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RESEARCH ARTICLES

The Effect of Stroke on Middle Cerebral Artery Blood Flow
Velocity Dynamics During Exercise

Katie S. Kempf, PT, DPT, Alicen A. Whitaker, PT, DPT, Yumei Lui, MD, PhD, Emily Witte, MS,
Sophy J. Perdomo, PhD, Jaimie L. Ward, MS, Sarah Eickmeyer, MD, Luke Ledbetter, MD,

Michael Abraham, MD, and Sandra A. Billinger, PT, PhD

Background and Purpose: Previous work demonstrates that older
adults have a lower response in the middle cerebral artery velocity
(MCAv) to an acute bout of moderate-intensity exercise when com-
pared with young adults. However, no information exists regarding
MCAv response to exercise after stroke. We tested whether MCAv
response to an acute bout of moderate-intensity exercise differed be-
tween participants 3 months after stroke and an age- and sex-matched
control group of older adults (CON). A secondary objective was to
compare MCAv response between the stroke- and non-stroke-affected
MCAv.
Methods: Using transcranial Doppler ultrasound, we recorded MCAv
during a 90-second baseline (BL) followed by a 6-minute moderate-
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intensity exercise bout using a recumbent stepper. Heart rate (HR),
end-tidal CO2 (PETCO2), and beat-to-beat mean arterial blood pres-
sure (MAP) were additional variables of interest. The MCAv response
measures included BL, peak response amplitude (Amp), time delay
(TD), and time constant (τ ).
Results: The Amp was significantly lower in the stroke-affected
MCAv compared with CON (P < 0.01) and in the nonaffected MCAv
compared with CON (P = 0.03). No between-group differences were
found between TD and τ . No significant differences were found dur-
ing exercise for PETCO2 and MAP while HR was lower in partici-
pants with stroke (P < 0.01). Within the group of participants with
stroke, no differences were found between the stroke-affected and
non-stroke-affected sides for any measures.
Discussion and Conclusions: Resolution of the dynamic response
profile has the potential to increase our understanding of the cere-
brovascular control mechanisms and test cerebrovascular response to
physical therapy–driven interventions such as exercise.
Video Abstract available for more insights from the authors (see the
Video, Supplemental Digital Content 1, available at: http://links.lww.
com/JNPT/A284).
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INTRODUCTION

C urrent exercise recommendations for people after stroke
emphasize the need to regularly engage in aerobic exer-

cise to benefit walking endurance, aerobic fitness, and overall
cardiovascular health for secondary stroke prevention.1 Ex-
ercise has been shown to improve walking performance,2-4

aerobic fitness,2,4-7 and peripheral vascular health.2 However,
few studies have examined how aerobic exercise may influence
cerebrovascular health after stroke. A study by Ivey et al8 pub-
lished in 2011 enrolled individuals with chronic stroke (>6
months) to a 6-month aerobic exercise training or a control
group. To assess cerebrovascular health, transcranial Doppler
(TCD) ultrasound measured middle cerebral artery (MCA) ve-
locity (MCAv) at rest under normocapnia (normal CO2) and
in response to hypercapnia (6% inhalation of carbon dioxide,
CO2). The response to hypercapnia has been used to assess
cerebrovascular reserve, as MCAv typically increases with ex-
posure to CO2. At the end of the study, those individuals in
aerobic exercise group demonstrated a higher MCAv response
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to hypercapnia than the control group, but no differences were
reported during the normocapnic condition. These data sug-
gest that aerobic exercise may improve cerebrovascular reserve
and could be important for brain health after stroke.

Ivey et al8 were the first to identify cerebral blood flow
changes following an aerobic exercise intervention in chronic
stroke. Currently, there is no information characterizing MCAv
response during an acute bout of exercise in people after stroke.
Understanding the MCAv response from rest to a single bout
of exercise may uncover important information and underlying
control mechanisms that may be unique to people after stroke.
Examining the MCAv response to acute exercise has the po-
tential to identify responders or nonresponders to an exercise
bout and whether the MCAv response may change following
an exercise intervention. Therefore, our initial work focused on
the development of a novel method to assess MCAv response
to a change in demand from rest to exercise in healthy adults.9

The data revealed the MCAv dynamic response from rest to
moderate-intensity exercise could be characterized and mod-
eled. These data were highly reproducible and similar between
the left and right MCAs. Therefore, we concluded in healthy
adults that either the right or left MCA could be used to assess
the dynamic response to exercise, which is important when
studying laterality differences in people after stroke. Addi-
tional work from our laboratory reported healthy older adults
(n = 15) demonstrated a lower baseline (BL) and dynamic
MCAv response during moderate-intensity exercise when
compared with young adults (n = 15).10 However, evidence is
lacking as to how stroke may affect MCAv at rest and during
exercise and how this response may differ in people with stroke
when compared with older adults.

The primary objective of this study was to examine
whether the MCAv dynamic response differed between in-
dividuals at 3 months after stroke and a control group of
sedentary, age- and sex-matched adults (control, CON). We
hypothesized that individuals after stroke would have a lower
(1) BL MCAv and (2) dynamic response when compared with
the CON participants. A secondary objective was to determine
whether differences exist between the stroke-affected and non-
affected MCAv. We hypothesized that the stroke-affected MCA
would have a lower dynamic response than the nonaffected
MCA in people after stroke.

METHODS

Participants After Stroke
We recruited individuals during their acute or inpatient

rehabilitation stay at the University of Kansas Health System.
We then followed up with interested participants via either
e-mail or phone call. If interested, we scheduled participants
to visit the laboratory at 3 months after stroke. Inclusion crite-
ria were (1) unilateral ischemic MCA stroke, (2) stenosis less
than 70% of the carotid artery including the internal carotid
artery, confirmed in the medical record, (3) 35 to 95 years
of age, (4) physician approval to perform an acute bout of
moderate-intensity exercise on a recumbent stepper, (5) able
to walk more than 10 m with an assistive device but without
physical assistance, and (6) ability to travel to the University
of Kansas Medical Center for testing. Exclusion criteria were

(1) inability to give consent due to aphasia, (2) inability to
perform the alternating leg movements on the seated recum-
bent stepper (T5XR NuStep, Inc, Ann Arbor, Michigan), (3)
diagnosis of Parkinson disease, mild cognitive impairment,
Alzheimer disease, or multiple sclerosis, (4) pulmonary dis-
ease or dependency on supplemental oxygen, or (5) physician
determined the individual to have uncontrolled blood pressure
or unsafe to exercise. Stenosis greater than 70% was excluded
due to the higher velocities produced by the stenosis.8,11 A
radiologist (author L.L.) provided stenosis interpretation of
either ultrasound imaging or angiogram in the medical record.

Adult Participants (CON)
The CON participants had inclusion/exclusion criteria

that were similar to the participants with stroke, except for
stroke-specific criteria. For those adults 60 years and older,
we recruited the University of Kansas Alzheimer’s Disease
Center’s (KU ADC) ongoing cohort interested in Alzheimer
disease research and prevention. These individuals were clas-
sified by the KU ADC as not meeting current physical activity
guidelines and considered sedentary per the American Col-
lege of Sports Medicine12 or underactive.13 These individuals
were cognitively normal/nondemented based on neuropsycho-
logical testing defined as no scores greater than 1.5 SD below
the mean on 2 or more tests in the National Alzheimer’s Co-
ordinating Center Uniform Data Set and a Clinical Dementia
Rating = 0. The older individuals were determined to have no
evidence of neurological disease/stroke using magnetic reso-
nance imaging. This information is already collected as part
the KU ADC registry (P30AG035982)

Experimental Procedure
Participants were asked to abstain from caffeine for a

minimum of 6 hours, a meal for 2 hours, and vigorous exercise
at least 12 hours prior to the study visit.9,10 The University of
Kansas Medical Center Human Subjects Committee approved
all experimental procedures. Institutionally approved written
informed consent was obtained from each individual prior to
study participation. After informed consent was completed
and participants had been sitting for 20 minutes, we acquired
resting heart rate (HR) and blood pressure (ProBP 3400, Welch
Allyn, Inc, Skaneateles Falls, New York).

Familiarization
The laboratory room in which the experimental proto-

col took place was dimly lit, quiet, and maintained a constant
temperature between 22◦ and 24◦C.9,10 All external stimuli
were kept to a minimum. Participants completed the familiar-
ization session on the same day as the study procedure. Each
participant was first familiarized with the equipment. Partici-
pants practiced using the recumbent stepper and keeping the
prescribed step rate of 90 steps/min while the target work rate
was determined. The target work rate was identified by setting
the resistance to 15 W and then adjusted at a rate of 10 W ev-
ery 30 seconds until their target HR for the exercise intensity
was achieved (See Protocol Set Up for determination of target
HR). Once the target HR was reached, participants continued
the recumbent stepper exercise for an additional 2 minutes to
ensure steady-state HR could be maintained. Participants were
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familiarized with the nasal cannula and instructed to breathe
only through their nose during the protocol. The nasal cannula
was placed in the nares and, if needed, we adjusted the nasal
cannula position to ensure optimal end-tidal carbon dioxide
(PETCO2 in mm Hg) reading. As in our prior work, we mon-
itored PETCO2 to ensure participants did not hyperventilate,
since the result would be a lower PETCO2 and induce cerebral
artery vasoconstriction.9

After the familiarization session, we obtained height and
weight. In a seated position, participants filled out question-
naires regarding their demographics, medical history, phys-
ical activity participation, cardiac risk stratification,14 and
nonexercise estimated maximal oxygen uptake (V̇O2max).15

This lasted approximately 30 minutes. After the question-
naires, the setup for the experimental procedure commenced
and participants sat quietly on the recumbent stepper for
20 minutes.

Protocol Setup
With respect to the exercise response, our previous work

demonstrated that there was no significant difference in the
right versus left MCAv response to exercise in healthy adults.9

Herein, the left MCA was the primary vessel of interest for
the older adults. For the participants with stroke, both MCA
signals were acquired in 1 visit. In the seated position on the
stepper, individuals were set up with the following equipment:
(1) Transcranial Doppler ultrasound (TCD) (Multigon Indus-
tries Inc, Yonkers, New York). An adjustable headband and
2-MHz TCD probes with ultrasonic gel were placed on the
temporal window (temple region of the head) for acquisition
of MCA blood flow velocity cm.s–1.16 The MCA was accu-
rately identified using practice standards for probe positioning
and orientation, MCA depth selection, and velocity flow
direction.16 The TCD sonographer, who was blinded to the side
of stroke, entered the room only after the participant was set
up; (2) A 5-lead electrocardiogram (ECG; Cardiocard, Nasiff
Associates, Central Square, New York) recorded HR. (3) A
nasal cannula and capnography (BCI Capnocheck Sleep 9004
Smiths Medical, Dublin, Ohio) were used to assess end-tidal
carbon dioxide (PETCO2). (4) We recorded beat-to-beat mean
arterial pressure (MAP; Finometer, Finapres Medical Systems,
Amsterdam, the Netherlands) from the left middle finger. Data
acquisition of raw data occurred through an analog-to-digital
unit (NI-USB-6212, National Instruments) and custom-written
software operating in MATLAB (v2014a, The Mathworks Inc,
Natick, Massachusetts). (See the Video, Supplemental Digital
Content 1, which demonstrates the experimental procedure
setup, available at: http://links.lww.com/JNPT/A284.)

Moderate-intensity exercise was defined as 45% to 55%
of the participant’s HR reserve. We determined the HR range
either by using (1) age-predicted (220 − age) HR maximum
(HRmax) or (2) for participants using β-blocker medication,
we used 164 − 0.72 × age17 to calculate HRmax. We deter-
mined the HR range for the moderate-intensity bout using
the Karvonen formula,9,10 HR range = [% exercise intensity
(age-predicted HRmax − resting HR)] + resting HR.12 After
the setup, the BL recording lasted 90 seconds followed by
6 minutes of moderate-intensity exercise at the targeted HR
range. The participants were instructed to maintain a step rate

of approximately 90 steps per minute throughout the entire
exercise bout and resistance was adjusted to obtain the tar-
geted workloads and HR range.9 Work rate increased during
the first 30 seconds of exercise until the target work rate was
reached. At the end of exercise, recording stopped and the par-
ticipant engaged in an active cool-down for 2 minutes and then
rested until HR returned to BL. Participants then repeated the
90-second BL assessment and 6 minutes of moderate-intensity
exercise. Our previous work revealed improved signal-to-noise
ratio when the data acquired from multiple bouts of exercise
are averaged.9

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 sliding window average.10 We used
commercial statistical software (R version 3.2.4, R Core team,
Vienna, Austria,18 with the “nls” function package) to model
the response. Data with ECG R to R intervals greater than 5 Hz
or changes in peak blood flow velocity greater than 10 cm/s in
a single cardiac cycle were considered artifact and censored.
Acquisitions with more than 15% of data points censored were
discarded.

MCAv and Kinetics Response
Kinetics were modeled on the MCAv over the entire

exercise bout with a monoexponential model:

MCAV(t) = BL × (t ≤ TD)
+ (BL + Amp (1 – e–(t – TD)/τ )*(t >TD)

where MCAV(t) is the cerebral artery velocity at any point in
time, BL is the 90-second BL before the onset of exercise, Amp
is the peak amplitude of the response above resting BL, TD
is the time delay proceeding the increase in MCAV, and τ is
the time constant or time to 63% of the steady-state response.
Cerebrovascular response (CVR) is the difference between the
BL and mean MCAv sampled between minutes 3 to 4.5 during
steady-state exercise.

Statistical Analysis
Data are presented as mean ± SD. Participant char-

acteristics were compared using 1-way analysis of variance
(ANOVA) and Fisher exact tests for categorical variables.
To assess between-group differences, we performed 1-way
ANOVA and Mann-Whitney U tests as appropriate follow-
ing visual inspection of probability plots and Shapiro-Wilk
tests. We analyzed the stroke-affected and non-affected MCA
(stroke group) with paired t tests. Differences were considered
significant when P < 0.05.

RESULTS

Participant Characteristics
We consented 18 participants with MCA stroke into this

study. Four individuals were excluded from analysis due to a
valid MCAv signal not acquired (n = 2), poor MCAv signal
acquisition during exercise (n = 1), and atrial fibrillation re-
sulting in more than 15% of data points censored (n = 1).
Therefore, data presented include 14 participants with stroke
unless otherwise indicated. All 18 CON participants who
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Table 1. Participant Demographicsa

CON CON Stroke Stroke
(n = 18) 95% CI (n = 14) 95% CI F Test P Value

Age, y 61.3 ± 12.0 55.3-67.2 63.6 ± 14.7 55.1-72.2 0.3 0.62
Sex (female), % 33.0 28.6 0.54 0.54
Time after stroke, d 91.4 ± 7.8
Race/ethnicityb, n

White 15 9
Black 1 5
Native American 0 1
Hispanic/Latino 1 0
Asian 1 0

Estimated V̇O2max, mL.kg−1.min−1 32.3 ± 9.2 27.7-36.9 26.0 ± 10.3 20.0-31.9 3.4 0.07
BMI, kg.m−2 26.0 ± 3.6 24.3-27.8 31.1 ± 6.6 27.3-34.8 7.7 0.009
Hypertension, % 27.8 85.7 0.001
β-Blocker, % 0 50.0 0.001

Abbreviations: BMI, body mass index; CI, confidence interval; CON, control participants; V̇O2max, maximal oxygen uptake.
aData are presented as mean ± SD unless stated otherwise.
bOne individual selected multiple race categories.

provided consent were included in this data analysis. Partic-
ipant demographics are presented in Table 1. There were no
between-group differences for age, sex, or estimated V̇O2max.
However, body mass index was significantly higher in the
stroke group. No study-related adverse events were reported
at any time during the study.

MCAv Kinetics and Moderate-Intensity Exercise
No group differences in BL MCAv in the stroke affected

MCAv for participants with stroke (n = 14) and the CON
participants (Table 2) were identified. For 2 individuals af-
ter stroke, we were unable to clearly obtain a signal for the
nonaffected MCA. BL MCAv was not different between the

nonaffected BL MCAv in participants with stroke (n = 12) and
the CON participants (Table 3).

MCAv response increased from rest (BL) to exercise in
a close-to-exponential pattern and was fit by the delay + ex-
ponential function in all but 2 participants with MCA stroke.9

The Amp was significantly lower in the stroke-affected MCAv
compared with the CON participants (P < 0.01) (Table 2 and
Figure 1), and was also lower in the nonaffected MCAv and
compared with the CON group (P = 0.03). No between-group
differences were found for TD and τ . CVR sampled between
minutes 3 and 4.5 during steady-state exercise was significantly
lower in the stroke-affected MCA (P < 0.01) but not for the
nonaffected MCA (P = 0.07) when compared with CON (see
Tables 2 and 3).

Table 2. MCAv Kinetic Response Between CON and Stroke-Affected MCAa

CON CON Stroke MCA Stroke MCA
(n = 18) 95% CI (n = 14) 95% CI F Test P Value

BL, cm.s-1 50.4 ± 11.3 44.8-56.0 49.3 ± 17.5 44.8-56.0 0.04 0.83
TD, s 59.4 ± 28.4 45.3-73.6 65.5 ± 32.6 45.8-85.2 0.30 0.59
Amp, cm.s-1 10.9 ± 4.4 8.7-13.1 5.5 ± 4.9 2.6-8.4 10.7 <0.01
τ , s 40.4 ± 33.5 23.7-57.1 35.6 ± 45.7 8.0-63.2 89.0 0.28
CVR, cm.s-1 11.1 ± 4.4 8.9-13.3 5.0 ± 4.6 2.3-7.7 14.4 <0.01

Abbreviations: Amp, amplitude; BL, baseline; CI, confidence interval; CON, control participants; CVR, cerebrovascular response; MCAv, middle cerebral artery velocity; τ , time
constant; TD, time delay.

aData are presented as mean ± SD.

Table 3. MCAv Kinetic Response Between CON and Nonaffected MCAa

CON CON
Nonstroke

MCA
Nonstroke

MCA
(n = 18) 95% CI (n = 12) 95% CI F Test P Value

BL, cm.s-1 50.4 ± 11.3 44.8-56.0 56.2 ± 15.8 45.6-66.8 1.3 0.26
TD, s 59.4 ± 28.4 43.7-67.5 50.3 ± 41.5 18.5-82.2 0.5 0.51
Amp, cm.s-1 10.9 ± 4.4 8.7-13.1 6.4 ± 6.0 2.1-10.6 5.1 0.03
τ , s 40.4 ± 33.5 23.7-57.1 28.4 ± 19.8 13.2-43.7 62.5 0.35
CVR, cm.s-1 11.1 ± 4.4 8.9-13.3 7.4 ± 6.0 3.3-11.4 3.7 0.07

Abbreviations: Amp, amplitude; BL, baseline; CI, confidence interval; CON, control participants; CVR, cerebrovascular response; MCAv, middle cerebral artery velocity; τ , time
constant; TD, time delay.

aData are presented as mean ± SD.
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Figure 1. MCAv kinetic response in CON (n = 18) and
stroke-affected middle cerebral artery (n = 14). CON, control
participants; MCAv, middle cerebral artery velocity.

Baseline and Exercise Response for MAP,
PETCO2, and HR

The BL and exercise response for MAP, PETCO2, and
HR are presented in Table 4. No significant between-groups
differences were identified for these values at rest. During the
moderate-intensity exercise bout, only HR differed between
groups. The moderate-intensity work rate was significantly
lower for participants after stroke compared with CON while
the rate of perceived exertion (RPE) was not different.

Within-Group Comparison for Participants
With Stroke

For the 12 participants with bilateral MCAv data, no
significant differences were found between the variables of
interest. BL MCAv for the stroke-affected side was 53.3 ±
17.4 cm.s−1 compared with the nonaffected side 56.2 ± 15.8
cm.s−1 (P = 0.27). Following exercise onset, TD (the time de-
lay proceeding the increase in MCAV) for the stroke-affected
MCA was 64.7 ± 33.9 seconds compared with the non-stroke-
affected side, 50.3 ± 41.5 seconds (P = 0.12). The τ re-
sponse (time to 63% of the steady-state response) for the
stroke-affected side was 39.9 ± 52.4 seconds when compared
with non-stroke-affected MCA, 28.4 ± 19.8 seconds (P =

0.56). The large standard deviation of the τ variable for the
stroke-affected MCA was primarily driven by one individual
who had a τ response of 170 seconds with a low Amp re-
sponse. The within group comparison showed an increase in
Amp above BL MCAv 6.1 ± 5.1 vs 6.4 ± 5.3 cm.s−1 (P =
0.88) for the stroke-affected side versus the nonaffected side,
respectively. We report that CVR (steady-state response) was
5.5 ± 4.7 cm.s−1 for the stroke-affected MCAv when com-
pared with the non-stroke-affected MCAv 7.4 ± 6.0 cm.s−1

(P = 0.19).
Although no differences were found between the stroke-

affected and non-stroke-affected MCAv in the stroke group,
in 2 male participants with stroke we observed a noticeable
difference in MCAv response despite both participants being
of similar age. One was an individual who was physically
active and participated in running events prior to stroke; his
estimated V̇O2max

15 was 43.8 mL.kg−1min−1. This individual
was starting to return to exercise at the time of the study visit;
he had a visibly higher BL and Amp response during moderate-
intensity exercise than the other male participant with stroke
(estimated V̇O2max

15 = 26.0 mL.kg−1.min−1) whose lifestyle
was more sedentary (Figure 2).

DISCUSSION
In the current study, we present data using a novel tech-

nique for examining the kinetics of cerebrovascular regulation
in people with stroke. The present investigation provides novel
information regarding the dynamic MCAv response from rest
to moderate-intensity exercise in people with stroke. To our
knowledge, these data are the first to report the MCAv BL and
kinetic parameters (Amp, TD, and τ ) in people 3 months after
stroke and compare these responses to age- and sex-matched
peers. We demonstrate that an increased work rate system-
atically elevated the MCAv Amp in both groups. However,
in those at 3 months after stroke, the Amp was significantly
reduced in comparison to healthy controls.

MCAv Kinetics and Moderate-Intensity Exercise
At rest, BL values were not significantly different be-

tween the CON group and the stroke-affected and non-stroke-
affected MCA. Our data in Figure 1 reveal that Amp was
significantly blunted in the bilateral MCA after stroke when
compared with CON. While this result may be expected given
the event of a stroke, these data provide objective information

Table 4. Exercise Parameters Comparing CON and Strokea

CON CON Stroke Stroke
(n = 18) 95% CI (n = 14) 95% CI F Test P Value

BL MAP, mm Hg 75.6 ± 11.3 69.9-81.2 77.7 ± 17.6 67.1-88.3 0.2 0.68
SS MAP, mmHg 100.1 ± 15.5 92.4-107.9 97.4 ± 20.2 85.2-109.6 0.2 0.68
BL PETCO2, mm Hg 32.9 ± 4.3 30.8-35.1 35.1 ± 5.2 31.9-38.2 1.5 0.23
SS PETCO2, mm Hg 38.0 ± 6.9 34.6-41.5 38.9 ± 5.1 35.8-42.0 0.2 0.70
BL HR, bpm 66.3 ± 10.1 61.3-71.3 65.1 ± 9.7 59.2-71.0 0.1 0.74
SS HR, bpm 109.0 ± 10.4 103.9-114.2 93.2 ± 15.1 84.0-102.3 12.1 <0.01
Workload, W 114.1 ± 31.5 98.5-129.8 52.9 ± 22.2 40.0-65.7 38.1 <0.001
RPE 12.6 ± 1.6 11.8-13.3 13.0 ± 2.8 11.3-14.5 0.2 0.63

Abbreviations: BL, baseline; CI, confidence interval; CON, control participants; HR, heart rate; MAP, mean arterial pressure; PETCO2, end-tidal carbon dioxide; RPE, rate of
perceived exertion; SS, steady-state exercise.

aData are presented as mean ± SD.

Copyright © 2019 Academy of Neurologic Physical Therapy, APTA. Unauthorized reproduction of this article is prohibited.

216 C© 2019 Academy of Neurologic Physical Therapy, APTA



JNPT � Volume 43, October 2019 The Effect of Stroke on MCA Blood Flow Velocity Dynamics During Exercise

Figure 2. MCAv kinetic response in 2 male participants after
stroke. The black circle represents a 51-year-old active man
prior to stroke. The open circle represents a 53-year-old
sedentary man prior to stroke. MCAv, middle cerebral artery
velocity.

regarding the dynamic response from rest to moderate-
intensity exercise. We observed a slight increase in MCAv just
prior to exercise onset in both groups. At 15 seconds prior to ex-
ercise onset, we indicate the time remaining before exercise be-
gins. It is possible that there is an anticipatory response to exer-
cise onset with a concomitant increase in brain blood flow. Our
future work will explore dynamic responses for HR, MAP, and
PETCO2 to determine which physiologic variable influences
MCAv response in people with stroke. With the current empha-
sis on exercise and stroke recovery, this methodology and re-
sultant data could provide evidence regarding cerebrovascular
responsiveness during various exercise intensities after stroke.

In addition to typical cardiovascular metrics, (eg, blood
pressure, cholesterol, and BMI), the MCAv dynamic response
may provide insight regarding which individuals may or may
not respond to specific exercise training protocols. Understand-
ing the MCAv dynamic response may help guide exercise pre-
scription for brain health after stroke. As observed in Figure 2,
these individuals revealed different BL MCAv and Amp of the
response. Future work may be able to determine who benefits
from a more tailored exercise intervention versus meeting the
physical activity recommendations.12 An important avenue for
future research could focus on whether the MCAv response is
influenced by an exercise intervention (eg, increases Amp and
CVR) and whether this change is related to improved fitness
or walking endurance in people after stroke.

As reported in our previous work, TD and τ were highly
variable for both the stroke and CON groups.9,10 Mean TD
values have been reported at 55.3 seconds for younger adults
and 60.7 seconds for the 3 older adults we studied in our pre-
vious work.9 In this present investigation, the CON group TD
was 59.4 seconds while TD for the stroke-affected and non-
stroke-affected MCA was 65.5 and 50.3 seconds, respectively.
The slower response in stroke-affected TD could be the direct
result of the stroke. Furthermore, the possibility exists that
slower kinetic response is a likely combination of reduced par-

tial pressure of oxygen in the microvasculature and impaired
cerebral metabolic control.10 Evidence suggests that individ-
uals with acute stroke demonstrate impaired cerebrovascular
regulation.19 A recent study examined cerebral autoregulation
at rest and during changes in head of bed positioning during the
acute hospital stay. The study concluded that impairments in
cerebral autoregulation do exist and those with worse autoreg-
ulation showed the most impairment in the CVR during head
of bed postural changes. These findings and those presented in
the current study provide evidence of impaired CVR especially
with challenges to the cerebrovascular system such as posture
change and exercise. Therefore, there is a clear need to increase
our understanding in this area of research and whether activi-
ties (ie, early mobilization or exercise) along the continuum of
stroke recovery would improve the MCAv dynamic response
profile. We believe understanding cerebral blood flow and the
kinetic response to exercise after stroke has the potential to
provide novel information regarding brain health and, as we
stated previously, is an important future direction of scientific
inquiry.

MCAv, and Work Rate, MAP, PETCO2, and HR
Across the aging spectrum, it is well established that

MAP increases from higher peripheral resistance20 and the po-
tential exists to observe important differences between individ-
uals after stroke and their peers. There is evidence for sex dif-
ferences in the exercise-induced response for MAP, with older
women exhibiting a greater pressure response.21,22 Therefore,
a strength of this study was closely matching participants for
age and sex. The data in Table 4 demonstrate no significant dif-
ferences were observed at rest or during exercise for MAP and
PETCO2. Resting HR was not significant between the 2 groups
while HR during steady-state exercise was significantly dif-
ferent. One potential rationale for the lower HR response in
the people after stroke is the use of β-blockers, which are
known to blunt the exercise response. Approximately 50% of
the participants in the stroke group reported taking β-blockers,
while none of the CON participants used these medications.
For those taking β-blockers, the equation, HRmax = 164 −
0.72 × age, was used, which may not represent an accurate
maximum HR response. Future work should consider using
an exercise test to obtain maximal HR for exercise prescrip-
tion. All of our participants exercised within age-predicted HR
range. However, we acknowledge that the significantly lower
workload in the participants with stroke may have contributed
to the lower HR response since both the stroke-affected and
non-stroke-affected MCAv Amp were significantly lower than
CON. This is intriguing since MAP was not different, which
has a strong influence on MCAv.9 We also report that PETCO2
and RPE were not different between groups during the acute
bout of moderate-intensity exercise. These findings offer sup-
port for future research examining whether an exercise inter-
vention could improve exercise tolerance, thereby increasing
the MCAv dynamic response to exercise in people with stroke.

Within-Group Comparison for Participants
With Stroke

Once individuals are discharged from stroke care,
there is little information available regarding cerebrovascular
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regulation and the long-term implications for maintaining opti-
mal brain health. While the brain’s metabolic demand increases
during exercise and cerebral blood flow increases, evi-
dence suggests differences exist between young and older
adults,10,23,24 while our understanding after stroke is still in
its infancy. In a first of kind analysis, we present objective
information regarding MCAv dynamics comparing both the
stroke-affected and nonaffected sides. In this group of people
3 months after MCA stroke, our hypothesis was not supported.

The data showed that the MCAV BL and kinetics analysis
was not different between the stroke-affected and nonaffected
sides. The possibility exists that the participants had a small
lesion size, which may have contributed to our findings. Future
work may benefit from collecting magnetic resonance imaging
data to obtain stroke lesion size, which likely impacts the MCA
hemodynamic response to exercise. We did ensure that the
carotid arteries were patent and did not have stenosis greater
than 70%, as this has the potential to impact MCA blood flow
velocity after stroke.8 We also acknowledge that the data are
limited by a small sample size.

We present data on 2 participants with stroke, similar
in age and sex, with differing levels of prestroke physical
activity. We observed a noticeable difference (Figure 2) in
MCAv response in one individual who was physically active
and his estimated V̇O2max

15 was 43.8 mL.kg−1.min−1 while the
other individual was sedentary with a lower estimated V̇O2max
(26.0 mL.kg−1.min−1). We find these results novel and they
provide a compelling impetus to further explore exercise and
aerobic fitness for brain health after stroke. In humans, evi-
dence exists that individuals across the aging spectrum who are
physically active and demonstrate higher V̇O2max values have
better cerebral hemodynamics than sedentary individuals.25,26

Further, physically fit individuals demonstrate better white
matter integrity,27 brain volume,28 and cerebral perfusion,29

which further supports the notion that aerobic exercise bene-
fits overall brain health.

Perspective for Stroke Recovery
It is well established that moderate-intensity exercise

benefits walking distance (6-minute walk test),2-4 aerobic
fitness,2,4-7 and peripheral vascular health.2 We now provide
a potential method for assessing CVR during exercise and
following exercise interventions. Transcranial Doppler ultra-
sound combined with beat-to-beat blood pressure, as stud-
ied herein, allows for the assessment of rapid blood pres-
sure changes with a concomitant MCAv response. Further,
the MCAv kinetic response profile has the potential to reveal
new insights for cerebrovascular health in response to stroke
rehabilitation and exercise interventions. There is a clear need
to test innovative methods and outcomes to identify potential
cerebrovascular changes that affect optimal brain health. We
believe that the physical challenge of exercise during the as-
sessment of CVR may provide unique information regarding
cerebrovascular control mechanisms versus resting conditions
or steady-state exercise.9 Using a dynamic, physiologic chal-
lenge would allow for early identification of cerebrovascular
impairment that could have meaningful clinical and global
implications for brain health. This information may also be
valuable for guiding aerobic exercise prescription for individ-

uals with stroke. Studies by our group and others have shown
implementation of aerobic exercise after stroke is lacking. This
work highlights the need for further research into use of aero-
bic exercise post stroke and brain health.30,31

Limitations
Several limitations in the study design should be con-

sidered. First, as with all studies using transcranial Doppler
ultrasound, the assumption of constant MCA diameter is im-
portant in order for the MCAV to be used as a direct proxy
for cerebral blood flow. Therefore, as in our previous work9,32

and others,33-35 we assume that MCA diameter remains con-
stant throughout the experimental procedure. Second, maxi-
mal exercise testing was not performed to determine maximal
HR to more accurately reflect the moderate-intensity exer-
cise session. Rather, we used an age-predicted maximal HR
equation instead. Future investigation should consider how the
MCAv kinetic response profile is impacted by age, stroke le-
sion size, and multiple comorbid conditions. Finally, all of
our participants were community ambulators and could walk
with/without an assistive device, which limits generalizability
to all individuals after stroke. We did not study lower-extremity
strength or motor function, which may be a factor in our re-
sults. However, all participants completed the 6-minute bout
of moderate-intensity exercise with no adverse events.

CONCLUSIONS
The present investigation demonstrates that MCAv and

its kinetic response profile can be characterized in people after
stroke and has the potential to reveal novel information about
cerebrovascular health. Bilateral MCAv in the participants with
stroke demonstrated lower Amp and CVR when compared
with CON, suggesting the presence of altered cerebrovascular
control at 3 months after stroke. These results support the
idea that characterization of the dynamic cerebral blood flow
response to exercise is an important and valuable assessment
with the potential to assess improvements in these measures to
various therapeutic interventions.
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