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Pilot Study to Characterize Middle Cerebral
Artery Dynamic Response to an Acute Bout
of Moderate Intensity Exercise at 3- and
6-Months Poststroke
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Sophy J. Perdomo “*, PhD; Jaimie L. Ward, MS; Sarah M. Eickmeyer, MD; Stephen X. Bai, MD;
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BACKGROUND: The primary aim of this study was to characterize the middle cerebral artery blood velocity (MCAv) dynamic
response to an acute bout of exercise in humans at 3- and 6-months poststroke. As a secondary objective, we grouped in-
dividuals according to the MCAv dynamic response to the exercise bout as responder or nonresponder. We tested whether
physical activity, aerobic fitness, and exercise mean arterial blood pressure differed between groups.

METHODS AND RESULTS: Transcranial Doppler ultrasound measured MCAv during a 90-second baseline followed by a 6-minute
moderate intensity exercise bout. Heart rate, mean arterial blood pressure, and end-tidal CO, were additional variables of
interest. The MCAv dynamic response variables included the following: baseline, time delay, amplitude, and time constant.
Linear mixed model revealed no significant differences in our selected outcomes between 3- and 6-months poststroke.
Individuals characterized as responders demonstrated a faster time delay, higher amplitude, and reported higher levels of
physical activity and aerobic fithess when compared with the nonresponders. No between-group differences were identified
for baseline, time constant, or exercise mean arterial blood pressure. In the nonresponders, we observed an immediate rise
in MCAv following exercise onset followed by an immediate decline to near baseline values, while the responders showed an
exponential rise until steady state was reached.

CONCLUSIONS: The MCAv dynamic response profile has the potential to provide valuable information during an acute exercise
bout following stroke. Individuals with a greater MCAv response to the exercise stimulus reported statin use and regular par-
ticipation in exercise.
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during exercise has been reported in individuals

within 1 year poststroke.! We previously demon-
strated individuals with middle cerebral artery (MCA)
stroke showed no significant differences in resting
MCA blood velocity (MCAv) when compared with age-
and sex-matched peers.? However, the MCAv dynamic
response during exercise was significantly lower for

Impaired cerebrovascular hemodynamic response

those poststroke. Despite the impaired cerebrovascu-
lar response to exercise, a 6-month aerobic exercise
treadmill training program in chronic stroke survivors
conferred benefit on cerebrovascular reserve for those
randomized to the intervention when compared with
controls.® This evidence, albeit limited, suggests po-
tential impairment in cerebrovascular control mecha-
nisms following stroke.
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CLINICAL PERSPECTIVE

What Is New?

e Cerebral blood velocity, using transcranial
Doppler ultrasound, remains unchanged from
3- to 6-months poststroke at rest and during an
acute bout of exercise.

e |ndividuals with higher blood velocity response
during an acute bout of moderate intensity ex-
ercise showed higher levels of fitness and re-
ported statin use.

e No differences were found for stroke location or
acute stroke intervention.

What Are the Clinical Implications?

e Cerebrovascular control mechanisms during
physical challenge such as exercise may be im-
paired after stroke.

e Following an active lifestyle and statin use may
provide benefit by 3 months poststroke.

Nonstandard Abbreviations and Acronyms

CVR cerebrovascular response
HR heart rate

MCA middle cerebral artery

MCAv middle cerebral artery blood velocity
P.,CO, end-tidal carbon dioxide

TD time delay

The primary objective of this study was to char-
acterize the MCAv dynamic response to a moder-
ate intensity acute exercise bout at 3- and 6-months
poststroke. We hypothesized that the dynamic re-
sponse profile would improve from 3- to 6-months
poststroke. In our previous work comparing young
and older adults, we excluded 1 older female partic-
ipant from analysis because her data did not fit the
exponential model.* Rather than exclude participants
with stroke whose data may not fit the exponential
model, we decided further scientific inquiry was war-
ranted. As a secondary objective, we divided partici-
pants into responders and nonresponders based on
the model fit. We compared physical activity levels
and hemodynamic exercise response. We hypothe-
sized that individuals in the responder group would
report greater physical activity, higher estimated VO,
maximum, and higher mean arterial blood pres-
sure (MAP) during exercise when compared with
nonresponders.
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MCAvV Response Poststroke

METHODS

Participants

The primary objective of the study was to charac-
terize the MCAv and dynamic response profile at
3- and 6-months poststroke. Since no prior data are
available for a power analysis, we chose to enroll 20
participants. To account for a 25% to 30% dropout
rate, we overenrolled by 6 for a sample size of 26
participants.

We identified individuals poststroke during the acute
orinpatient rehabilitation stay at the University of Kansas
Health System. Inclusion criteria were (1) unilateral isch-
emic stroke, (2) stenosis in the common and internal
carotid artery including intracranial stenosis of <70%.3°
A radiologist (L.L.) made this interpretation using ultra-
sound imaging or angiogram in the electronic medical
record, (3) 35 to 95 years of age, (4) physician approval
for exercise participation, (5) able to walk >10 m without
physical assistance, and (6) able to travel to the uni-
versity for the experimental protocol. Exclusion criteria
were (1) unable to consent, (2) inability to perform con-
tinuous reciprocal stepping with their lower extremities
on the seated recumbent stepper (TSXR NuStep, Inc.,
Ann Arbor, M), (3) diagnosis of other neurologic dis-
ease, and (4) use of supplemental oxygen.

We accessed the electronic medical record (S.X.B.)
after consent and following the 3-month visit for in-
formation such as lesion location, stroke cause and
stroke treatment (tissue plasminogen activator, throm-
bectomy). Lesion size was calculated (S.X.B.) using a
clinical scan either the day of admission or the follow-
ing day using established methods.®7

Experimental Procedure

Study visits occurred in a laboratory setting at 3- and
6-months poststroke. Participants were asked to ab-
stain from caffeine for a minimum of 6 hours, a meal
for 2 hours, and vigorous exercise at least 12 hours be-
fore the study visit.*® The University of Kansas Medical
Center Human Subjects Committee approved all ex-
perimental procedures. Institutionally approved written
informed consent was obtained from each individual
before study participation.

Familiarization

The laboratory room in which the experimental pro-
tocol took place was dimly lit, quiet, and maintained
a constant temperature between 22°C and 24°C.2 Al
external stimuli were kept to a minimum. Participants
completed the familiarization session as previously
described.?*8 Briefly, participants practiced using the
recumbent stepper while the target work rate was de-
termined. Participants were familiarized with the nasal
cannula and instructed to breathe only through their
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nose. This ensured that we obtained accurate meas-
ures for end-tidal carbon dioxide (Pc;CO,). Following
familiarization, we obtained height, weight, and com-
pleted remaining study documents for demograph-
ics, modified Rankin scale, the Montreal Cognitive
Assessment, and self-reported physical activity for the
nonexercise estimated VO, maximum.®

Protocol Set-Up

Individuals were instrumented with the follow-
ing equipment: (1) transcranial Doppler ultrasound
(Multigon Industries Inc., Yonkers, NY), an adjust-
able headband, and 2-MHz transcranial Doppler
ultrasound probes for acquisition of MCAv (cmxs™).
The transcranial Doppler ultrasound sonographer
was blinded to the side of stroke and entered the
room only after the participant was set up to find the
MCAv signal; (2) A 5-lead ECG (Cardiocard, Nasiff
Associates, Central Square, NY) recorded heart rate
(HR); (3) beat-to-beat MAP was obtained from the left
middle finger (Finometer, Finapres Medical Systems,
Amsterdam, The Netherlands); and (4) nasal can-
nula and capnograph (BCl Capnocheck Sleep 9004
Smiths Medical, Dublin, OH). We monitored P¢;CO, to
ensure participants did not hyperventilate,® resulting
in lower Pc;CO, and cerebral artery vasoconstriction.
Raw data acquisition occurred through an analog-
to-digital unit (NI-USB-6212, National Instruments)
and custom-written software operating in MATLAB
(v2014a, The Mathworks Inc., Natick, MA).

Exercise Protocol

We used moderate-intensity exercise (45%-55% of the
participant’s HR reserve) for the acute exercise bout. We
determined the HR range from 1 of 2 equations: (1) age-
predicted (220—age) HR maximum or (2) 164-0.72xage
for participants using B-blocker medication.’

The baseline recording lasted 90 seconds followed
by 6 minutes of moderate intensity exercise. Following
the 6-minute exercise bout, the participant engaged
in an active cool down for 2 minutes followed by rest
until HR, MCAv, and MAP returned to baseline values.
Participants performed a second exercise bout and
data points were averaged to optimize signal-to-noise
ratio.8 All variables were sampled at 500 Hz and then
interpolated to 2.0 Hz. Three-second averages were
calculated and then smoothed using a 9-second slid-
ing window average. We used R version 3.2.4 (R Core
Team, Vienna, Austria)' with the “nls” function package
to model the dynamic response profile. To ensure data
quality, data with R-to-R intervals >5 Hz or changes in
peak blood velocity >10 cm/s in a single cardiac cycle
were considered artifact and censored. If acquisitions
had >15% of data points censored, they were discarded.
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MCAv and Dynamic Response Profile

Kinetics were modeled for MCAv over the entire exer-
cise bout with a mono-exponential model:

MCA,, (t) =BL x (t < TD) + (BL + Amp (1 —e~*=T0/7) x (t > TD))

where MCA,(t) is the MCA, at any point in time, BL
is baseline before exercise onset, Amp is the peak
amplitude of the response above resting BL, TD is
the time delay preceding the exponential increase in
MCA,, and t is the time constant or time-to-63% of
the peak amplitude. The cerebrovascular response
(CVR) is the difference between the BL and mean
MCAv sampled during steady-state exercise be-
tween 3 and 4.5 minutes.

For this study, individuals whose MCAv increased
in a close-to-exponential pattern being well-fit by
a delay+exponential function were labeled as re-
sponders. Individuals whose data revealed poor
model fit (excessive TD value >100 s, or Amp value
<2 cmxs™" or exercise MCAv values below resting
baseline) or a nonexponential response were labeled
as nonresponders.

Six-Minute Walk Test

Participants were given a 20-minute rest following the
exercise session. HR and blood pressure were taken
to ensure the participant sufficiently recovered from
the exercise bout and values returned to resting. The
6-minute walk test was performed in a hallway with
no distractions or foot traffic according to guidelines
outlined by the American Thoracic Society.'?

Statistical Analysis

Data supporting the results of this study are available
upon request to the corresponding author. Data are
presented as mean+SD unless stated otherwise. To ac-
count for the missing data across study visits, we used
a linear mixed model to test for differences between 3-
and 6-months poststroke. Time was used as categori-
cal variable and entered into the model as a fixed effect.
To test for between-group differences (responders ver-
sus nonresponders), we performed 1-way ANOVA or
Mann-Whitney U test as appropriate following visual
inspection of probability plots and Shapiro-Wilk tests.
Fisher exact tests were used for categorical data.
Differences were considered significant when P<0.05.

RESULTS

Participant Characteristics

Twenty-seven participants gave consent to partici-
pate in the study. One person gave consent twice
because this individual experienced 2 separate
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Table 1. Kinetic Response Across Time

MCAvV Response Poststroke

3 mo (Mean/95% Cl) (n=22) 6 mo (Mean/95% Cl) (n=15) F-test P Value
Ipsilesional MCAv
BL, cmxs™ 511 (43.9-58.4) 50.2 (43.3-57.1) 1.9 0.19
1D, s 55.6 (26.1-85.1) 59.0 (25.5-92.4) 0.2 0.70
Amp, cmxs™' 5.5 (2.6-8.3) 5.8 (2.5-9.0) 0.3 0.63
T8 34.6 (16.8-52.4) 53.9 (19.6-88.1) 1.6 0.24
CVR 4.32 (2.20-6.43) 5.07 (2.78-7.36) 07 0.40
Contralesional MCAv
BL, cmxs™ 62.1 (50.7-73.6) 56.2 (48.8-63.6) 1.3 0.27
1D, s 42.2 (17.7-66.7) 62.7 (38.0-87.4) 3.0 0.11
Amp, cmxs™' 7.2 (3.5-10.90) 7.3 (4.3-10.30) 0.4 0.56
T8 25.4 (13.3-37.5) 21.0 (3.6-38.3) 0.0 0.91
CVR 5.4 (2.9-7.9) 57 (3.2-8.3) 0.2 0.68

Data are presented as mean (95% CI). Amp indicates amplitude; BL, baseline; CVR, cerebrovascular response; MCAv, middle cerebral artery blood velocity;

TD, time delay; and T, time constant.

stroke events. The first stroke was in the left MCA
and then the right MCA stroke occurred a year later.
The 3- and 6-month data for this person have been
published as a case report.”® Data from the second
stroke (right MCA) was not included in the present
article because this was a unique case. Participants
(n=26) were 69% men, 63.0+14.0 years of age, and
96.3+12.6 days poststroke. Sixty-nine percent identi-
fied as White, 0% as Hispanic, 31% as Black, 4%
as Native American, and 4% as Asian. Multiple race
categories were selected. Resting systolic blood
pressure was 138.5+18.3 mm Hg and diastolic blood
pressure was 80.4+11.2 mm Hg. Individuals were
characterized as overweight with a body mass index
of 29.8+5.5 kgx(m?)~'. Estimated VO, maximum was
23.2+8.9 mLxkg~'xmin~". Right and left stenosis was
<50% for bilateral common and internal carotid ar-
teries in all participants. No serious adverse events
occurred during any study visit.

Eighteen participants (72.2% men) returned for
the 6-month visit. Participants were 65.7+14.1 years
of age and 188.4+14.1 days poststroke. There were
83.3% identified as White, 0% as Hispanic, 22.2%
as Black, and 5.6% as Native American. Multiple
race categories were selected. Reasons for loss to
follow-up included the following: unable to contact
(n=2); participant’s son had a stroke (n=1); hospital-
ized (n=1); visit scheduled but did not attend study
visit (n=2); no transportation (n=1); and participant
died (n=1).

MCAv Dynamic Response Across Time
Three-Month Visit

Of the 26 participants, 4 individuals were excluded
from analysis because of the following: a valid MCAv
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signal was not acquired (h=3) and poor MCAv signal
acquisition during exercise (h=1). Data are presented
for 22 participants.

Six-Month Visit

Of the 18 individuals who returned, we excluded 3 par-
ticipants from analysis. Reasons for exclusion included
an invalid resting MCAVv signal because of equipment/
technical issues (n=2) and poor MCAv signal acquisi-
tion during exercise, which resulted in >15% of data
points censored (n=1). Statistical analyses were con-
ducted on 15 participants.

The MCAv baseline and kinetic measures during
moderate intensity exercise showed no differences
over time for either MCA (Table 1). We found no dif-
ferences between race (P=0.09) or sex (P=0.21) for all
MCAv data and hemodynamic data (blood pressure,
HR, and P;CO,) at rest and during exercise at either
3- or 6-month visits, which is possibly because of in-
sufficient power in the small sample size.

Responders and Nonresponders
(3 Months Poststroke)
MCAv Dynamic Response

Table 2 presents demographics for each group. We
observed 12 participants whose MCAv increased
in a close-to-exponential pattern being well-fit by a
delay+exponential function (responders). The remaining
10 individuals (nonresponders) demonstrated poor model
fit and nonexponential response (N=9) or MCAv was
below baseline (n=1) after exercise onset on the ipsile-
sional side. On the contralesional side, MCAv decreased
below baseline after exercise onset for the same individ-
ual (h=1) and we observed a nonexponential response
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Table 2. Characteristics of Responders and Nonresponders at 3 Months Poststroke

Responders (n=12) Nonresponders (n=10) F-test P Value
Age, y 59.4 (51.5 to 67.4) 67.3 (65.8t0 78.8) 17 0.21
Sex, % (n)

Men 58% (7) 70% (7) 0.68
Race or ethnicity*, % (n)

White 83% (10) 50% (5) 017

Black 17% (2) 50% (5) 017

Native American 0% (0) 10% (1) 0.46

Hispanic/Latino 0% (0) 0% (0)

Asian 0% (0) 10% (0) 0.46
Time poststroke to 3-mo visit, d 94.8 (89.5 to 100.0) 99.5 (86.6 to 112.4) 0.7 0.42
BMI, kgx(m?)~' 31.2(27.3t035.2) 28.2 (24.7 t0 31.8) 1.5 0.24
Lesion size, cm® 70.6 (-4.2 to 145.5) 20.7 (-28.2 to 64.5) 1.7 0.22
Estimated \'/o2 maximum, mLxkg~'xmin-" 26.6 (20.9 to 32.3) 18.3 (12.6 t0 24.0) 5.2 0.03
Physical activity score 2.8(1.91t0 3.6) 1.6 (1.1 to 2.1) 6.4 0.02
MoCA 22.0 (18.31t0 25.7) 23.8 (21.410 26.2) 0.8 0.39
mRS 21 (1.5t02.5) 2.2 (1.5t02.9) 0.3 0.62
6-minute walk test, m 338.4 (2571 to 419.8) 264.6 (165.5 to 363.6) 17 0.21
Stroke cause

Cryptogenic 33% (4) 60% (6) 012

Intracranial atherosclerotic disease 17% (2) 0% (0) 0.07

Cardioembolic 33% (4) 30% (3) 1.00

Thrombotic 17% (2) 10% (1) 0.80
Stroke location

Middle cerebral artery 75% (9) 50% (5) 0.74

Posterior cerebral artery 0% (0) 10% (1) 0.52

Lacunar 17% (2) 20% (2) 1.00

Pontine 8% (1) 10% (1) 1.00

Thalamic 0% (0) 10% (1) 0.52
Thrombectomy (n) 33% (4) 10% (1) 0.32
tPA and thrombectomy (n) 17% (2) 10% (1) 1.00
tPA () 25% (3) 60% (6) 0.19
Medications (n)

B-Blocker 67% (8) 70% (7) 1.00

Calcium channel blocker 42% (5) 20% (2) 0.38

ACE inhibitor 33% (4) 0% (0) 0.10

Angiotensin Il receptor blocker 25% (3) 20% (2) 1.00

Statins 92% (1) 60% (6) 0.03

Diuretics 8% (1) 10% (1) 1.00

Blood thinners 58% (7) 40% (4) 0.67

Aspirin 33% (4) 50% (5) 0.67

Insulin 8% (1) 40% (4) 0.14

Metformin 8% (1) 20% (2) 0.57

Antidepressants 33% (4) 40% (4) 1.00

Data are presented as mean (95% ClI). ACE indicates angiotensin-converting enzyme; BMI, body mass index; MoCA, Montreal Cognitive Assessment; mRS,
Modified Rankin Scale; tPA, tissue plasminogen activator; and VO,, oxygen uptake.
*One individual selected multiple race categories.

in the other participants (n=9). No between-group differ- medication, had greater physical activity levels, and had
ences were reported for age, body mass index, 6-min- higher estimated \'/O2 maximum values (P<0.05).

ute walk test, or the Montreal Cognitive Assessment. The Figure shows the baseline and MCAv response
The responders were more likely to report taking a statin after the onset of moderate intensity exercise for
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responders and nonresponders. Data from the MCAv
kinetics analysis are presented in Table 3. During seated
rest before exercise onset, baseline ipsilesional and
contralesional MCAv data were not significantly different
between groups. After exercise onset, the ipsilesional
MCAv amplitude was significantly reduced in the non-
responders. This finding is expected based on group
assignment (responder/nonresponder). For the 5 partic-
ipants with poor model fit, we observed a significantly
slower TD response for the nonresponders on the ipsile-
sional side while the T was not different. Only 1 person in
the nonresponder group had data for analysis that fit the
model, although a negative amplitude (below baseline).
The remaining participants (n=9) showed a nonexpo-
nential response. We report a significantly higher ipsile-
sional CVR for the responders (8.18+4.28 cmxs™) when
compared with the nonresponders (0.48+2.07 cmxs™,
Fuoy =26.93, P<0.001). Simiarly, we report be-
tween-group differences in the contralesional CVR (re-
sponders: 9.04+518 cmxs™ versus nonresponders:
0.20+3.05 cmxs™; F.009 =18.43, P<0.001).

Baseline and Exercise Response in MAP,
P.,CO,, and HR

The baseline and exercise-induced responses (A)
in MAP, P;,CO,, and HR are shown in Table 3. The
baseline and steady-state exercise for MAP, P,CO,,
and HR were not significantly different. We found

MCAvV Response Poststroke

between-group differences for AMAP and AHR
(P<0.025) but not AP,CO, (P=0.22).

Responders and Nonresponders
(6 Months Poststroke)

Al individuals characterized as a responder at the
3-month visit remained so at the 6-month visit. Three
individuals initially characterized as a nonresponder
met the criteria for responder. Of these 3 individuals,
2 increased their physical activity score from a 2 (low-
intensity walking for 10 minutes or less) to a 5 (vigorous
activity). The other individual remained in the category of
2 for both visits. Three individuals changed medications
related to blood pressure, anticoagulation, or antiplatelet
therapy, which may have influenced MCAv response or
other hemodynamic measures at rest or during exercise.
In the responder group, 1 person discontinued clopi-
dogrel. In the nonresponder group, lisinopril was added
to the medication list while another person reported dis-
continued use of lisinopril, furosemide, and clopidogrel.
There were no group differences between respond-
ers (n=10) and nonresponders (n=5) for age (P=0.06),
time poststroke (6-month visit, P=0.47), body mass
index (P=0.58), Montreal Cognitive Assessment score
(P=0.54), Modified Rankin Scale (P=0.40), or self-re-
ported physical activity score (P=0.10). We report sig-
nificant differences for the nonexercise estimate for VO,
maximum (P<0.01), and 6-minute walk test (P=0.02).

80 A

>Obre

70 A

MCAVvV (cm/s)

Responders Contralesional MCAv
Responders Ipsilesional MCAv
Non-Responders Contralesional MCAv
Non-Responders Ipsilesional MCAv
— — Onset of Exercise

200 300 400

Figure. Ipsilesional and contralesional MCAv response to moderate intensity exercise at

3 months poststroke.

MCAV indicates middle cerebral artery blood velocity.
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MCAvV Response Poststroke

Table 3. MCAVv Kinetics and Exercise Parameters for Responders and Nonresponders at 3 Months Poststroke

Responders (n=12) Nonresponders (n=10) F-test P Value

Ipsilesional MCAv

BL, cmxs™ 54.2 (44.6-63.7) 47.5 (34.8 10 60.2) 0.9 0.35

1D, s 32.9 (7.1-58.6) 110.1 (37.6 to 182.6) 10.0 0.006

Amp, cmxs™' 8.2 (51-11.2) 010 (-3.2 10 3.4) 13.7 0.002

T8 30.2 (14.5-45.8) 45.2 (-21.7 to 112.0) 07 0.43
Contralesional MCAv

BL, cmxs™ 59.9 (49.8-69.9) 54.4 (41.9 to 66.9) 0.23 0.64

1D, s 36.2 (13.3-59.1) 107.8*

Amp, cmxs™! 3(5.3-11.3) -5.2%

TS 22.7 (11.0-34.6) 54.6*
BL MAP, mm Hg 77.6 (65.3-89.7) 80.6 (67.0 to 94.2) 014 0.71
SS MAP, mm Hg 98.4 (87.7-109.1) 91.2 (72.9 to 109.6) 0.6 0.44
A MAP, mm Hg 20.8 (14.7-26.9) 10.6 (2.0t0 19.2) 7.3 0.04
BL P.,CO,, mm Hg 34.6 (32.3-37.0) 36.1(31.2t0 39.1) 0.1 0.81
SS P,CO,, mm Hg 39.3 (36.5-41.6) 38.2 (34.9 to0 41.6) 0.3 0.61
A P,CO,, mm Hg 4.6 (3.2-6.1) 31 (1.7 to 4.5) 1.6 0.13
BL HR, bpm 65.4 (59.8-71.1) 69.9 (61.8 10 77.9) 11 0.31
SS HR, bpm 94.5 (86.2-102.8) 87.6 (74.6 to 100.6) 1.1 0.31
A HR, bpm 29.1 (23.1-35.1) 17.7 (9.2 10 26.3) 6.2 0.02
Workload, W 52.9 (36.8-69.1) 36.0 (27.4 t0 44.6) 3.7 0.07
RPE 12.8 (11.3-14.2) 13.4 (11.2 to 15.6) 0.3 0.58

Data are presented as mean+SD. Amp indicates amplitude; BL, baseline; bpm, beats per minute; HR, heart rate; MAP, mean arterial pressure; MCAv, middle
cerebral artery blood velocity; Pe,CO,, end-tidal carbon dioxide; RPE, rate of perceived exertion; SS, steady-state exercise; TD, time delay; and t, time constant.
*Data represent 1 data set because 9 individuals had a nonexponential response and data for these variables were not generated. No SD or Cl presented.

MCAv Dynamic Response

Responders worked at a higher workload (P=0.04)
with no significant differences in the rate of perceived
exertion (P=0.96). Baseline MCAv was not different
between groups for the ipsilesional (P=0.58) and
contralesional (P=0.87) side. On the ipsilesional side,
the nonresponders showed a significantly slower
TD (P=0.04) and lower amplitude (P=0.04) while t
was not different (P=0.93). For the contralesional
side, no between-group significant differences were
found for any MCAv dynamic response variables.
We report a significantly higher ipsilesional CVR
for the responders (7.19+4.40 cmxs™') when com-
pared with the nonresponders (1.30+2.99 cmxs™,
Fi15=718, P=0.02). Similarly, we report between-
group differences in the contralesional CVR (re-
sponders: 8.39+4.65 cmxs™' versus nonresponders:
2.78+2.05 cmxs™; Fi115=6.39, P=0.03).

For participants who had baseline and CVR values
at both 3- and 6-month study visits, we compared the
change over time for individuals characterized as re-
sponders (n=7) and nonresponders (n=5) at the initial
3-month study visit. For the ipsilesional side, baseline
MCAv declined by 2.47+516 cmxs™ for the responders
while the nonresponders showed a 5.26+9.52 cmxs™

reduction. During the exercise bout, CVR change was
0.29+3.63 cmxs™ for the responders while the nonre-
sponders showed a 2.66+1.55 cmxs™ increase in CVR
from 3 to 6 months. For the contralesional side, the change
in baseline MCAv was —2.81+3.49 cmxs™ (responders)
and -3.01+8.90 cmxs~'. CVR values mirrored the MCAv
for both responders (0.90+1.60 cmxs™) and nonrespond-
ers (116+2.05 cmxs™) on the ipsilesional side. No values
were significantly different (P>0.12), likely because of the
small number of participants in each group.

Baseline and Exercise Response in MAP,
P.,CO,, and HR

No between-group differences were found for resting
and exercise hemodynamic responses, AMAP, AHR,
or A PCO.,.

DISCUSSION

Aerobic exercise, identical to the intensity used in
this study, is recommended for overall health post-
stroke." Cerebral blood flow increases because of
cortical activation and increased oxygen demand
during physical exercise. Impairments in the ability to
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increase cerebral blood flow (cerebrovascular dys-
function) during demand may contribute to neural
dysfunction.'® Therefore, this study provides impor-
tant and relevant information regarding the cere-
brovascular response to a single bout of moderate
intensity exercise in people living with stroke. The
main primary findings of the current investigation
are as follows: (1) MCAVv kinetic response was stable
from 3 to 6 months poststroke for bilateral MCAs,
and (2) MCAv kinetic response (amplitude and TD)
significantly differed for those with higher estimated
VO, maximum, suggesting that engaging in regular
physical activity benefits cerebrovascular health. This
finding was consistent for the ipsilesional and con-
tralesional side at 3 and 6 months.

MCAv Dynamic Response Across Time
The primary objective of this study was to character-
ize the MCAV response in humans at 3- and 6-months
poststroke. To our knowledge, this longitudinal cer-
ebrovascular assessment at rest and in response
to exercise had not been previously conducted. We
hypothesized that the MCAv dynamic response pro-
file would improve from 3 to 6 months poststroke.
This rationale was developed from published work
highlighting improved longitudinal changes in aero-
bic fitness at 1, 3, and 6 months poststroke'® and
aerobic fitness positively influences peripheral vas-
cular health measures in individuals poststroke.!”
Our hypothesis that MCAv dynamic response would
improve with time was not supported by our find-
ings. We have reported high reproducibility within
older adults for resting and exercise MCAv'™® and
bilateral reproducibility for the MCAv kinetic meas-
ures.® Therefore, measurement error from our so-
nographers (S.P., C.K.) was unlikely. Because of the
small sample size, we may have insufficient power to
detect differences in MCAv.

MCAv Dynamic and Hemodynamic
Responses 3 Months Poststroke

Research has demonstrated that once exercise begins,
neural activation in the brain increases the metabolic
requirements above normal resting values in order to
maintain proper function'¥?? and this demand is met
with increased cerebral blood flow. Our laboratory®23
and others?'?22* have shown that moderate intensity
continuous exercise produces the greatest increase
in MCAv compared with low and high intensity (above
anaerobic threshold) continuous exercise. Therefore,
we expected the MCAv dynamic response to increase
following exercise onset in people with stroke. In this
study, we report that not all participants demonstrated
an exponential increase in MCAv in response to mod-
erate intensity exercise.

J Am Heart Assoc. 2021;10:e017821. DOI: 10.1161/JAHA.120.017821

MCAvV Response Poststroke

In fact, almost half (10 of the 22) of the individuals
enrolled showed a nonexponential MCAv response
(nonresponders) following exercise onset. This could
be indicative of slowed vasomotor control within the
cerebrovasculature* as both sides showed slower
MCAv Kkinetics (increased TD) or nonexponential
MCAv increase. CVR is the change in MCAvV from rest
to steady-state exercise and allows us to compare
all participants. For the responders, both the ipsile-
sional and contralesional CVR showed a significantly
higher value when compared with the nonrespond-
ers at the 3- and 6-month study visits. When con-
sidering potential factors, the data in Table 2 show
no between-group differences for age, sex, race or
ethnicity, time of study visit, or the calculated lesion
size®” from the electronic medical record. We found
that responders had greater statin use, self-reported
physical activity levels, and estimated VO, maximum
values. One previous study grouped healthy young
adults based on self-reported physical activity levels
into low and high fitness.?® Those in the high fitness
group demonstrated a greater change in MCAv in re-
sponse to rebreathing-induced hypercapnia while no
resting MCAv differences were found. This finding,
combined with the present study, underscores the
value in considering dynamic challenges such as ex-
ercise. Furthermore, others have reported that phys-
ically active individuals with higher VO, maximum
values exhibit better cerebral hemodynamics than
sedentary individuals.?®?” Although the evidence
reporting the dynamic cerebrovascular response
to exercise after stroke is limited," 283 the present
study suggests that engagement in physical activity
and exercise poststroke may confer some benefit to
overall cerebrovascular health. This finding is import-
ant because overall brain health is directly related to
both cardiovascular and cerebrovascular health.?®
We acknowledge that individuals in the responder
group also reported a significantly higher use of sta-
tin medications. In fact, 3 months of statin treatment
after stroke improved cerebrovascular reactivity
compared with the control group, while no differ-
ences in resting cerebral blood flow were reported.?®
We acknowledge that we cannot definitively state
a cause-and-effect relationship between MCAv dy-
namic response and physical activity or statin use
with this current study design. Future work should
consider all vascular risk factors and their role in the
MCAV response to exercise.

The Figure highlights a significantly blunted CVR
and altered kinetics profile in a subset of people post-
stroke (nonresponders) who may greatly benefit from
physical exercise participation to improve cerebro-
vascular health. This benefit may be derived through
the engagement of muscular contraction and corti-
cal activation (motor and sensorimotor areas) during
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physical exercise, which facilitates increased cere-
bral metabolism and neurovascular coupling to op-
timally increase cerebral blood flow.?" The potential
exists that the nonresponders demonstrate reduced
regional perfusion pressure whereby resistance
is low, which results in an impaired or diminished
cerebrovascular response to exercise.! Although the
response was diminished across the 6-minute ex-
ercise session, it was not completely absent in all
nonresponders. Our study was not designed to test
whether being a responder is physiologically superior
to that of a nonresponder, and we should consider
whether a diminished exercise response may be a
protective mechanism following stroke. Therefore,
future studies should integrate other imaging mo-
dalities such as arterial spin labeling and functional
magnetic resonance imaging with dynamic MCAv
response to better understand the cerebrovascular
response to stimuli poststroke. Furthermore, future
work should test whether aerobic exercise interven-
tions can increase the MCAv kinetic response pro-
file and other cerebrovascular outcomes after stroke
while accounting for statin use.

The baseline values and steady-state hemody-
namic responses were not significantly different,
while AMAP and AHR differed between the groups.
We acknowledge that these differences may be
largely driven by higher workloads in the responder
group, which likely influenced the MCAv amplitude
response. One individual (responder) exercised at
110 W. He was an avid cyclist before his stroke and
had begun to exercise at his study visit. Our study did
not include information on prestroke exercise status.
The potential exists that prestroke exercise status
may have an effect on the ipsilesional and contral-
esional MCAv response to exercise and warrants
further investigation. We report no between-group
differences for baseline, steady state, or AP ,CO.,.
We are confident that the lower MCAv amplitude in
the nonresponders is not the result of hyperventila-
tion. We closely monitor Pc;CO, during the exercise
bout to ensure our participants stay within the pre-
scribed HR range without hyperventilation.®

The literature is well-established that MAP increases
with age® and after stroke,'* which provides unique
opportunities to study exercise-induced changes in
MAP and HR. The cerebrovasculature and the asso-
ciated neuroprotective mechanisms have the ability to
autoregulate and buffer the sudden acute increases
in MAP associated across various exercise intensi-
ties.'® As observed in the Figure, the nonresponders
show a rapid rise in the MCAv response to exercise
followed by an immediate decline with values remain-
ing near baseline. One proposed hypothesis for this
unexpected response may be an impairment in the
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cerebrovascular control mechanisms following stroke®
or altered neural integration of afferent input from the
exercising lower extremities.**! Despite the proposed
increased neural activation typical with the transition
from rest to exercise and demand for energy, MCAv
did not exponentially increase in those characterized
as nonresponders.

Our data are timely given the increased interest
and concern for the role of high-intensity interval
training on cerebrovascular response, especially
for those with neurological conditions such as
stroke.'®32:33 A published clinical practice guideline
for physical therapy suggests that higher locomotor
intensities benefit walking speed and endurance in
chronic stroke.3* However, the lack of data regard-
ing high-intensity exercise and cerebrovascular re-
sponse (reviewed in 15,33) and a recent publication
studying the cerebrovascular response to a 30-sec-
ond bout of high-intensity exercise®® suggest that
caution should be taken when implementing this
type of protocol, because the evidence for safety
with the brain and the delicate cerebrovasculature
has not been broadly tested. The current knowledge
of cerebrovascular control during an acute exercise
bout, especially following stroke, is still in its infancy
and warrants further investigation.

MCAv Dynamic and Hemodynamic
Responses 6 Months Poststroke

In the chronic phase of stroke recovery, the respond-
ers exercised at higher workloads. The only be-
tween-group differences for TD and amplitude on the
ipsilesional side remained. All other MCAV kinetic vari-
ables and hemodynamic responses were not different.
The reduced sample size warrants caution when in-
terpreting the findings. A noteworthy observation was
that 2 of the 3 newly characterized responders had
increased their self-reported physical activity. Whether
the increase in physical activity was the primary driver
of the higher MCAv amplitude responses remains an
important query for future work.

Several limitations in the study design should be
considered. First, using transcranial Doppler ultra-
sound, the assumption of constant MCA diameter
is important in order for the MCAv to be used as a
direct proxy for cerebral blood flow.2 Second, maxi-
mal exercise testing was not performed to determine
maximal HR for the exercise intensity dose. We ac-
knowledge that the exercise intensity could be under-
or overdosed. However, as evidenced by the increase
in PeCO, during exercise, it is unlikely that individu-
als exercised above anaerobic levels. Third, before
exercise onset, we observed a rise in baseline MCAv
that was not observed in our prior work with healthy
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participants or older adults. We propose this may be
an anticipatory response to our verbal instructions 15 s
before exercise onset. Finally, we included people with
posterior circulation stroke. We acknowledge that the
MCAV response to exercise may not be related or re-
flective of what occurs in the posterior circulation at
3- or 6-months poststroke.

CONCLUSIONS

The cerebrovascular response to acute exercise re-
mained unchanged between 3- and 6-months post-
stroke. Physical activity participation and statin use
may positively influence the MCAv dynamic response
during exercise poststroke. Further exploration into the
cerebrovascular control mechanisms or other stroke-
specific characteristics that may result in a diminished
response (nonresponders) to exercise and various in-
tensities is needed. The MCAv kinetic response may
better inform future exercise trials designed to benefit
overall brain health.
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