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Lower middle cerebral artery blood
velocity during low-volume high-intensity
interval exercise in chronic stroke
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Abstract

High-intensity interval training (HIIE) may present unique challenges to the cerebrovascular system in individuals post-

stroke. We hypothesized lower middle cerebral artery blood velocity (MCAv) in individuals post-stroke: 1) during 10

minutes of HIIE, 2) immediately following HIIE, and 3) 30 minutes after HIIE, compared to age- and sex-matched controls

(CON). We used a recumbent stepper submaximal exercise test to determine workloads for high-intensity and active

recovery. Our low volume HIIE protocol consisted of 1-minute intervals for 10 minutes. During HIIE, we measured

MCAv, mean arterial pressure (MAP), heart rate (HR), and end tidal carbon dioxide (PETCO2). We assessed carotid-

femoral pulse wave velocity as a measure of arterial stiffness. Fifty participants completed the study (25 post-stroke, 76%

ischemic, 32% moderate disability). Individuals post-stroke had lower MCAv during HIIE compared to CON (p¼ 0.03),

which remained 30 minutes after HIIE. Individuals post-stroke had greater arterial stiffness (p¼ 0.01) which was mod-

erately associated with a smaller MCAv responsiveness during HIIE (r¼�0.44). No differences were found for MAP,

HR, and PETCO2. This study suggests individuals post-stroke had a lower MCAv during HIIE compared to their peers,

which remained during recovery up to 30 minutes. Arterial stiffness may contribute to the lower cerebrovascular

responsiveness post-stroke.
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Introduction

Individuals post-stroke demonstrate an impaired cere-
brovascular response during moderate-intensity contin-
uous exercise,1,2 potentially due to the presence of
vascular disease, poor cerebrovascular reactivity to
end tidal carbon dioxide (PETCO2), poor endothelial
function, presence of stroke, or a combination of
these factors.1,3–6 While moderate-intensity continuous
exercise is the current aerobic exercise recommendation
for individuals post-stroke,7 high-intensity interval
exercise (HIIE) has recently gained interest as a prom-
ising therapeutic intervention.8–10 HIIE includes repet-
itive bouts of high-intensity exercise followed by active
or passive recovery.8,11,12 HIIE causes rapid physiolog-
ical changes in heart rate (HR), mean arterial pressure
(MAP), and PETCO2, which may challenge the cerebro-
vascular system in individuals post-stroke who have an
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underlying cerebrovascular injury and poor vascular
health.13–15

Previous reviews have postulated that individuals
post-stroke may not have a “typical” cerebrovascular
response,13,14 including the potential for heightened
mean arterial pressure and arterial stiffness, which
could in turn lead to an inability to vasoconstrict or
vasodilate downstream arterioles.5,14,16 Previous studies
in acute (<7 days)17 and subacute (7 days – 6 months)17

stroke revealed impaired cerebral autoregulation at
rest18,19 as well as during passive limb movement com-
pared to healthy controls.20,21 Individuals at 3-months
post-stroke have also shown a reduced cerebrovascular
response to moderate-intensity continuous exercise com-
pared to their age- and sex-matched controls.1 While few
studies have examined the cerebrovascular system in
individuals with chronic stroke (>6 months),17,22,23

one study reported lower cerebral blood velocity at
rest and during visual stimuli in individuals 2 months
to 7 years post-stroke.24 Therefore, the cerebrovascular
response to an aerobic exercise stimulus, such as HIIE,
may also be lower in individuals with chronic stroke.

To our knowledge, no studies have examined the
MCAv during an acute bout of HIIE in individuals
post-stroke.1,5,25 Two studies have examined MCAv
recovery following 1-minute interval HIIE and
reported decreased MCAv immediately following
HIIE that returned back to resting values at 30-minutes
after HIIE in young adults as well as prepubertal chil-
dren.15,26 However, due to prolonged blood pressure
recovery following aerobic exercise in individuals
post-stroke,27 the time to recovery of the cerebrovascu-
lar system may be longer than previously found in
young adults and prepubertal children. Therefore, the
recovery of the MCAv following HIIE may also pro-
vide valuable information in individuals post-stroke.

To address the gap in knowledge, the aim of this
study was to characterize the mean middle cerebral
artery blood velocity (MCAv), a surrogate measure
of cerebral blood flow,1,3,5,25,28–30 to a single bout of
low-volume HIIE in individuals with chronic stroke
compared to age- and sex-matched controls (CON).
We hypothesized that individuals post-stroke would
have lower MCAv: 1) during an acute 10-minute bout
of low-volume HIIE, 2) immediately following HIIE,
and 3) 30 minutes after HIIE, compared to CON.

Due to young healthy adults showing large increases
and decreases in MCAv during HIIE,15 we wanted to
determine whether this “responsiveness”, or MCAv
coefficient of variation (CoV), was lower in individuals
post-stroke compared to CON. As an exploratory anal-
ysis, we also wanted to determine potential participant
and stroke characteristics that may be related to
greater changes in MCAv or MCAv “responsiveness”
during HIIE.

Methods

Study procedures were approved by the University of
Kansas Medical Center Human Subjects Committee.
Research was conducted in accordance with the
Declaration of Helsinki and local statutory require-
ments. This study was registered on clinicaltrials.gov
(NCT04673994). STROBE guidelines were followed.
Data is available upon request to corresponding author.

We recruited individuals with chronic stroke
between 6-months to 5 years and adults without
stroke who were matched to sex and age �5 years.
Inclusion criteria: 1) 40–85 years old, 2) performed
<150 minutes of moderate-intensity exercise per week
within the past month, and 3) answered consenting
questions and followed 2-step command. Exclusion cri-
teria: 1) COVID-19 stroke etiology, 2) symptoms of
COVID-19 and/or currently positive, 3) could not
stand from a seated position without physical assistance
from another person, 4) unable to perform exercise on
a recumbent stepper, 5) currently insulin-dependent,
6) currently using supplementary oxygen, and 7) history
of another neurologic disorder.

Power analysis

Due to our study being the first to examine MCAv
during HIIE in individuals post-stroke, our sample
size was calculated based on our prior work reporting
the MCAv response to moderate-intensity continuous
exercise in individuals post-stroke compared to CON,
with an effect size of d¼ 1.361 between groups with no
hypothesized group-by-time interaction. We simulated
data for 50 participants (1:1 allocation) for every time
point with an assumed effect size of 1.36. Data sets
were simulated 1,000 times and a linear mixed model
was fit for every simulated data set. With n¼ 50 and if
our assumptions were correct, we would have 98%
power. Therefore, if our effect size is slightly lower
than previously seen during moderate-intensity, we
would still be sufficiently powered.

Visit 1. Participants were informed of study procedures,
benefits, and risks, and provided voluntary written
informed consent. Next, we collected demographics,
current medications, modified Rankin scale (mRS),31

and the Fugl Meyer Lower Extremity Subscale.32

Participants were screened for MCAv signal by an
assessor blinded to group.

Submaximal exercise test

The total body recumbent stepper (TBRS, T5XR
NuStep, Inc. Ann Arbor, MI) submaximal exercise
test is a valid and reliable measure of fitness.33–36 We
have previously published on the use of the TBRS
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submaximal exercise test in stroke34,37 and to determine

the workload for HIIE.15 Following the published pro-

tocol, participants began exercising at 30 watts and

stepped at a constant pace between 95–100 steps per

minute (spm). We followed the TBRS submaximal

exercise test’s protocol for workload progression.33–35

Heart rate (HR, Polar electro Inc, New York) and

rating of perceived exertion (RPE) were collected

every minute. To maintain similar conditions between

the submaximal exercise test and our recordings, par-

ticipants were asked to only exercise with their legs. As

performed in our prior work,1,38 the participants’ arms

rested on adjustable height tables to ensure the arms

were at heart-level for blood pressure readings.

Previous test termination criteria were followed.15,33,37

After the exercise test, participants performed a

2-minute cool-down and rested for �15 minutes to

allow HR and MAP to return to resting values.
The TBRS submaximal exercise test linear regres-

sion equation was used to calculate the estimated max-

imal oxygen consumption (estimatedV_O2max).33 The

linear relationship between workload and HR (i.e.

slope) was plotted to determine the estimated maximal

watts (estimatedWattmax) to determine the appropriate

workload for the high-intensity and active recovery

bouts.36 For individuals on beta-blockers, predicted

maximal HR was calculated from the beta-blocker

equation (164 – (0.7 � age)).39 Similar to previous

HIIE protocols in older adults and clinical populations,

high-intensity was 70% estimatedWattmax and active

recovery was 10% estimatedWattmax.
8,40–45

Exercise familiarization

HIIE familiarization included practicing switching

every minute between high-intensity (70%

estimatedWattmax) and active recovery (10%

estimatedWattmax), while maintaining a consistent

step rate between 95–100 spm, for no more than 10

minutes.15 Based on previously published HIIE proto-

cols in individuals with chronic stroke, a HR limit of

85% of age-predicted maximum HR was used.46

Visit 2. All participants were asked to refrain from caf-

feine for 8 hours,47 food for 2 hours,48 and vigorous

exercise49 and alcohol50 for 24 hours. The room was

dimly lit with a constant temperature (21–23 �C).15,38

Carotid ultrasound

Participants laid supine for 20 minutes while we con-

ducted bilateral Doppler ultrasound scans (GE

Healthcare LOGIQ Ultrasound, Chicago, IL) of the

common and internal carotid artery. A blinded physi-

cian (SE) reviewed images offline and determined the

degree of carotid stenosis based on classifications from

the Society of Radiologists in Ultrasound.51

Next, we collected carotid-femoral pulse wave veloc-

ity (PWV, SphygmoCor, Itasca, IL), a measure of arte-

rial stiffness.52 A thigh cuff was placed on the upper

right leg while a sensor was placed on the right carotid

pulse. The aortic distance was estimated by taking the

difference between the distance from the carotid artery

pulse to the sternal notch and the distance from

the sternal notch to the femoral artery site.53

Approximately ten cardiac cycles were collected via

the piezoelectric sensors. The aortic distance was then

divided by the average time difference from the carotid

and femoral diastolic troughs, or wavefoot.54 PWV was

performed for 2 separate trials and averaged. A higher

average PWV indicated greater arterial stiffness.52

Experimental procedure

Participants sat quietly for 20 minutes while instru-

mented with the following equipment: 1) bilateral

TCD probes (2-MHz, Multigon Industries Inc,

Yonkers, New York) to measure mean MCAv, 2) a

5-lead electrocardiogram (ECG; Cardiocard, Nasiff

Associates, Central Square, New York) to measure

HR, 3) a nasal cannula attached to a capnograph

(BCI Capnocheck Sleep 9004 Smiths Medical,

Dublin, Ohio) to measure PETCO2 and respiratory

rate (RR), 4) a left middle finger Finometer (Finapres

Medical Systems, Amsterdam, the Netherlands) to

measure beat-to-beat MAP, and 5) a gold-standard

microphoned, brachial automated sphygmomanometer

(Tango M2; Suntech, Morrisville, NC) on the right arm

to calibrate the Finometer. For participants with left

upper extremity spasticity, the Finometer was placed

on the right middle finger.
Recordings started with 5 minutes of baseline (BL)

seated rest. Participants performed 10 minutes of low-

volume HIIE with 1-minute high-intensity (70%

estimatedWattmax) separated by 1-minute active recov-

ery (10% estimatedWattmax). As performed previously,

we started with 10% estimatedWattmax to avoid a

Valsalva maneuver.15 RPE was collected immediately

after HIIE. Following HIIE, participants performed a

2-minute active cool-down with decreased resistance

and step rate. After the cool-down, we continued our

recording for another 5 minutes of seated rest to mea-

sure recovery immediately following HIIE and then 30

minutes after HIIE.

Data acquisition

As previously published, raw data was sampled

at 500Hz and collected via an analog-to-digital

unit (NI-USB-6212, National Instruments) and
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custom-written software within MATLAB (v2014a,
TheMathworks Inc, Natick, Massachusetts).15,38 Our
prior work showed no significant difference between
right and left MCAv in healthy adults.38 Therefore,
the left MCAv signal was used for CON. If the left
MCA signal was not obtainable, then right MCAv
was used.38 In individuals post-stroke, we acquired
both left and right MCAv. The ipsilesional hemi-
sphere’s MCAv in individuals post-stroke was used to
compare to CON. For individuals post-stroke with
clinical imaging of bilateral strokes (n¼ 3), the
MCAv side used for analysis compared to CON was
determined by the hemisphere with the larger lesion.

We calculated 5-minute averages for the variables
of interest at BL, immediately following HIIE, and
30 minutes after HIIE. During HIIE, 1-minute aver-
ages were calculated for a total of 10 separate time
points.15,26,55

Data analysis

Normality was determined using a Shapiro-Wilk test.
Participant characteristics were compared using t-tests
or Mann-Whitney U tests for non-normally distributed
continuous variables, and Fisher’s exact test or Chi-
Square test for categorical variables. BL values were
compared between groups using independent t-tests
or Mann-Whitney U tests.

To analyze the primary aim, we fit a linear mixed
model with MCAv during HIIE (10 time points) as the
response, fixed effects for time and quadratic time
(minutes) and group (stroke/CON), and a random
intercept for each participant. Residual analyses
showed lack of model fit with only linear time effect
and the residual plots indicated a quadratic relation-
ship. Thus, we included a quadratic effect for time
which resulted in a better model fit. We used an
autoregressive-1, AR(1), correlation structure to
model the dependencies across time. The mixed
model has significant advantages over more traditional
techniques for analyzing longitudinal data, including
better modeling dependencies across time and allowing
for more flexible time effects. The primary between
group comparison was tested as a one-sided test with
a¼ 0.05.56 After our primary analysis, a sensitivity
analysis which included BL MCAv was performed.
To determine whether MCAv differed between
groups during recovery immediately following HIIE
and at 30 minutes after HIIE, we used ANCOVA
models adjusted for BL. These models were chosen
instead of mixed models due to the hypothesis being
specifically on the differences between groups immedi-
ately after HIIE and 30 minutes after HIIE.

For secondary outcomes (MAP, HR, PETCO2, and
RR) we performed the same statistics as the primary

aim. We fit a linear mixed model with fixed effects for
time and group (stroke/CON), and a random intercept.
Residual analysis for these secondary aims did not sug-
gest a quadratic time effect was necessary for model fit, so
only a linear time effect was included. During recovery,
we examined differences between groups in secondary
outcomes using separate ANCOVAs immediately follow-
ing HIIE and 30-minutes after HIIE, adjusted for BL.
Assumptions of all the models were assessed using resid-
ual analyses, e.g., QQ-plots, predicted vs. fitted.

As an exploratory aim, we calculated each individ-
ual’s coefficient of variation of the 10 time points
during HIIE (CoV¼ (MCAv SD/MCAv average)
*100) to determine each participant’s MCAv
“responsiveness” to HIIE. We used bivariate Pearson
Correlations to determine the association of MCAv
CoV with age, PWV, estimatedV_O2max, absolute
high-intensity watts, and with stroke specific variables
such as months since stroke, and Fugl Meyer lower
extremity score. To estimate the association between
MCAv CoV and dichotomous variables of sex, history
of stroke, carotid stenosis, beta-blocker use, statin use
and stroke specific variables of ischemic stroke and
MCA stroke we used Point-Biserial Correlations. For
mRS score, which is an ordinal measure, we used
Spearman’s rank correlation due to concerns over the
approximate normality assumption.

Results

Sixty individuals were enrolled within the study. Fifty
participants completed this study and were included in
the primary analysis, shown in Figure 1. Comparisons
of participant demographics between individuals post-
stroke (n¼ 25) and CON (n¼ 25) are shown in Table 1.
No adverse events occurred during the study. Model
assumptions were adequately met using residual
analyses.

Visit 1. For individuals with stroke, 40% reported no
significant disability on the mRS, while 28% reported
slight disability, and 32% reported moderate disability.
The lower extremity Fugl-Meyer Score was 23.2� 5.3,
indicating our participants with stroke had mild to
moderate lower extremity impairment.57 Although par-
ticipants with stroke reported higher use of beta block-
er and statin medications (Table 1), pulse wave
velocity, a measure of arterial stiffness, was higher in
those with stroke indicating greater arterial stiffness.
No group differences were observed for estimated
V_O2 max from the submaximal exercise test.
However, the workload in watts prescribed for the
HIIE exercise bout was significantly greater in the
CON group compared to the individuals post-stroke
for both the high-intensity and active recovery bouts.
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Visit 2. Participants returned to the laboratory 8� 6
days after their first study visit. At rest, BL MCAv
was significantly lower in individuals post-stroke com-
pared to CON (Cohen’s d¼ 0.61), shown in Table 2.
No group differences were observed for BL MAP, HR,
PETCO2, and RR.

MCAv during HIIE

During HIIE there was evidence for a strong time
(p< 0.001) and quadratic time (p< 0.001) effect and a
difference between groups (p¼ 0.03) with individuals
post-stroke having MCAv values 9.33 cm/s lower on
average, shown in Figure 2. As a sensitivity analysis,
we included BL MCAv as a covariate in the mixed
model. Time and quadratic time were both still associ-
ated with MCAv (p< 0.001). However, the group effect
was attenuated (b̂¼�1.01, p¼ 0.41). No group differ-
ences were observed during HIIE for MAP, HR,
PETCO2, and RR, shown in Figure 3. See
Supplementary Table 1 for the mean�SD of MCAv
and secondary outcomes (MAP, HR, PETCO2, and
RR) during HIIE and recovery. The ipsilesional and

contralesional MCAv to HIIE in individuals post-

stroke is also shown in Supplementary Figure 1.

MCAv during recovery

No group differences existed immediately following

HIIE (p¼ 0.42) or 30 minutes after HIIE (p¼ 0.46),

when controlling for BL MCAv, shown in Figure 4.

We also found no significant difference between

groups in MAP, HR, and RR immediately following

HIIE or 30 minutes after HIIE when controlling for

BL. When examining PETCO2 between groups, it was

not different immediately following HIIE (p¼ 0.22) but

was significantly different at 30 minutes after HIIE

(p¼ 0.02).

MCAv responsiveness

During HIIE, MCAv CoV was greater in CON

(�x¼ 5.16%� 1.80%, p¼ 0.01) compared to individuals

post-stroke (�x¼ 3.84%� 1.39%). Correlation coeffi-

cients between MCAv responsiveness with participant

characteristics and stroke-specific characteristics are

Figure 1. Flow diagram.
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shown in Table 3. A lower MCAv responsiveness was
moderately correlated to males (r¼�0.31), history
of stroke (r¼�0.39), and greater arterial stiffness
(r¼�0.44). When examining only individuals

post-stroke, MCAv responsiveness was only

moderately correlated with having an ischemic stroke

(r¼�0.34).

Discussion

This study was the first to characterize MCAv during

an acute bout of HIIE in individuals post-stroke and

addresses a critical gap in knowledge.13,14,25,27 Our

main findings are: 1) MCAv was uniformly lower

throughout HIIE and recovery in individuals post-

stroke compared to age- and sex-matched adults.

However, when accounting for BL MCAv, differences

between groups no longer remained, 2) the hemody-

namic response was not different between groups (i.e.

MAP, HR, PETCO2, and RR) during HIIE or recovery,

despite CON working at a higher absolute workload,

and 3) greater MCAv responsiveness during HIIE was

moderately correlated to being female, no history of

stroke, and having lower arterial stiffness.58

Table 1. Participant characteristics.

Individuals post-stroke

(n¼ 25)

CON

(n¼ 25) p-value

Age (years) 60� 12 60� 13 0.92

Female n (%) 9 (36%) 9 (36%) 1.00

BMI (kg/m2) 30.6� 5.8 28.6� 6.6 0.27

Race n (%) 0.54

Asian 0 1

Black/African American 4 2

White/Caucasian 20 22

White & Native American 1 0

Beta-blocker medication n (%) 10 (40%) 1 (4%) 0.01a

Statin medication n (%) 22 (88%) 11 (44%) 0.002a

Carotid stenosis n (%) 0.67

Normal 23 (92%) 21 (84%)

<50% 2 (8%) 4 (16%)

Carotid-femoral pulse wave velocity (m/s)b 9.18� 1.86 8.00� 1.89 0.01a

TBRS estimatedV_O2max (ml�kg�1�min�1) 29.5� 9.1 32.3� 10.0 0.32

Absolute high-intensity (Watts)b 80� 27 116� 35 0.001a

Absolute active recovery (Watts)b 16� 2 18� 4 0.04a

Rating of perceived exertion (6–20)b 14� 2 14� 2 0.73

Stroke characteristics

Months post-stroke 31� 16

Type of Stroke

n, % (ischemic, hemorrhagic)

19 (76%), 6 (24%)

Stroke Location n (%)

MCA & Territories 10 (40%)

ACA & Territories 3 (12%)

PCA & Territories 6 (24%)

Vertebrobasilar 2 (8%)

Cerebellar 1 (4%)

Combined MCA & ACA 3 (12%)

Means� SD. BMI: body mass index; TBRS: total body recumbent stepper; V_O2max: maximal oxygen consumption.
aSignificant between groups.
bNot normally distributed, used Mann-Whitney U test.

Table 2. Baseline hemodynamics.

Individuals

post-stroke

(n¼ 25)

CON

(n¼ 25) p-value

Mean MCAv (cm/s)a 41� 11 49� 13 0.04b

MAP (mmHg) 82� 12 80� 11 0.45

HR (bpm)c 69� 12 65� 8 0.32

PETCO2 (mmHg) 36� 4 36� 4 0.95

RR (breaths/min)c 14� 4 15� 3 0.27

Means� SD. MCAv: middle cerebral artery blood velocity; MAP: mean

arterial pressure; HR: heart rate; PETCO2: expired end tidal carbon

dioxide; RR: respiratory rate.
a(n¼ 24) MCAv signal on the ipsilesional hemisphere could not be

obtained in one individual post-stroke.
bSignificant between groups.
cNot normally distributed, used Mann-Whitney U test.
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We report a lower MCAv at rest in individuals with
chronic stroke (>6 months) compared to CON which is
supported by a previous study in individuals within the
subacute (7 days to 6 months) and chronic stage

post-stroke reporting lower MCAv at rest compared
to age-matched adults.59 Another study using magnetic
resonance imaging (MRI) also reported lower resting
regional blood flow in individuals with chronic stroke

Figure 2. Cerebrovascular Response to HIIE in Individuals Post-Stroke and CON. Controls (CON)¼ open circle. Stroke Ipsilesional
hemisphere¼ closed circle. BL: baseline; R: active recovery; H: high-intensity; MCAv: middle cerebral artery blood velocity.

Figure 3. Peripheral Response to HIIE in Individuals Post-Stroke and CON. Controls (CON)¼ open circles; Individuals post-
stroke¼ closed circles. BL: baseline; R: active recovery; H: high-intensity; MAP: mean arterial pressure; HR: heart rate; PETCO2:

expired end tidal carbon dioxide; RR: respiratory rate.

Whitaker et al. 633



Figure 4. Absolute Change in Cerebrovascular and Peripheral Response during Recovery Immediately Following HIIE and
30minutes after HIIE. Controls (CON)¼open bars. Individuals post-stroke¼ closed bars. Solid horizontal line¼ baseline.
R: active recovery; H: high-intensity; MAP: mean arterial pressure; HR: heart rate; PETCO2: expired end tidal carbon dioxide;
RR: respiratory rate.

Table 3. Associations between MCAv responsiveness and participant characteristics.

Participant characteristics (n¼ 50) 1 2 3 4 5 6 7 8 9 10

1MCAv responsiveness 1.00
2Age �0.04 1.00
3Sex (male) �0.31 0.28 1.00
4Stroke history �0.39 0.02 0.00 1.00
5Beta-blocker �0.22 0.19 0.23 0.47 1.00
6Statin use �0.27 0.41 0.34 0.46 0.30 1.00
7Arterial stiffness �0.44 0.27 0.24 0.31 0.32 0.44 1.00
8Carotid stenosis �0.12 0.28 0.02 �0.12 0.08 0.01 0.21 1.00
9EstimatedV_O2max 0.18 �0.15 0.16 �0.15 �0.12 �0.21 �0.42 �0.12 1.00
10High-intensity Watts 0.13 �0.18 0.23 �0.51 �0.34 �0.12 �0.20 �0.04 0.34 1.00

Stroke characteristics (n¼ 25) 1 2 3 4 5 6

1MCAv responsiveness 1.00
2Months since stroke 0.19 1.00
3Ischemic stroke �0.34 �0.18 1.00
4MCA stroke 0.19 0.34 �0.21 1.00
5mRS score 0.17 0.06 0.16 0.20 1.00
6Fugl Meyer lower extremity score 0.07 �0.02 0.21 �0.43 �0.30 1.00

Correlation coefficients (r). Low correlation¼ 0–0.3, Moderate correlation¼ 0.3–0.5. High correlation¼ 0.5–1.0.
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compared to younger and older healthy adults.22

Our results also showed lower MCAv during HIIE in
individuals post-stroke compared to CON, which
was no longer significant when accounting for BL.
Furthermore, individuals post-stroke had lower
MCAv responsiveness to HIIE, which was moderately
correlated with arterial stiffness. Arterial stiffening cre-
ates an inability of downstream arterioles to vasodilate
or vasoconstrict,60 which is essential to increasing and
decreasing MCAv during exercise.61 Our results sup-
port this hypothesis by showing an association between
MCAv responsiveness during HIIE and arterial stiff-
ness. Individuals post-stroke, who had greater arterial
stiffness compared to CON, also had a smaller MCAv
responsiveness during HIIE. One way to potentially
reduce arterial stiffness is through statin medication,62

which has been shown to improve cerebral vessel
health4,63 and restore the vasomotor abilities of the
downstream vessels.3 While our exploratory analysis
reported low correlations between statin use and beta-
blocker use with a greater MCAv responsiveness during
HIIE, we believe that future analyses is warranted.3,63

Exercise is also a non-pharmacological intervention
known to reduce blood pressure and improve peripheral
vascular health after stroke.64 Future work should
explore whether exercise such as HIIE can improve cere-
brovascular health in people post stroke.

The peripheral hemodynamic response (i.e. MAP,
HR) during HIIE was not significantly different
between individuals post-stroke and CON. The CON
group worked at a higher absolute workload during
HIIE which should have increased MAP and HR in
response to greater skeletal muscle use.65 However,
by performing the TBRS submaximal exercise test we
were able to account for lower muscle strength and
activation post-stroke by prescribing the exercise bout
as a percentage of estimated workload.65–67 During
recovery immediately following HIIE, MAP was
below BL. The decrease in MAP immediately following
HIIE did not meet the criteria of post-exercise hypo-
tension in our participants.68 However, this finding is
important since previous work suggests the brain is
most sensitive to decreases in MAP,27,69–71 and may
challenge cerebrovascular homeostasis during blood
pressure variations, also known as cerebral autoregu-
lation.49 Future work exploring the cerebral autoregu-
lation response to HIIE in individuals post-stroke is
needed.25,49

Cerebrovascular reactivity to carbon dioxide has a
critical role in the MCAv during HIIE in healthy young
adults.3,15,61,63,72,73 Based on our prior work perform-
ing low-volume HIIE in young healthy adults, MCAv
decreased during high-intensity as a potential result of
arterial acidemia leading to hyperventilation, decreased
PETCO2, and downstream arteriole vasoconstriction.15,38

During active recovery, healthy young adults were able
to recover their breathing which increased PETCO2,
causing downstream arteriole vasodilation which
“rebounded” or increased MCAv.15 While the work
presented here shows that both individuals post-
stroke and CON hyperventilated during high-intensity
and recovered their breathing during the active recovery
bouts of HIIE, MCAv did not follow the pattern of
PETCO2. Previous studies have shown reduced cerebro-
vascular reactivity to PETCO2 in individuals post-stroke
as well as healthy aging adults.3,72,73 Though our study
provides foundational information, further studies
should examine resting cerebrovascular reactivity to
carbon dioxide and pulmonary function in individuals
post-stroke to better understand its contribution to the
MCAv response to HIIE.

Our exploratory analysis revealed potential sex-
differences in the MCAv responsiveness to
HIIE.4,74,75 Our results confirm the need to sex-match
individuals between groups, due to women having
higher MCAv responsiveness compared to men.15

Our findings are supported by previous work showing
young women have a greater MCAv to HIIE compared
to young men.15 While not measured within the study,
estrogen and its protective role in vascular health could
have contributed to greater MCAv responsiveness.76–78

We did control for pre-menopausal women to be tested
during days 1–7 of the follicular cycle.76 We included
both pre-menopausal (44%) and post-menopausal
women (hormone replacement n¼ 2) within our
study, as the effects of hormones on MCAv was not
the intended objective but warrants further study.

Although our exploratory analysis reported low cor-
relations between MCAv responsiveness during HIIE
with age or estimatedV_O2max, we controlled for the
potential influence of these confounding variables
within the study design.74,75,77–79 This study included
age-matched (�5 years) adults who reported being
physically inactive (<150 minutes of moderate-
intensity exercise per week). Physical inactivity is asso-
ciated with increased vascular risk in healthy adults6,80

and could have caused a floor effect within the CON
group. Therefore, including only physically inactive
CON individuals may explain our findings of no differ-
ences between groups in the MCAv response to HIIE
when accounting for BL MCAv. A larger sample of
healthy adults across a larger spectrum of age and
physical activity levels may be needed to show an asso-
ciation between MCAv responsiveness during HIIE
with age and physical fitness.77,78

Limitations

TCD is currently the best method to examine the
cerebrovascular response to exercise with high
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temporal resolution.81 While there is controversy as to
how much MCA diameter changes with a specific exer-
cise stimulus,82,83 a previous study in older adults using
4D Flow Magnetic Resonance Imaging (MRI) showed
no significant change in MCA diameter during an
8mmHg change in PETCO2.

73 While our study
reported an average change in PETCO2<8mmHg, we
could not directly measure the MCA diameter during
exercise and therefore blood velocity cannot be
assumed to be an exact measure of cerebral blood flow.

While the TBRS submaximal exercise test allows
individuals to perform our HIIE protocol without the
need for a maximal exercise test, the prescription of
HIIE was based on an estimation rather than directly
measuring maximal heart rate and power output.11

While HIIE performed in young healthy adults may
reach higher HRs,84 we followed previous recommen-
dations of a heart limit of 85% age-predicted maximal
HR.33,46 However, it is worth noting that in individuals
post-stroke “prescription based on [age-predicted] max
HR may overestimate HR max, resulting in a higher
intensity than expected”.64,85,86 While submaximal
exercise testing overcomes barriers to aerobic exercise
prescription in individuals post-stroke,34,87 performing
maximal graded exercise tests and HIIE above 85%
HR max may elicit differing cerebrovascular and
hemodynamic responses. The TBRS submaximal exer-
cise test was developed to be a clinically feasible way to
estimate fitness, therefore, oxygen uptake was not col-
lected. However, the estimatedV_O2max calculated from
the regression equation may have overestimated phys-
ical fitness for the individuals post-stroke due to the
linear regression equation not accounting for beta-
blocker use.

While our study was powered for the primary anal-
ysis, all other analyses were unadjusted for multiplicity
and should be interpreted with caution. Due to a small
sample size (n¼ 22) we did not statistically compare
individuals post-stroke ipsilesional and contralesional
hemispheres, instead we presented this data visually in
Supplementary Figure 1.

Clinical relevance

HIIE is an exercise used worldwide and is an upcoming
mode of exercise for stroke rehabilitation.8,10,14,88 Our
study addressed the critical need that is currently
unknown regarding the cerebrovascular and hemody-
namic response of HIIE and could be used to guide
clinical implementation of HIIE in stroke rehabilita-
tion.13,14,25,27 While we report no difference in MCAv
to HIIE between individuals post-stroke and CON
after accounting for BL, our data show a decreased
MCAv responsiveness, or variation in MCAv, when
switching between high-intensity and active recovery

in individuals post-stroke. As observed in Figure 4,
MAP and PETCO2 demonstrated a responsiveness to
the high-intensity and active recovery. In our previous
work, we highlighted these physiologic variables are
known to impact MCAv during exercise through
either pressure driven influence or downstream arteri-
olar resistance.38 Our work and others reported a lower
MCAv response during moderate-intensity continuous
exercise.25 The results presented here combined with
prior work regarding the lack of MCAv response
during moderate-intensity continuous exercise1,5,38 sug-
gest an impaired cerebrovascular response after stroke
and may impact overall brain health. The MCAv
response to exercise in healthy individuals is strongly
correlated to cerebrovascular regulation and reactivi-
ty61 and while not directly measured within this study
may provide mechanistic insight to why the MCAv
response to exercise is reduced post-stroke.18 Given
the strong emphasis on healthy brain aging,89,90 the
present investigation provided valuable information
regarding cerebrovascular response after stroke.
Although the cerebrovascular system was less respon-
sive to the alternating high and low-intensity bouts, we
report no sudden drops or surges in MCAv with fluc-
tuations in blood pressure during HIIE whereas one
report previously hypothesized this could be of concern
in individuals post-stroke.14 Our findings provide ini-
tial support that large fluctuations in MCAv weren’t
observed with HIIE suggesting intact regulation in
chronic stroke. These findings are encouraging despite
data in acute stroke suggesting impaired cerebral
autoregulation.18 Exercise, especially HIIE, challenges
the system to maintain optimal cerebral blood flow and
ensure adequate nutrient delivery and removal of cel-
lular waste. The management of cerebral blood flow
during physiological stressors such as HIIE requires a
range of interconnected and redundant regulatory
mechanisms in the management of cerebral blood
flow.91 Future research is needed to determine whether
HIIE or high-intensity locomotor training can improve
MCAv following an intervention in people living
with chronic stroke as well as earlier stages of stroke
recovery when cerebral autoregulation may be
impaired.18,19,92 Further, we need to understand wheth-
er moderate intensity continuous exercise or high inten-
sity interval exercise is optimal for improving MCAv
and other measures of cerebrovascular health in people
after stroke.

Our protocol describes a feasible method to pre-
scribe and perform HIIE on a recumbent stepper in
individuals with chronic stroke. Our protocol was suc-
cessfully implemented in 25 individuals with minor to
moderate stroke severity as well as 25 inactive middle-
age and older adults with no adverse events. While
treadmill HIIE protocols must take into account
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walking capacity and neuromuscular fatigue to reach
high-intensity HR zones,8,93 we have shown the ability
to reach �75% age-predicted HRmax on a recumbent
stepper when performing 1-minute bouts of high-
intensity at 70% power output. Individuals post-
stroke were also able to perform HIIE and maintain
blood pressures values that follow the American
College of Sports Medicine’s exercise guidelines.58,94

Therefore, we provide the foundational knowledge on
the physiological response during HIIE in individuals
with chronic stroke and inactive adults.

Conclusion

Our data showed lower MCAv during HIIE in individ-
uals post-stroke when compared to their age- and sex-
matched peers. However, when controlling for BL
MCAv in individuals post-stroke, differences between
groups during HIIE and recovery no longer remained.
Lower MCAv responsiveness, or the variation in
MCAv, to HIIE may be associated with stroke pathol-
ogy, poor vascular health, or sedentary behavior.4

While we provide the foundational knowledge on the
cerebrovascular response in individuals post-stroke,
further characterization of other metrics such as cere-
brovascular reactivity, cerebral autoregulation,19 endo-
thelial function, and blood-brain barrier permeability
following an acute bout of HIIE are warranted.18,91

Future studies should also examine whether the greater
vascular challenge during HIIE95 could improve cere-
brovascular health in individuals post-stroke and inac-
tive adults after a chronic exercise intervention. 95,96
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