determined with a mixed two-way model ANOVA. Bonferonni correction on 
multiple comparisons with Cohen's d effect size [95% confidence intervals].
aPre-training increase versus decrease, p < 0.001, d = 1.61 [CI: 1.15–2.61] (large).
bIncrease pre- versus post-training, p = 0.032, d = 0.71 [CI: 0.32–1.19] (moderate).
cDecrease pre- versus post-training, p = 0.069, d = 0.67 [CI: 0.27–1.15] (moderate).
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4   |   DISCUSSION

To our knowledge, the current study is the first to inves-
tigate the impact of HIIT to exhaustion on the directional 
sensitivity of the cerebral pressure-flow relationship in 
endurance-trained men. The main findings of the cur-
rent study are two-fold. First, there was a presence of 
asymmetry in the cerebral pressure-flow relationship of 
our endurance-trained young men before the training 
program at 0.10 Hz repeated squat-stands, where MCAv 
changes were attenuated when MAP increased. Second, 
6 weeks of HIIT to exhaustion led to a disappearance of 
the asymmetrical response of MCAv with MAP changes 
at 0.10 Hz, while an inversed pattern appeared at 0.05 Hz 
repeated squat-stands. Indeed, the changes in MCAv 
became less buffered when MAP increased compared 
with when MAP decreased at this repeated squat-stand 
frequency.

4.1  |  Directional sensitivity of the 
cerebral pressure-flow relationship before 
exercise training

During 0.10 Hz, but not 0.05 Hz, repeated squat-stands, 
a directional sensitivity of the cerebral pressure-flow re-
lationship was observed before performing the training 
program in our participants. We have previously reported 
such a pattern during 0.10 Hz repeated squat-stands (i.e., 
an attenuated change in MCAv when MAP increases com-
pared with when MAP decreases) (Labrecque, Burma, 
et al., 2022; Labrecque et al., 2021; Roy et al., 2022). This 
phenomenon might be explained by an increase in cer-
ebral sympathetic nervous activity (SNA) when MAP 
acutely increases (Cassaglia et al.,  2008). Furthermore, 
Roy et al. (2022) have also demonstrated in their long-term 
endurance-trained group the same pattern of directional-
ity using 0.10 Hz repeated squat-stands (Roy et al., 2022). 
Similarly, they showed an absence of a hysteresis-like pat-
tern at 0.05 Hz repeated squat-stands. Thus, we are led to 
believe habitual non-HIIT specific endurance training is 
associated with the maintenance of a frequency-dependent 
directional sensitivity of the cerebral pressure-flow rela-
tionship in young healthy individuals. On the other hand, 
we attribute the absence of asymmetrical responses of 
MCAv at 0.05 Hz repeated squat-stands to the baroreflex 
response. The arterial baroreflex is one of the main factors 
regulating acute fluctuations in MAP (Fisher et al., 2009) 
and it is frequency-dependent (Horsman et al.,  2013; 
Zhang et al., 2009). We have previously hypothesized ba-
roreceptors have adequate time to perceive and respond 
to the slower MAP oscillations during 0.05 Hz repeated 
squat-stands (Labrecque et al., 2021).

4.2  |  Impact of HIIT on the directional 
sensitivity of the cerebral pressure-flow 
relationship

The 6-week HIIT training to exhaustion led to the appear-
ance of an inverted directional sensitivity during 0.05 Hz 
repeated squat-stands. Specifically, the change in MCAv 
became of greater amplitude when MAP increased com-
pared to when MAP decreased at this frequency. This ob-
servation is surprising since the opposite has usually been 
reported in studies observing a directional sensitivity of 
the cerebral pressure-flow relationship (i.e. an attenuated 
change in MCAv when MAP increases compared with 
when MAP decreases) (Brassard et al., 2017; Labrecque, 
Burma, et al.,  2022; Labrecque et al.,  2021; Panerai 
et al., 2018; Roy et al., 2022; Tzeng et al., 2010).

As discussed in the previous section, the barore-
flex response is an important potential factor in the 

F I G U R E  1   ∆MCAvT/∆MAPT during transient increases and 
decrease in mean arterial pressure (MAP). Increases and decreases 
in MAP during 0.05 Hz (left side) and 0.10 Hz (right side) repeated 
squat-stands before (a) and after (b) 6 weeks of high-intensity 
interval training to exhaustion. MCA, middle cerebral artery.

(a)

(b)
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directional sensitivity at 0.05 Hz repeated squat-stands 
(Zhang et al., 2009). In terms of cardiorespiratory fitness, 
midlife (Tomoto et al.,  2021) and lifelong (Aengevaeren 
et al., 2013) aerobic exercise appear to improve baroreflex 
sensitivity in middle-aged or elderly athletes, while young 
endurance-trained adults tend to show altered baroreflex 
function (Fadel et al., 2001; Shi et al., 1993). Although not 
specifically using a HIIT protocol, Uusitalo et al.  (2000) 
reported decreased baroreflex sensitivity after 6–9 weeks 
of heavy-volume (7 days a week) endurance training to 
exhaustion in young female endurance athletes (Uusitalo 
et al.,  2000). Furthermore, Horsman et al.  (2014) have 
shown that baroreflex sensitivity can differ between in-
creases and decreases in MAP (Horsman et al.,  2014). 
Their results indicate similar sensitivity in both direc-
tions for 0.05 Hz sit-to-stand MAP oscillations in healthy 
individuals, which may explain the lack of directional 
sensitivity prior to training at that frequency. However, 
this may be different if baroreflex sensitivity is indeed de-
creased after training. Thus, the inverted appearance of 
directional sensitivity after HIIT during 0.05 Hz repeated 
squat-stands could be related to the effects of this type of 
exercise training on baroreflex sensitivity, specifically in 
younger adults (Tomoto et al., 2021). Through exploratory 
analyses, this pattern of directional sensitivity was most 
remarkable in the lower intensity HIIT group (i.e., 85% 
of maximal aerobic power). Since both HIIT groups had 
their training regimen equalized in terms of exhaustion 
(Paquette et al., 2017) (i.e., more volume to counteract a 
lesser intensity and vice versa), it could be that the longer 
training durations were responsible for our finding. Thus 
far, the physiological explanation for this result remains 
elusive. Future research is needed to expand these find-
ings to other age-ranges, cardiorespiratory fitness levels, 
and clinical conditions.

For 0.10 Hz repeated squat-stands, 6 weeks of HIIT 
training negated the presence of directional sensitivity 
found prior to training. Since SNA appears to play an in-
creasing role in the control of dCA at faster frequencies 
(i.e., more so at 0.08–0.10 Hz than 0.03–0.05 Hz) (Hamner 
et al., 2010), we have previously hypothesized SNA to be 
accountable for the presence of directional sensitivity of 
the pressure-flow relationship (Labrecque et al.,  2021). 
Essentially, increased cerebral SNA during increases 
in MAP (Cassaglia et al.,  2008) may be what causes the 
lower value observed in our metric before HIIT during 
transient MAP increases induced by 0.10 Hz repeated 
squat-stands. Looking at the autonomic effects of exercise 
training, improved parasympathetic tone and depressed 
sympathetic modulation of heart rate can be the results 
of endurance training (Carter et al., 2003), including HIIT 
(Abreu et al.,  2019). Of note, the results from a system-
atic review on the effects of HIIT on cardiac autonomic 

control by Abreu et al.  (2019) included studies on unfit, 
sedentary individuals or on clinical populations with 
cardiovascular diseases and metabolic syndrome (Abreu 
et al., 2019). Thus, their conclusions may not apply to our 
endurance-trained athletes. In female athletes, Coates 
et al.  (2018) indicated an increase in muscle SNA after 
3 weeks of overload training, including 1 week of HIIT 
(Coates et al., 2018). Moreover, short-term HIIT training 
in adolescents elicited greater sympathetic predominance 
after 3 months due to the initial effects of physiological 
overload and fatigue (McNarry et al.,  2019). We could 
speculate towards similar increases in SNA in our 
endurance-trained athletes following 6 weeks of HIIT to 
exhaustion. However, although there was no autonomic 
assessment done in the current study, our athletes showed 
a significant decrease in their resting heart rate (from 54 to 
51 bpm), suggestive of further withdrawal of sympathetic 
tone (Carter et al., 2003). Therefore, a shift of autonomic 
balance towards parasympathetic tone may help explain 
our results showing an abolished directionality of dCA at 
0.10 Hz repeated squat-stands post-training. Another con-
sideration is that cerebral SNA seems to act opposingly 
to the peripheral circulation, with intracranial pressure 
influencing sympathetic tone (Guild et al.,  2018; Koep 
et al., 2022). Thus, peripheral measurements of SNA may 
not be representative of the active sympathetic control of 
cerebral arteries. On the other hand, since previous stud-
ies in humans have suggested SNA-induced cerebral va-
soconstriction during transient decreases in MAP (Ogoh 
et al.,  2008), we cannot exclude a comparable influence 
of SNA on the regulation of CBF when MAP rapidly in-
creases and decreases. As such, further studies are needed 
to better understand the effect of SNA on the directional 
sensitivity of the cerebral pressure-flow relationship and 
the autonomic impacts of HIIT in highly fit individuals.

4.3  |  Influence of PETCO2 and 
cerebrovascular reactivity to CO2 on the 
directional sensitivity of the cerebral 
pressure-flow relationship

In the current study, over 5 min of repeated squat-stands, 
PETCO2 increased by +2.7 mmHg pre-training, and re-
mained constant (−0.2 mmHg) post-training at 0.05 Hz 
repeated squat-stands. For 0.10 Hz repeated squat-
stands, PETCO2 increased by +2.7 mmHg pre-training 
and by +2.2 mmHg post-training. We cannot overlook 
the fact that PETCO2 did not remain consistent during re-
peated squat-stands. Our rationale is that if these PETCO2 
changes are similar between each repeated squat-stands 
protocol, then at least directional sensitivity metrics be-
come comparable between 0.05 Hz and 0.10 Hz repeated 
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squat-stands. In regards to the impact of HIIT on PETCO2 
and cerebrovascular reactivity to CO2, the literature is 
scarce. According to a systematic review by Whitaker 
et al. (Whitaker et al., 2020), only one study has reported 
the chronic effect of HIIT on cerebrovascular reactiv-
ity to CO2. In that study, 12 weeks of HIIT did not influ-
ence cerebrovascular reactivity to CO2 in breast cancer 
survivors. We believe the small variations in PETCO2 do 
not explain the changes in dCA behavior in our results. 
Indeed, Panerai et al. (Panerai et al.,  2018) have shown 
PETCO2 had no significant effect in explaining the dCA 
efficiency between MAP increases and MAP decreases. 
However, further research is needed to clarify that issue. 
For example, studies using repeated squat-stands to exam-
ine the directional sensitivity of the cerebral pressure-flow 
relationship could be performed with PETCO2 clamped at 
baseline levels.

4.4  |  Effectiveness of dCA

Combining the results from this study with those of our 
previous work (Drapeau et al.,  2019), we are able to dis-
cuss how directional sensitivity may relate to the effec-
tiveness of dCA assessed using TFA-derived parameters. 
Indeed, both studies have used the same endurance-
trained participants with the same repeated squat-stands 
protocol to evaluate the cerebrovascular impacts of 
6 weeks of HIIT to exhaustion, allowing for direct com-
parison of the two analyses. Drapeau et al. have reported 
HIIT to exhaustion induces a reduction in TFA phase dur-
ing 0.10 Hz repeated squat-stands after 6 weeks, indicative 
of attenuated dCA (Drapeau et al., 2019). With the current 
study, this attenuation of dCA appears associated with the 
currently reported disappearance of directionality in the 
cerebral pressure-flow relationship at 0.10 Hz repeated 
squat-stands post-HIIT. This frequency-dependent asso-
ciation may indicate the presence of directional sensitivity 
observed before HIIT—specifically when MCAv is better 
controlled during transient MAP increases—which un-
derlines a state of preserved dCA effectiveness. Although 
speculative, the presence of the described hysteresis-like 
pattern might be beneficial in maintaining adequate 
cerebral perfusion. In the context of HIIT, directional 
sensitivity may protect the brain microcirculation from 
overperfusion during transient MAP surges (Labrecque, 
Smirl, et al., 2022). On the other hand, Drapeau et al. did 
not report any impact of HIIT on dCA during 0.05 Hz re-
peated squat-stands (Drapeau et al., 2019). Our significant 
results at 0.05 Hz repeated squat-stands may thus indi-
cate directional analysis to be a more sensitive method 
to detect changes in cerebral hemodynamics. Although 
the inverted directionality pattern at 0.05 Hz repeated 

squat-stands could be related to further attenuation of 
dCA, it may instead reflect alterations related to the effect 
of HIIT training on baroreflex sensitivity, and not neces-
sarily dCA effectiveness. Further research is warranted to 
elucidate these notions.

4.5  |  Methodological considerations

Some limitations related to this study need to be acknowl-
edged and further discussed. This study included only 
endurance-trained athletes. Accordingly, the results re-
ported herein cannot be extended to other populations. 
Since sex (Favre & Serrador, 2019; Labrecque et al., 2019) 
has been reported to affect dCA, it is possible that sex im-
pacts the directional sensitivity of the cerebral pressure-
flow relationship, and thus present results cannot be 
extended to women. On the other hand, preliminary re-
sults using our current analysis suggest there are no dif-
ferences on our directional metrics between young males 
and females (Labrecque, Burma, et al.,  2022). However, 
since these results did not include aerobically fit individu-
als, we cannot exclude an interaction between exercise 
training and sex on dCA directionality. We used tran-
scranial Doppler ultrasound to measure cerebral blood 
velocity, which is an accurate estimate of CBF if the diam-
eter of the artery of interest remains constant (Serrador 
et al., 2000). However, if the diameter changes, the men-
tioned instrument outputs may overestimate or under-
estimate CBF during vasodilation and vasoconstriction, 
respectively. Artery diameter changes have been associ-
ated with changes in PETCO2 (Lewis et al., 2015; Verbree 
et al.,  2014). However, PETCO2 of the first and last five 
breaths for each squat-stands have been averaged in the 
present study and no change was observed pre- versus 
post-training period. This confirms the MCAv is likely a 
representative surrogate measure of CBF. Although tech-
nical issues prevented PETCO2 from being monitored for 
all participants, it has been measured in most of the par-
ticipants, and no change was observed. This is in line with 
our previous studies with healthy participants showing 
no change in PETCO2, thus a similar pattern can be ex-
pected from all included participants. Finally, this study 
did not include a control group of athletes without HIIT. 
However, it should be noted in a prior investigation that 
employed repeated squat-stand maneuvers to assess dCA 
across multiple study days, there was minimal differences 
in the TFA derived outcome metrics in the between-day 
measures (Burma et al.,  2020). Thus, we are confident 
similar stable findings would hold true in a control group 
for the current investigation. Therefore, the changes noted 
in the current findings are most likely attributable to the 
effects of the HIIT protocol. However, it is also noted the 
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addition of a true control group would have further aided 
in statistically accounting for the impact of HIIT on the 
directional sensitivity of the cerebral pressure-flow rela-
tionship, and this should be done in future studies.

5   |   CONCLUSION

The results of the current study indicate the poten-
tial of 6 weeks of HIIT to influence the directional sen-
sitivity of the cerebral pressure-flow relationship in 
young endurance-trained men. Specifically, there was a 
frequency-dependent effect of HIIT, with the disappear-
ance of directional sensitivity at 0.10 Hz MAP oscillations 
and the appearance of an inverted directionality pattern 
at 0.05 Hz MAP oscillations. Further studies investigating 
the frequency-dependent mechanisms controlling CBF in 
response to changes in MAP in endurance-trained ath-
letes are needed.

AUTHOR CONTRIBUTIONS
Patrice Brassard contributed to the original idea of the 
study; Patrice Brassard contributed to data collection; 
Faezeh Abbariki and Marc-Antoine Roy contributed to 
data analyses; Faezeh Abbariki, Marc-Antoine Roy, and 
Patrice Brassard contributed to data interpretation; Faezeh 
Abbariki, Marc-Antoine Roy, and Patrice Brassard drafted 
the article. All authors provided approval of the final article.

FUNDING INFORMATION
Funding of the current project came from the Ministère 
de l'Education, du Loisir et du Sport du Québec and the 
Fundation of the Institut Universitaire de Cardiologie et 
Pneumologie de Québec.

CONFLICT OF INTEREST
No conflicts of interest, financial or otherwise, are de-
clared by the author(s).

ORCID
Jonathan D. Smirl   https://orcid.org/0000-0003-1054-0038 
Patrice Brassard   https://orcid.org/0000-0002-6254-5044 

REFERENCES
Aaslid, R., Lindegaard, K. F., Sorteberg, W., & Nornes, H. (1989). 

Cerebral autoregulation dynamics in humans. Stroke, 20, 45–52.
Abreu, R. M., Rehder-Santos, P., Simões, R. P., & Catai, A. M. (2019). 

Can high-intensity interval training change cardiac autonomic 
control? A systematic review. Brazilian Journal of Physical 
Therapy, 23, 279–289.

Aengevaeren, V. L., Claassen, J. A., Levine, B. D., & Zhang, R. (2013). 
Cardiac baroreflex function and dynamic cerebral autoregula-
tion in elderly Masters athletes. Journal of Applied Physiology, 
114, 195–202.

Ainslie, P. N., Cotter, J. D., George, K. P., Lucas, S., Murrell, C., Shave, 
R., Thomas, K. N., Williams, M. J., & Atkinson, G. (2008). 
Elevation in cerebral blood flow velocity with aerobic fitness 
throughout healthy human ageing. The Journal of Physiology, 
586, 4005–4010.

Bailey, D. M., Evans, K. A., McEneny, J., Young, I. S., Hullin, D. A., 
James, P. E., Ogoh, S., Ainslie, P. N., Lucchesi, C., Rockenbauer, 
A., Culcasi, M., & Pietri, S. (2011). Exercise-induced oxidative-
nitrosative stress is associated with impaired dynamic cerebral 
autoregulation and blood-brain barrier leakage. Experimental 
Physiology, 96, 1196–1207.

Bailey, D. M., Marley, C. J., Brugniaux, J. V., Hodson, D., New, K. 
J., Ogoh, S., & Ainslie, P. N. (2013). Elevated aerobic fitness 
sustained throughout the adult lifespan is associated with im-
proved cerebral hemodynamics. Stroke, 44, 3235–3238.

Bakeman, R. (2005). Recommended effect size statistics for repeated 
measures designs. Behavior Research Methods, 37, 379–384.

Bliss, E. S., Wong, R. H., Howe, P. R., & Mills, D. E. (2021). Benefits 
of exercise training on cerebrovascular and cognitive function 
in ageing. Journal of Cerebral Blood Flow and Metabolism, 41, 
447–470.

Brassard, P., Ferland-Dutil, H., Smirl, J. D., Paquette, M., Le Blanc, 
O., Malenfant, S., & Ainslie, P. N. (2017). Evidence for hys-
teresis in the cerebral pressure-flow relationship in healthy 
men. American Journal of Physiology. Heart and Circulatory 
Physiology, 312, H701–H704.

Burma, J. S., Copeland, P., Macaulay, A., Khatra, O., Wright, A. D., 
& Smirl, J. D. (2020). Dynamic cerebral autoregulation across 
the cardiac cycle during 8 hr of recovery from acute exercise. 
Physiological Reports, 8, e14367.

Calverley, T. A., Ogoh, S., Marley, C. J., Steggall, M., Marchi, N., 
Brassard, P., Lucas, S. J. E., Cotter, J. D., Roig, M., Ainslie, P. 
N., Wisløff, U., & Bailey, D. M. (2020). HIITing the brain with 
exercise: Mechanisms, consequences and practical recommen-
dations. The Journal of Physiology, 598, 2513–2530.

Carter, J. B., Banister, E. W., & Blaber, A. P. (2003). Effect of en-
durance exercise on autonomic control of heart rate. Sports 
Medicine, 33, 33–46.

Cassaglia, P. A., Griffiths, R. I., & Walker, A. M. (2008). Sympathetic 
nerve activity in the superior cervical ganglia increases in re-
sponse to imposed increases in arterial pressure. American 
Journal of Physiology-Regulatory, Integrative and Comparative 
Physiology, 294, R1255–R1261.

Coates, A. M., Incognito, A. V., Seed, J. D., Doherty, C. J., Millar, P. J., 
& Burr, J. F. (2018). Three weeks of overload training increases 
resting muscle sympathetic activity. Medicine and Science in 
Sports and Exercise, 50, 928–937.

Drapeau, A., Labrecque, L., Imhoff, S., Paquette, M., Le Blanc, 
O., Malenfant, S., & Brassard, P. (2019). Six weeks of high-
intensity interval training to exhaustion attenuates dynamic 
cerebral autoregulation without influencing resting cerebral 
blood velocity in young fit men. Physiological Reports, 7, 
e14185.

Fadel, P. J., Stromstad, M., Hansen, J., Sander, M., Horn, K., Ogoh, 
S., Smith, M. L., Secher, N. H., & Raven, P. B. (2001). Arterial 
baroreflex control of sympathetic nerve activity during acute 
hypotension: Effect of fitness. American Journal of Physiology. 
Heart and Circulatory Physiology, 280, H2524–H2532.

Favre, M. E., & Serrador, J. M. (2019). Sex differences in cerebral au-
toregulation are unaffected by menstrual cycle phase in young, 

https://orcid.org/0000-0003-1054-0038
https://orcid.org/0000-0003-1054-0038
https://orcid.org/0000-0002-6254-5044
https://orcid.org/0000-0002-6254-5044


      |  11 of 12ABBARIKI et al.

healthy women. American Journal of Physiology-Heart and 
Circulatory Physiology, 316, H920–H933.

Fisher, J. P., Kim, A., Young, C. N., Ogoh, S., Raven, P. B., Secher, 
N. H., & Fadel, P. J. (2009). Influence of ageing on carotid 
baroreflex peak response latency in humans. The Journal of 
Physiology, 587, 5427–5439.

Guild, S. J., Saxena, U. A., McBryde, F. D., Malpas, S. C., & 
Ramchandra, R. (2018). Intracranial pressure influences the 
level of sympathetic tone. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 315, 
R1049–R1053.

Hamner, J. W., Tan, C. O., Lee, K., Cohen, M. A., & Taylor, J. A. 
(2010). Sympathetic control of the cerebral vasculature in hu-
mans. Stroke, 41, 102–109.

Horsman, H. M., Peebles, K. C., Galletly, D. C., & Tzeng, Y. C. (2013). 
Cardiac baroreflex gain is frequency dependent: Insights from 
repeated sit-to-stand maneuvers and the modified Oxford 
method. Applied Physiology, Nutrition, and Metabolism, 38, 
753–759.

Horsman, H. M., Tzeng, Y. C., Galletly, D. C., & Peebles, K. C. (2014). 
The repeated sit-to-stand maneuver is a superior method for 
cardiac baroreflex assessment: A comparison with the modified 
Oxford method and Valsalva maneuver. American Journal of 
Physiology. Regulatory, Integrative and Comparative Physiology, 
307, R1345–R1352.

Ichikawa, D., Miyazawa, T., Horiuchi, M., Kitama, T., Fisher, J. P., 
& Ogoh, S. (2013). Relationship between aerobic endurance 
training and dynamic cerebral blood flow regulation in hu-
mans. Scandinavian Journal of Medicine & Science in Sports, 
23, e320–e329.

Koep, J. L., Taylor, C. E., Coombes, J. S., Bond, B., Ainslie, P. N., & 
Bailey, T. G. (2022). Autonomic control of cerebral blood flow: 
Fundamental comparisons between peripheral and cerebrovas-
cular circulations in humans. The Journal of Physiology, 600, 
15–39.

Labrecque, L., Burma, J. S., Roy, M. A., Smirl, J. D., & Brassard, P. 
(2022). Reproducibility and diurnal variation of the directional 
sensitivity of the cerebral pressure-flow relationship in men 
and women. Journal of Applied Physiology, 132, 154–166.

Labrecque, L., Drapeau, A., Rahimaly, K., Imhoff, S., Billaut, F., 
& Brassard, P. (2020). Comparable blood velocity changes in 
middle and posterior cerebral arteries during and following 
acute high-intensity exercise in young fit women. Physiological 
Reports, 8, e14430.

Labrecque, L., Rahimaly, K., Imhoff, S., Paquette, M., Le Blanc, 
O., Malenfant, S., Drapeau, A., Smirl, J. D., Bailey, D. M., & 
Brassard, P. (2019). Dynamic cerebral autoregulation is attenu-
ated in young fit women. Physiological Reports, 7, e13984.

Labrecque, L., Rahimaly, K., Imhoff, S., Paquette, M., Le Blanc, 
O., Malenfant, S., Lucas, S. J. E., Bailey, D. M., Smirl, J. D., & 
Brassard, P. (2017). Diminished dynamic cerebral autoregula-
tory capacity with forced oscillations in mean arterial pressure 
with elevated cardiorespiratory fitness. Physiological Reports, 5, 
e13486.

Labrecque, L., Smirl, J. D., & Brassard, P. (2021). Utilization of the 
repeated squat-stand model for studying the directional sen-
sitivity of the cerebral pressure-flow relationship. Journal of 
Applied Physiology, 131, 927–936.

Labrecque, L., Smirl, J. D., Tzeng, Y. C., & Brassard, P. (2022). Point/
counterpoint: We should take the direction of blood pressure 

change into consideration for dynamic cerebral autoregulation 
quantification. Journal of Cerebral Blood Flow & Metabolism. 
https://doi.org/10.1177/02716​78X22​1104868

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate 
cumulative science: A practical primer for t-tests and ANOVAs. 
Frontiers in Psychology, 4, 863.

Lewis, N. C., Smith, K. J., Bain, A. R., Wildfong, K. W., Numan, T., 
& Ainslie, P. N. (2015). Impact of transient hypotension on 
regional cerebral blood flow in humans. Clinical Science, 129, 
169–178.

Lind-Holst, M., Cotter, J. D., Helge, J. W., Boushel, R., Augustesen, 
H., Van Lieshout, J. J., & Pott, F. C. (2011). Cerebral autoreg-
ulation dynamics in endurance-trained individuals. Journal of 
Applied Physiology, 110, 1327–1333.

Lucas, S. J., Cotter, J. D., Brassard, P., & Bailey, D. M. (2015). 
High-intensity interval exercise and cerebrovascular health: 
Curiosity, cause, and consequence. Journal of Cerebral Blood 
Flow and Metabolism, 35, 902–911.

MacInnis, M. J., & Gibala, M. J. (2017). Physiological adaptations to 
interval training and the role of exercise intensity. The Journal 
of Physiology, 595, 2915–2930.

Maxwell, J. D., Bannell, D. J., Brislane, A., Carter, S. E., Miller, G. 
D., Roberts, K. A., Hopkins, N. D., Low, D. A., Carter, H. H., 
Thompson, A., Claassen, J. A. H. R., Thijssen, D. H. J., & Jones, 
H. (2022). The impact of age, sex, cardio-respiratory fitness, 
and cardiovascular disease risk on dynamic cerebral autoreg-
ulation and baroreflex sensitivity. European Journal of Applied 
Physiology, 122, 1531–1541.

McNarry, M. A., Lewis, M. J., Wade, N., Davies, G. A., Winn, C., 
Eddolls, W. T. B., Stratton, G. S., & Mackintosh, K. A. (2019). 
Effect of asthma and six-months high-intensity interval train-
ing on heart rate variability during exercise in adolescents. 
Journal of Sports Sciences, 37, 2228–2235.

Miller, G. D., Maxwell, J. D., Thompson, A., Cable, N. T., Low, D. A., 
George, K. P., & Jones, H. (2022). The effects of exercise training 
in the cold on cerebral blood flow and cerebrovascular function in 
young healthy individuals. Autonomic Neuroscience, 238, 102945.

Ogoh, S., Brothers, R. M., Eubank, W. L., & Raven, P. B. (2008). 
Autonomic neural control of the cerebral vasculature: Acute 
hypotension. Stroke, 39, 1979–1987.

Panerai, R. B., Barnes, S. C., Nath, M., Ball, N., Robinson, T. G., & 
Haunton, V. J. (2018). Directional sensitivity of dynamic ce-
rebral autoregulation in squat-stand maneuvers. American 
Journal of Physiology-Regulatory, Integrative and Comparative 
Physiology, 315, R730–R740.

Paquette, M., Le Blanc, O., Lucas, S. J., Thibault, G., Bailey, D. M., & 
Brassard, P. (2017). Effects of submaximal and supramaximal 
interval training on determinants of endurance performance 
in endurance athletes. Scandinavian Journal of Medicine & 
Science in Sports, 27, 318–326.

Perry, B. G., Cotter, J. D., Korad, S., Lark, S., Labrecque, L., 
Brassard, P., Paquette, M., Le Blanc, O., & Lucas, S. J. E. (2019). 
Implications of habitual endurance and resistance exercise for 
dynamic cerebral autoregulation. Experimental Physiology, 104, 
1780–1789.

Roy, M. A., Labrecque, L., Perry, B. G., Korad, S., Smirl, J. D., & 
Brassard, P. (2022). Directional sensivitivity of the cerebral 
pressure-flow relationship in young healthy individuals trained 
in endurance and resistance exercise. Experimental Physiology, 
107, 299–311.

https://doi.org/10.1177/0271678X221104868


12 of 12  |      ABBARIKI et al.

Seiler, S., Jøranson, K., Olesen, B. V., & Hetlelid, K. J. (2013). 
Adaptations to aerobic interval training: Interactive effects 
of exercise intensity and total work duration. Scandinavian 
Journal of Medicine & Science in Sports, 23, 74–83.

Serrador, J. M., Picot, P. A., Rutt, B. K., Shoemaker, J. K., & Bondar, 
R. L. (2000). MRI measures of middle cerebral artery diameter 
in conscious humans during simulated orthostasis. Stroke, 31, 
1672–1678.

Shi, X., Crandall, C. G., Potts, J. T., Williamson, J. W., Foresman, B. 
H., & Raven, P. B. (1993). A diminished aortic-cardiac reflex 
during hypotension in aerobically fit young men. Medicine and 
Science in Sports and Exercise, 25, 1024–1030.

Smith, E. C., Pizzey, F. K., Askew, C. D., Mielke, G. I., Ainslie, P. N., 
Coombes, J. S., & Bailey, T. G. (2021). Effects of cardiorespiratory 
fitness and exercise training on cerebrovascular blood flow and 
reactivity: A systematic review with meta-analyses. American 
Journal of Physiology. Heart and Circulatory Physiology, 321, 
H59–H76.

Tomoto, T., Repshas, J., Zhang, R., & Tarumi, T. (2021). Midlife aero-
bic exercise and dynamic cerebral autoregulation: Associations 
with baroreflex sensitivity and central arterial stiffness. Journal 
of Applied Physiology, 131, 1599–1612.

Tzeng, Y. C., Ainslie, P. N., Cooke, W. H., Peebles, K. C., Willie, C. K., 
MacRae, B. A., Smirl, J. D., Horsman, H. M., & Rickards, C. A. 
(2012). Assessment of cerebral autoregulation: The quandary 
of quantification. American Journal of Physiology-Heart and 
Circulatory Physiology, 303, H658–H671.

Tzeng, Y. C., Willie, C. K., Atkinson, G., Lucas, S. J., Wong, A., & 
Ainslie, P. N. (2010). Cerebrovascular regulation during tran-
sient hypotension and hypertension in humans. Hypertension, 
56, 268–273.

Uusitalo, A. L., Uusitalo, A. J., & Rusko, H. K. (2000). Heart rate 
and blood pressure variability during heavy training and over-
training in the female athlete. International Journal of Sports 
Medicine, 21, 45–53.

Verbree, J., Bronzwaer, A. S., Ghariq, E., Versluis, M. J., Daemen, 
M. J., van Buchem, M. A., Dahan, A., van Lieshout, J. J., & van 
Osch, M. J. (2014). Assessment of middle cerebral artery diame-
ter during hypocapnia and hypercapnia in humans using ultra-
high-field MRI. Journal of Applied Physiology, 117, 1084–1089.

Weston, K. S., Wisløff, U., & Coombes, J. S. (2014). High-intensity 
interval training in patients with lifestyle-induced cardiomet-
abolic disease: A systematic review and meta-analysis. British 
Journal of Sports Medicine, 48, 1227–1234.

Whitaker, A. A., Aaron, S. E., Kaufman, C. S., Kurtz, B. K., Bai, S. 
X., Vidoni, E. D., Montgomery, R. N., & Billinger, S. A. (2022). 
Cerebrovascular response to an acute bout of low-volume high-
intensity interval exercise and recovery in young healthy adults. 
Journal of Applied Physiology, 132, 236–246.

Whitaker, A. A., Alwatban, M., Freemyer, A., Perales-Puchalt, J., & 
Billinger, S. A. (2020). Effects of high intensity interval exercise 
on cerebrovascular function: A systematic review. PLoS One, 
15, e0241248.

Zhang, R., Claassen, J. A., Shibata, S., Kilic, S., Martin-Cook, K., 
Diaz-Arrastia, R., & Levine, B. D. (2009). Arterial-cardiac baro-
reflex function: Insights from repeated squat-stand maneuvers. 
American Journal of Physiology. Regulatory, Integrative and 
Comparative Physiology, 297, R116–R123.

How to cite this article: Abbariki, F., Roy, M-A, 
Labrecque, L., Drapeau, A., Imhoff, S., Smirl, J. D., 
& Brassard, P. (2022). Influence of high-intensity 
interval training to exhaustion on the directional 
sensitivity of the cerebral pressure-flow relationship 
in young endurance-trained men. Physiological 
Reports, 10, e15384. https://doi.org/10.14814/​
phy2.15384

https://doi.org/10.14814/phy2.15384
https://doi.org/10.14814/phy2.15384

	Influence of high-­intensity interval training to exhaustion on the directional sensitivity of the cerebral pressure-­flow relationship in young endurance-­trained men
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Ethics and informed consent
	2.2|Participants
	2.3|Experimental protocol
	2.4|Training interventions
	2.5|Visit 1
	2.6|Repeated squat-­stand maneuvers
	2.7|Visit 2
	2.8|Visit 3
	2.9|Data acquisition
	2.10|Data analysis
	2.11|Statistical analysis

	3|RESULTS
	3.1|Baseline characteristics and resting values
	3.2|Hemodynamic changes and time intervals during squat-­stands
	3.3|Directional sensitivity of the cerebral pressure-­flow relationship before exercise training
	3.4|Influence of HIIT on the directional sensitivity of the cerebral pressure-­flow relationship

	4|DISCUSSION
	4.1|Directional sensitivity of the cerebral pressure-­flow relationship before exercise training
	4.2|Impact of HIIT on the directional sensitivity of the cerebral pressure-­flow relationship
	4.3|Influence of PETCO2 and cerebrovascular reactivity to CO2 on the directional sensitivity of the cerebral pressure-­flow relationship
	4.4|Effectiveness of dCA
	4.5|Methodological considerations

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	REFERENCES


