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Objective: Evaluate intensity-dependent effects of a single bout of high intensity

interval training (HIIT) compared to moderate intensity constant-load exercise (MICE) on

corticospinal excitability (CSE) and effects on upper limb performance in chronic stroke.

Design: Randomized cross-over trial.

Setting: Research laboratory in a tertiary rehabilitation hospital.

Participants: Convenience sample of 12 chronic stroke survivors.

Outcome measures: Bilateral CSE measures of intracortical inhibition and facilitation,

motor thresholds, and motor evoked potential (MEP) latency using transcranial magnetic

stimulation. Upper limb functional measures of dexterity (Box and Blocks Test) and

strength (pinch and grip strength).

Results: Twelve (10 males; 62.50± 9.0 years old) chronic stroke (26.70± 23.0 months)

survivors with moderate level of residual impairment participated. MEP latency from the

ipsilesional hemisphere was lengthened after HIIT (pre: 24.27 ± 1.8ms, and post: 25.04

± 1.8ms, p = 0.01) but not MICE (pre: 25.49 ± 1.10ms, and post: 25.28 ± 1.0ms,

p = 0.44). There were no significant changes in motor thresholds, intracortical inhibition

or facilitation. Pinch strength of the affected hand decreased after MICE (pre: 8.96 ±

1.9 kg vs. post: 8.40 ± 2.0 kg, p = 0.02) but not after HIIT (pre: 8.83 ± 2.0 kg vs. post:

8.65 ± 2.2 kg, p = 0.29). Regardless of type of aerobic exercise, higher total energy

expenditure was associated with greater increases in pinch strength in the affected hand

after exercise (R2 = 0.31, p = 0.04) and decreases in pinch strength of the less affected

hand (R2 = 0.26 p = 0.02).

Conclusion: A single bout of HIIT resulted in lengthened nerve conduction latency in

the affected hand that was not engaged in the exercise. Longer latency could be related

to the cross-over effects of fatiguing exercise or to reduced hand spasticity. Somewhat

counterintuitively, pinch strength of the affected hand decreased after MICE but not HIIT.
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Regardless of the structure of exercise, higher energy expended was associated with

pinch strength gains in the affected hand and strength losses in the less affected hand.

Since aerobic exercise has acute effects on MEP latency and hand strength, it could be

paired with upper limb training to potentiate beneficial effects.

Keywords: transcranial magnetic stimulation, corticospinal excitability, neuroplasticity, aerobic exercise, stroke,

rehabilitation, upper limb, high intensity interval training

INTRODUCTION

Stroke is the primary cause of adult onset disability (Krueger
et al., 2015). In the acute phase of stroke, spontaneous recovery
occurs as neural connections in the lesion-disrupted brain are
created within a time-limited window known as the sensitive
period (Nudo, 2013; Dromerick et al., 2015; Zeiler et al.,
2016; Ward, 2017). Later, in the chronic phase of stroke, the
brain’s ability to undergo neuroplasticity is diminished, and a
plateau in recovery marks the closure of the sensitive period,
further reducing an individual’s capacity to recover from residual
impairments (Dromerick et al., 2015;Ward, 2017). In the chronic
phase of stroke, advanced stroke rehabilitation techniques to
foster neuroplasticity mechanisms have been developed, such
as constraint-induced therapy (Ploughman and Corbett, 2004),
virtual reality (Saposnik et al., 2016), robotic assistive devices,
and brain stimulation methods (Pollock et al., 2014; Hatem et al.,
2016). However, to date these rehabilitation techniques produce
small to moderate effects on motor recovery (Pollock et al., 2014;
Hatem et al., 2016). Therefore, there is a need to develop better
stroke rehabilitation interventions that promote neuroplasticity
and help stroke survivors overcome the recovery plateau.

Aerobic exercise is a cost-effective intervention that
upregulates markers of brain health (Cotman and Berchtold,
2002; Ploughman, 2008; Austin et al., 2014; Ploughman et al.,
2015). Aerobic exercise is believed to mediate neurotrophins;
growth-promoting factors that stimulate synaptogenesis,
dendritic branching, and long-term potentiation (da Silva et al.,
2016). These are critical processes for improving the acquisition
of new skills, learning, and memory, and therefore have
important implications in clinical populations such as stroke
(Bliss and Cooke, 2011; Zeiler and Krakauer, 2013). Presently,
there is a focus on determining the specifics of aerobic exercise
prescription to optimally prime the brain (Ploughman et al.,
2005, 2008; Singh et al., 2014; Robertson et al., 2015; Saucedo
Marquez et al., 2015; Hwang et al., 2016; Charalambous et al.,
2017; Gentil and Del Vecchio, 2017; Kelly et al., 2017; Morais
et al., 2017; Nepveu et al., 2017; Neva et al., 2017). The benefits
of aerobic exercise appear to be intensity dependent (Ploughman
et al., 2007b; Hasan et al., 2016; Kelly et al., 2017) and several
studies have shown that delivering high-intensity aerobic exercise

Abbreviations: CSE, corticospinal excitability; FDI, first dorsal interosseous;
HIIT, high intensity interval training; MAS, Modified Ashworth Scale; MEP,
motor evoked potential; MICE, moderate, constant-load exercise; MSO, maximal
stimulator output; NIHSS, National Institute of Health Stroke Scale; TMS,
transcranial magnetic stimulation; VCO2, volume of dioxide oxygen; VO2, volume
of oxygen; VO2max, maximal volume of oxygen uptake.

protocols is superior to low or moderate intensity exercise (Ferris
et al., 2007; Rojas et al., 2014; Saucedo Marquez et al., 2015;
Hussain et al., 2016; MacInnis and Gibala, 2016). In addition
to the delivery of aerobic exercise at specific intensities, the
ratio of work-to-rest is an important consideration for clinical
populations. High-intensity interval training (HIIT) is a type
of exercise protocol that has been used for deconditioned and
clinical populations who are unable to maintain continuous
exercise (Lucas et al., 2015; Boyne et al., 2016; Hussain et al.,
2016; Ito et al., 2016; Ribeiro et al., 2017). HIIT is an intermittent
type of training that may be an advantageous aerobic exercise
protocol for individuals with stroke because bouts of high-
intensity exercise (work) are separated by varying amounts of
passive (rest) or active (lower intensity) recovery periods (Gibala
and Jones, 2013). Nonetheless, when considering the impact
of aerobic exercise prescription on physiological and clinical
measures, few studies have investigated the differential effect
of HIIT compared to moderate intensity continuous exercise
(MICE) in individuals with stroke.

Motor recovery and function in both acute and chronic
stroke can be predicted by assessing the excitability of the
corticospinal tract with transcranial magnetic stimulation (TMS)
(Stinear et al., 2007; Di Pino et al., 2014). In healthy populations,
evidence from TMS studies suggest that an acute bout of
aerobic exercise modulates measures of corticospinal excitability
(CSE) (Singh et al., 2014; Smith et al., 2014). In the field of
stroke rehabilitation, there is accumulating evidence that aerobic
exercise can be combined with other therapies to modulate
measures of CSE and improve function (Ploughman et al., 2007a,
2008, 2009; Hendrikse et al., 2017). However, when evaluating
measures of CSE, less is known about the optimal aerobic
exercise prescription (i.e., frequency, intensity, type, and time) to
promote neuroplasticity (Austin et al., 2014; Ploughman et al.,
2015; Hasan et al., 2016). In chronic stroke, Nepveu et al.
(2017), showed that a single bout of aerobic exercise reaching
maximal exertion levels (i.e., maximal graded exercise test) was
sufficient to change the ratio of cortical inhibition between
the ipsilesional and contralesional hemispheres (Nepveu et al.,
2017). The authors argued that the reduced cortical inhibition
was the result of decreased C-aminobutyric acid (GABAergic)
activity in the ipsilesional hemisphere following maximal aerobic
exercise. These GABAergic neurons are primarily responsible
for cortical inhibition and decreasing their activity is essential
for long-term potentiation-like processes that lead to learning
(Bachtiar and Stagg, 2014). Accordingly, motor skill acquisition
and retention are also enhanced after a single bout of HIIT in
individuals with stroke (Nepveu et al., 2017). Taken together,
aerobic exercise seems to be a beneficial intervention for
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modulating brain mechanisms related to neuroplasticity in
chronic stroke.

To evaluate intensity dependent effects on physiological
outcomes using different delivery methods of aerobic exercise
(i.e., HIIT vs. MICE), it is important to match the total
amount of work performed. Energy expenditure of exercise
must be controlled to ensure changes in CSE are due to the
characteristics of exercise (i.e., intensity-level, work-to-rest ratio),
or conversely, simply due to total work performed (Henderson
et al., 2007). Previous research in multiple sclerosis showed
that CSE differences noticed between MICE vs. HIIT may
have occurred due to total work performed, rather than the
type of exercise itself (Collett et al., 2017). Previous studies
that investigated CSE changes in stroke after HIIT vs. MICE
did not control for the total amount of work performed
between interventions, and therefore, it is difficult to know what
characteristics of exercise resulted in CSE changes (intensity
or structure). The primary objective of the current study was
to evaluate changes in CSE after single bouts of MICE and
HIIT when matched for total energy expenditure of exercise.
Additionally, it is currently unknown how acute exercise-induced
changes in CSE relate to measures of hand function in stroke
survivors. Therefore, the secondary aim was to investigate
relationships between CSE changes and clinical measures of hand
dexterity (Box and Blocks Test) and strength (pinch and grip). It
was hypothesized that HIIT would have a greater effect on CSE
and clinical measure of hand function than MICE.

MATERIALS AND METHODS

Ethics
The current study was approved by the Health Research
Ethics Authority of Newfoundland and Labrador (file number
20162291) and was carried out in accordance with the
Declaration of Helsinki on the use of human subjects in
experiments. Subjects provided written informed consent before
study participation.

Study Design
A crossover study design was used to evaluate intensity
dependent changes in CSE, and upper limb performance after
two different bouts of aerobic exercise that were matched for
total energy expenditure. The aerobic exercise bouts consisted
of MICE and HIIT, which were performed in randomized
order with at least 7-days between sessions to avoid possible
carry-over effects (Kuo et al., 2005; Kelly and Basset, 2017).
Participants first completed a maximal graded exercise test to
determine maximal oxygen uptake (VO2max), which was used
to assign workloads during the exercise sessions as described
below. The experimental sessions involved assessment of upper
limb performance (Box and Block Test, pinch and grip strength)
and TMS measures immediately before and after each exercise
session. Oxygen uptake, carbon dioxide production, breathing
frequency, and tidal volume were recorded breath-by-breath
throughout the maximal graded exercise test and experimental
sessions using an indirect calorimetry system (Moxus, AEI
Technologies, Pittsburgh, PA). Heart rate was collected in line

with respirometry data using a chest strap sensor (H10, Polar
Electro Inc., NY, USA).

Participants
Twelve chronic stroke survivors (>6 months) from an outpatient
rehabilitation center were recruited. Participants had confirmed
ischemic or hemorrhagic stroke, were able to ambulate
with/without aid >10m, received medical clearance for aerobic
exercise, were able to follow two-step commands, and were
eligible for TMS assessment based on a standardized TMS
screening form (Rossi et al., 2009). Demographics, including age
(years), gender, time since stroke (months), type of stroke (e.g.,
hemorrhagic or ischemic), brain lesion location (e.g., temporal
lobe), and presence of co-occurring comorbid conditions (e.g.,
diabetes, hypertension) were collected. Stroke severity was
determined by a physician using the National Institute of Health
Stroke Scale (NIHSS; 0 = no symptoms; 1–4 = minor; 5–
15 = moderate; 16–20 = moderate-severe; 21–42 = severe)
(National Institute of Neurological, 2011), and hand spasticity
level was determined by a physiotherapist using the Modified
Ashworth Scale (Bohannon and Smith, 1987).

Exercise Protocols
VO2max Determination
Prior to completing the experimental sessions, participants
performed a maximal graded exercise test on the total body
recumbent stepper (NuStep, Ann Arbor, Michigan) to determine
VO2max. Participants were instructed to not engage in structured
physical activities for 24-h prior to each session, and to avoid
consuming food or caffeine at least 2 h prior coming to the lab.
The graded exercise test was adapted from previous work in
this population (Billinger et al., 2008). Briefly, after familiarizing
participants with the NuStep and adjusting the ergometer for
arm and leg length, participants maintained 80 steps per minute
while the load level was gradually increased to level 3. This
workload (∼20 Watts) was maintained for the first 2min, which
was then increased by one load level every 2min at 80 strides per
minute (∼20 Watts increments) until exhaustion. If exhaustion
was not reached after load level 10 (maximal load), the strides
per minute was increased in increments of 10 every 2min until
exhaustion. The test was terminated using predefined criteria
(Billinger et al., 2008; Ferguson, 2014): (i) volitional exhaustion,
(ii) no increase in oxygen intake or heart rate despite increases
in workload, (iii) inability to maintain workload, (iv) signs of
excessive fatigue. Achievement of VO2max was assessed based on
attainment of at least two of the following criteria: (i) attainment
of volitional exhaustion; (ii) a plateau in oxygen intake (<80ml
min−1) despite increasing workload; (iii) respiratory exchange
ratio (volume of dioxide oxygen expire/volume of oxygen
intake) above 1.10; and (iv) maximal heart rate ± 10 beats
min−i of predicted maximum heart rate calculated as: 206.9 −
(

0.67 × age
)

or 164 −
(

0.7 × age
)

if prescribed beta blockers
(Billinger et al., 2008; Ferguson, 2014).

Exercise Intervention Protocols
Each exercise intervention lasted 25min on the NuStep, which
included both the warm-up and cool-down phases. During
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these sessions, participants were instructed to only use their
legs to maintain the workloads and the hand attachments were
positioned out of reach. This protocol was employed to control
for fatigue in the upper limb which could limit interpretation
of TMS variables. For MICE, participants maintained a constant
step cadence (60–80 strides per minute) at the load level that
corresponded to 60% of their VO2max for 20min (Billinger
et al., 2012; Ferguson, 2014) (Figure 1B). For HIIT, the workload
was gradually increased during the warm-up phase until the
load level corresponding to 80% of VO2max was reached. After
which, step cadence was maintained (60–80 strides per minute)
while the load level was alternated every 2min to achieve 80
and 40% VO2max for the high-intensity and active recovery
intervals, respectively (Figure 1A). Participants performed five
cycles starting with the high intensity interval for a total of
20min. The final active recovery interval also served as the
cool-down phase for the HIIT intervention.

Neurophysiological Variables
Electromyography
Preceding and directly following exercise sessions, motor evoked
potentials (MEP) were investigated from the resting first dorsal
interosseous muscle in both hands. Foam surface electrodes
(Kendall 200 Coviden, Mansfield, MA) were used to measure
the electromyography activity from the first dorsal interosseous,
using a bipolar configuration (Ag-AgCl, 2-cm inter-electrode
distance). The ground electrode was placed on the medial
epicondyle and the reference electrode was placed on the
interphalangeal joint of the index finger. Participants had their
skin shaved, abraded, and wiped with alcohol swabs to remove
any hair, dead skin, and oil secretion, ensuring optimal quality of
the electromyography signal. Signals were sampled at 40,000Hz
using a CED 1401 power interface (Cambridge Electronic Design
1401, Cambridge, UK) and amplified with a gain of 1000x and
filtered with a 3-pole Butterworth filter with cut-off frequencies
of 10–1,000Hz (Cambridge Electronic Design 1902, Cambridge,
UK). Data were recorded from 100ms before to 200ms after the
TMS pulse.

TMS
Monophasic magnetic posterior-anterior pulses were delivered
over the primary motor cortex area using a BiStim 2002

stimulator (Magstim Co. Whitland, UK) connected to a Double
70mm figure-of-eight coil (Magstim, Co.). A neuronavigation
device (Brainsight, Rogue Research Inc, Montreal, QC, Canada)
was paired with the TMS to help guide the angle and direction
of the coil over participants’ scalp. The coil was maintained
tangentially to the scalp with the handle pointing backwards
and laterally at an angle of 45◦ from the midline perpendicular
to the central sulcus. The Montreal Neurological Institute brain
template was rendered into the BrainSight software and used
as a 3-D stereotaxic template (Collins et al., 1994; Fonov et al.,
2011). During the TMS sessions, participants were comfortably
seated and instructed to remain alert and as relaxed as possible.
First, the most responsive brain area responsible for the first
dorsal interosseous muscle was found by firing the TMS at
different locations over the participants’ scalp. Each site was

stimulated three times and the site with the highest averaged
MEP amplitude was taken as the hotspot. The hotspot for each
participant was recorded into the BrainSight software so that the
same area is being stimulated in the subsequent TMS sessions.
The resting motor threshold was determined as the minimum
intensity required of the stimulator to elicit anMEP in the resting
first dorsal interosseous muscle with a peak-to-peak amplitude of
50 µV or more in at least 5 out of 10 stimulations. Resting motor
thresholds values were expressed as the maximal stimulator
output percentage (MSO%), which ranges from 0 to 100 of
MSO%.

TMS Paired-Pulse
To investigate intrinsic brain mechanisms of inhibition and
facilitation, two TMS pulses, a conditioning stimulus and a test
stimulus, separated by an interstimulus interval were delivered
over the hotstpot. Short intervals (e.g., 2–5ms) have been used
to investigate short intracortical inhibition mechanisms, whereas
longer intervals (e.g., 10–25ms) have been used to investigate
mechanisms of intracortical facilitation (Goss et al., 2012). The
paired-pulse intervals used for this study were 3.0 and 12ms,
and the intensities used for the conditioned and the test stimulus
were 80% of the resting motor threshold and the MSO% required
to elicit an MEP with a peak-to-peak amplitude of 1mV,
respectively. There was a total of 60 stimulations: 10 trials of
paired-pulses at each interval (total of 40 stimulations), and 20
single pulses recording the test stimulus alone. Stimulations were
randomized.

Upper Limb Measures
Before and directly following the exercise and TMS experiment,
upper limb dexterity was assessed using the box and block
test (Mathiowetz et al., 1985), which requires participants to
transport as many wooden blocks (dimensions: 2.5 × 2.5 ×

2.5 cm) as possible, one at a time, from one box (dimensions:
53.7 × 25.4 × 8.5 cm) to another and crossing a 25.4 cm tall
partition (i.e., obstacle) between boxes. The score is calculated
as the number of transported boxes in a 1-min period, whereby
higher scores indicate better manual dexterity. Grip and pinch
strength were measured using a grip (Lafayette Instruments,
Lafayette, IN) and a pinch dynamometer (B&L engineering,
Santa Ana, CA). Participants were asked to perform grip and
pinch maximal voluntary contractions and the strength was
recorded in kilograms (Kg). Each upper limb test [strength (pinch
and grip) and dexterity] was completed twice, alternating hands,
and the scores were averaged.

Data Reduction and Calculations
VO2max

As the metabolic cart system was set to record breath-by-breath
data, a moving average of 10 data points was used to smooth and
remove any noise from the VO2 and VCO2 data. In addition,
visual inspection of the smoothed data for each exercise session
for every participant ensured exclusion of data outliers. The
absolute VO2max was identified as the highest value for volume
of oxygen uptake during the maximal graded exercise test from
the smoothed data.
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FIGURE 1 | Average VO2 (ml min−1kg−1) reached during exercise sessions: VO2max: 20.44 ± 4.8ml min−1kg−1, mean is represented by the thick dotted line and

standard deviation (SD) is represented by the thinner dotted line. (A) HIIT session: At 40% VO2: 10.68 ± 1.6ml min−1kg−1 (52.24 ± 1.3% of VO2max), and; at 80%

VO2: 15.12 ± 2.9ml min−1kg−1 (74 ± 2.59% of VO2max ). (B) MICE session: at 60% VO2: 12.06 ± 1.8ml min−1kg−1 (59.02 ± 1.8% of VO2max).

Exercise Intensities and Matching Workloads
By using the metabolic values recorded in the maximal graded
exercise test, the proposed intensities for HIIT (40%, and
80% of VO2max) and MICE (60% of VO2max) were calculated
by using the formula = [(VO2max− Resting VO2) ×

(intensity40, 60, or 80% + Resting VO2)] (Ferguson, 2014). To
ensure that participants expended the same amount of energy
(Kcal/session) by the end of both sessions, we matched the
interventions for total workload performed and time exercising
(i.e., 60% for 20min= (40% for 10 min + 80% for 10 min).

Energy Expenditure of Exercise
The following equation was used: = (4.471 × VO2) −

(0.55 × VCO2) (Jeukendrup and Wallis, 2005) to determine
energy expenditure of exercise. For MICE, the steady-state values
of VO2 and VCO2 were averaged. For HIIT, each of the 2-
min bouts were inspected and the first 20–30 s following the
change in intensity were removed to avoid calculation of major
drifts between the changes in intensities, and VO2 and VCO2

were calculated from the remaining data. The same procedure
was performed for the warm up and cool down phases for
both exercise sessions. The total energy expenditure during the
sessions (kcal/session) was found by multiplying the energy
expenditure in kcal/min of each of the exercise phases by its total
time and adding them together to ensure that the entire 25min
of exercise was considered.

MEPs
MEPs were visually inspected such that signals with high
electromyography background activity (>20% of the mean)
preceding the TMS stimulus were excluded from analysis. MEP
amplitude was calculated as peak-to-peak from the averaged
valid MEPs (Rossini et al., 2015). MEP latency, which is a
measure of nerve conduction speed, was calculated as the time
in milliseconds from TMS artifact (0ms) to the MEP onset
(McCambridge et al., 2015) using 10 averaged test stimuli. For
paired-pulse experiments, the magnitude of the inhibition or
facilitation was reported as a percentage of the unconditioned
MEP (i.e., test stimulus), where values <100% represent brain
inhibition, whereas values >100% represent brain facilitation
(Goss et al., 2012; Nepveu et al., 2017). Data were collected and

analyzed with Signal 6.0 software (Cambridge Electronic Design,
Cambridge, UK).

Statistical Analysis
Prior to testing for differences in the primary outcome measures,
we first evaluated whether HIIT and MICE, (1) achieved the
predetermined intensity levels, and (2) were matched for total
energy expenditure. A paired-t-test was performed to analyze
baseline differences in TMS and upper limb measures between
sides, as well as the total energy expenditure performed in both
sessions.

A two-way repeated measures ANOVA with Time (Pre
and Post) as the first within subject factor and Session
(MICE and HIIT) as the second within subject factor was
used to test for exercise induced effects on CSE measures
(resting motor threshold, paired-pulses at 3ms, and at
12ms, and MEP Latency) and the upper limb measures
(Box and Block Test, pinch and grip strength). These RM-
ANOVAs were performed separately for ipsilesional and
contralesional hemispheres and the more-affected and less
affected hands. Significance was set at an alpha level of
p < 0.05 for all statistical tests. For significant interactions
between Time × Session, pairwise analyses were performed.
Paired t-tests or non-parametric paired t-tests were run
depending on normality of the variable. To control for family-
wise error, Bonferroni corrections were used for multiple
comparisons.

Spearman’s correlations were used to test for relationships
between exercise-induced changes in CSE and upper limb
function. Lastly, associations between energy expenditure of
exercise (the control variable) and changes in CSE and upper limb
function were investigated. Statistical analysis was performed on
SPSS 23.0 (IBM Corporation, Armonk, New York). Graphs were
created with Graph-Pad (Prism, version 6). Data are reported as
mean± SD.

RESULTS

Ten males and two females (age, 62.5 ± 9.0 years; range: 46–77)
with chronic stroke (months since stroke: 26.67 ± 22.0; range:
6–72) participated in the current study. Participants had residual
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impairments (NIHSS = 3.33 ± 3.0, range: 1–10), all were right-
handed, and 50% had their dominant side affected by stroke.
One participant had hemorrhagic and 11 had ischemic stroke. As
displayed in Table 1, hand spasticity scores (Modified Ashworth
scale) showed that all but three subjects had spasticity of the hand.

All participants were able to perform the maximal graded
exercise test protocol until volitional exhaustion. As reported in
Table 2, all but one participant reached the criteria indicating
that maximal exertion was achieved. VO2max was 20.44 ±

4.8ml min−1 kg−1 for this cohort with most participants
scoring at the very lowest percentile of fitness compared to
their age and gender matched peers (Ferguson, 2014). During
the MICE intervention, participants maintained workloads
that corresponded to 59 ± 2% of their VO2max, which was
very close to the target intensity of 60%. As expected, more
variability was recorded between target and observed values
during HIIT. The observed intensity for the high-intensity and
recovery intervals were 74 ± 3 and 52 ± 1%, respectively
(Figure 1). However, as reported in Table 3, the total amount
of work performed was closely matched between the two
interventions, with no significant differences between the total
energy expended on both exercise sessions. All participants were
able to perform both HIIT and MICE sessions without adverse
events.

MEPs were recorded in the less affected hand through
stimulation of the contralesional hemisphere in all subjects.
However, MEPs were not observed in the affected hand after
stimulation of the ipsilesional hemisphere in 4 participants
(subjects 4, 5, 10, and 12) before or after the interventions.
Also, these four subjects were unable to perform the upper
limb tests using the affected hand due to severity of hand
spasticity. The resting motor thresholds were similar between
the ipsilesional and contralesional hemispheres prior to exercise
in both treatments. No group or time effects were observed for
resting motor thresholds after exercise sessions in the ipsilesional
[F(1, 7) < 3.73, p > 0.10] or contralesional hemispheres
[F(1, 11) < 0.24, p > 0.63). A significant Group (MICE, HIIT)
× Time (pre, post) interaction was observed for MEP latency
in the ipsilesional [F(1, 7) = 8.56, p = 0.02] but not the
contralesional hemisphere [F(1, 11) = 0.22, p = 0.65]. Post-hoc
analysis revealed a significant lengthening of MEP latency after
HIIT (Figures 2A,B) while the other comparisons did not differ.

No significant effect of MICE or HIIT was observed in
the ipsilesional or contralesional hemispheres for intracortical
mechanisms assessed with TMS paired-pulses. However, both
exercise interventions led to small decreases in brain inhibition,
although not significant, using 12ms interstimulus interval
(Figures 3A,B). As seen in Table 4, the TMS paired-pulse
protocol using the 12ms interstimulus interval did not elicit
intracortical facilitation in this cohort.

Although there was no main effect of Session [F(1, 7) = 0.02,
p= 0.88] or Session× Time interaction [F(1, 7) = 3.39, p= 0.11],
a significant decrease in pinch strength was observed after MICE
in the affected hand [F(1, 7) = 6.56, p = 0.04]. For the remaining
upper limb measures (grip strength and Box and Block Test), we
did not observe main effects of Time, Session or Time × Session
interactions.

Relationships Between CSE, Upper Limb
Function, and Total Energy Expenditure of
Exercise
No intensity-dependent associations were observed between CSE
changes and upper limb function. However, higher total energy
expenditure of exercise was related to increased pinch strength
in the affected hand after exercise when combining HIIT and
MICE sessions (R2 = 0.31, p = 0.04) (Figure 4A). In the less
affected hand, the opposite effect was observed, higher total
energy expenditure correlated with decrease in pinch strength
(R2 = 0.26, p= 0.02) (Figure 4B).

DISCUSSION

The primary objective of the current study was to investigate the
effects of single bouts of MICE and HIIT on CSE in chronic
stroke survivors. In an attempt to evaluate intensity dependent
effects, the exercise treatments were matched for both duration
of activity and total energy expenditure. To the best of our
knowledge, this is among the first studies to evaluate acute
changes in CSE using this experimental approach in stroke
survivors. When exercise duration and total energy expenditure
were matched, we observed no differences between exercise
sessions in typical TMS CSE metrics; resting motor threshold
and intracortical mechanisms evaluated with TMS paired-pulses.
However, intensity dependent effects were observed in MEP
latency with a longer nerve conduction time between the TMS
stimulation to the MEP onset elicited from the ipsilesional
hemisphere and measured in the contralateral affected hand.
Although increases in MEP amplitudes were observed for some
participants using the TMS paired-pulse at 12ms after MICE,
the overall time effect was not significant. The contralesional
hemisphere was relatively resistant to exercise-induced effects.
Although a decrease in pinch strength was observed in the
affected hand after MICE, this change was not different from
the HIIT intervention and no other changes in upper limb
measures were detected. Interestingly, when collapsing both
exercise sessions, greater total energy expenditure was associated
with enhanced pinch strength after exercise in the affected hand
and the inverse association was observed in the less affected hand.
Acute changes in CSE following the exercise sessions did not
correlate with changes in measures of upper limb strength or
dexterity.

No Effects of Acute Aerobic Exercise on
Resting Motor Threshold
In general, CSE represents the summation of both inhibitory and
excitatory inputs on descending neurons (Ziemann et al., 2015).
Resting motor threshold is used to quantify levels of CSE in
vivo; with higher MSO% needed to elicit a MEP in individuals
with lower levels of CSE and representing a measure of motor
neurons membrane excitability (Boroojerdi et al., 2001; Ziemann
et al., 2015). We found no effect of our exercise interventions
on resting motor threshold. This aligns with previous work in
healthy individuals (Singh et al., 2014; Neva et al., 2017). Similar
findings were also reported in stroke survivors after performing
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TABLE 1 | Participants characteristics.

Subject

number

Gender Handedness Affected

hemisphere

Type and brain

location of stroke

Months

since stroke

Age (years) Stroke severity

(NIHSS)

Hand spasticity

(MAS)

1 M Right Left Ischemic.

temporal/parietal lobe

27 55 7 0

2 M Right Left Ischemic. posterior

internal capsule

8 72 1 0

3 F Right Right Ischemic. thalamus 8 67 1 1

4 F Right Left Ischemic. parietal lobe 51 62 1 3*

5 M Right Right Ischemic.

frontal/temporal lobe

15 46 3 3*

6 M Right Right Ischemic. medulla 13 63 10 0

7 M Right Right Hemorrhagic. basal

ganglia

59 77 7 1+

8 M Right Right Ischemic. frontal lobe

(right)/corona radiata

(left)

26 53 2 1+

9 M Right Right Ischemic. corona

radiata

6 67 1 1+

10 M Right Left Ischemic. basal

ganglia/intern.

capsule/corona radiata

72 65 3 3*

11 M Right Left Ischemic. basal

ganglia/parietal lobe

17 69 1 3

12 M Right Left Ischemic.

insula/temporal/parietal

lobes

18 54 3 3*

Mean±SD: 26.67 ± 22.0 62.5 ± 9.0 3.33 ± 3.0 1.78 ± 1.5

MAS, Modified Ashworth Scale; NIHSS, National Institutes of Health Stroke Scale. *participants with no MEPs recorded in the affected side.

maximal aerobic exercise (Nepveu et al., 2017). In contrast, a
decrease in CSE of the ipsilesional hemisphere and an increase
in the CSE of the contralesional hemisphere was reported in
chronic stroke survivors after HIIT (Madhavan et al., 2016).
However, these changes were evaluated using suprathreshold
single pulse stimulations (i.e., >100% of the resting motor
threshold) used to assess the function of higher-threshold motor
neurons deeper in the corticospinal tract that are controlled by
glutamatergic and noradrenergic neurotransmission (Boroojerdi
et al., 2001; Ziemann et al., 2015). Thesemechanisms can be easily
modulated by an acute bout of exercise (Basso and Suzuki, 2017).
Nonetheless, using suprathreshold stimuli, previous research in
chronic stroke has shown that low intensity continuous aerobic
exercise did not elicit CSE changes (Murdoch et al., 2016). These
findings suggest that an acute bout of high intensity may be
superior to low intensity aerobic exercise to modulate CSE by
increasing glutamate and noradrenergic neurotransmission in
chronic stroke. However, as shown here and in agreement with
other studies in healthy and stroke population, resting motor
threshold as measure of membrane excitability that is modulated
by voltage gated Na+ channels (Boroojerdi et al., 2001), may
be less likely to change acutely after a bout of aerobic exercise.
Conversely, long-term exercise training increases CSE (Goodall
et al., 2014; Kidgell et al., 2017), and trained individuals have
lower motor thresholds when compared to untrained (Monda
et al., 2017). This suggests that mechanisms behind resting

motor thresholds may require further exercise training long-term
adaptations.

Nerve Conduction Latency
In stroke survivors, shortened MEP latency is associated with
better recovery of both upper (Turton et al., 1996; Platz et al.,
2005; Barker et al., 2012) and lower extremities (Beaulieu
et al., 2014). Physical rehabilitation interventions aiming to
reduce MEP latency have primarily focused on training induced
effects (e.g., after 12 sessions over 4 weeks) using repetitive
task-oriented exercise (Beaulieu and Milot, 2017). However,
clinical trials delivering task-specific training alone were not able
to demonstrate shortening of MEP latency in chronic stroke
(Stinear et al., 2008). Conversely, pairing task-specific training
with muscle stimulation techniques might be sufficient to reduce
MEP latency and improve hand function in chronic stroke
(Tarkka and Kononen, 2009; Barker et al., 2012). In either case,
limited data is currently available describing the acute and long-
term effects of aerobic exercise interventions on MEP latency in
stroke survivors.

The current analysis revealed a lengthening of MEP latency
after a single bout of HIIT while no significant changes were
observed after MICE. Although we hypothesized an intensity
dependent effect, the direction of the change was opposite
to that anticipated and was only observed in the ipsilesional
hemisphere. However, exercise-induced changes in MEP latency
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TABLE 2 | Fitness profile of participants.

Subject BMI HRmax

(beats/min)

VO2max

(ml.min−1kg−1)

Aerobic Fitness (% of

Normative Data)

% of Predicted HRmax RER at VO2max

(VCO2/VO2)

1 32.5 125 18.81 <1 100
†

1.07

2 32.6 122 15.77 <1 77 1.16

3 25.1 120 14.26 <1 103
†

1.03

4 26.3 143 14.31* <1 87 1.07

5 22.8 185 24.94 <1 105 1.07

6 35.9 162 25.16 15 98 0.98

7 28.4 137 17.94 1 124
†

0.99

8 32.0 168 24.35 5 98 1.01

9 29.8 154 20.19 1 95 1.06

10 27.6 176 29.48 30 108 1.1

11 27.9 173 21.21 5 108 1.06

12 29.1 157 18.88 <1 92 1.2

Mean±SD: 29.2 ± 3.6 152 ± 22 20.44 ± 4.8 – 100 ± 12 1.07 ± 0.1

RER, Respiratory Exchange Ratio; BMI, Body mass Index; HRmax, maximal heart rate; VO2max, maximal volume of oxygen intake. Aerobic Fitness is ranked as % of normative data

according to American College Sports of Medicine (Ferguson, 2014).
†
Participants taking beta blockers.*Participant did not meet the criteria for achieving VO2max based on RER 1.1

and maximal heart rate ± 10 beats min−1 of predicted maximum heart rate calculated as: 206.9–(0.67 × age) (Ferguson, 2014).

TABLE 3 | MICE and HIIT metabolic data.

Energy expenditure (Kcal/min)

Exercise phase MICE HIIT

Warm up 3.49 ± 0.63 3.39 ± 0.55

40% VO2max – 3.82 ± 0.72

60% VO2max 4.58 ± 1.08 –

80% VO2max – 5.49 ± 1.46

Cool down 3.53 ± 0.89 –

Total EEE (Kcal/session): 109.28 ± 24.5 109.72 ± 23.8

MICE, moderate intensity constant-load exercise; HIIT, high intensity interval training;

VO2max , maximal volume of oxygen intake; EEE, energy expenditure of exercise.

may be influenced by recent activity levels. A study by Forrester
et al. (2006) also reported a lengthening of MEP latency after a
single bout of treadmill exercise but the effect was only observed
in trained stroke survivors (Forrester et al., 2006). Indeed,
participants in the current study were more active than the
general stroke population as indicated by their relatively higher
VO2max scores (Nepveu et al., 2017). Clarifying the relationships
between fitness, intensity and exercise-induced changes in MEP
latency is worthy of future investigation.

Lengthened nerve conduction time after HIIT could be
explained by the cross-over effect of exercise on CSE. We
examined CSE in a non-exercised muscle. In fact, CSE changes
were recently observed in the non-exercised upper limb of
healthy individuals after fatiguing exercise performed in the
lower limb (Aboodarda et al., 2017). Although we did not
measure exercise-induced fatigue, there is a pathophysiological
adaptation that occurs after stroke leading to an increased
proportion of highly fatigable (type II-like or fast-twitch) muscle

fibers in the affected limbs (De Deyne et al., 2004; Severinsen
et al., 2016). This morphological change is associated with a
decreased muscle fiber cross-sectional area and a loss of non-
fatigable (type I-like or slow-twitch) muscle fibers (Chokroverty
et al., 1976; Landin et al., 1977; Jakobsson et al., 1991; Hachisuka
et al., 1997). Also, during HIIT greater levels of muscle
contraction in the legs are required to perform the high intensity
bouts involving predominant recruitment of fatigable muscle
fibers (Russell et al., 2003; Altenburg et al., 2007; Egan et al., 2010;
Kohn et al., 2011). Accordingly, MEP latency lengthening was
observed in the affected limb and only after HIIT. Alternatively,
an exercise induced reduction in spasticity may also explain
the current findings. previous research in stroke survivors
demonstrated that 10min of arm-cycling at 50% of maximal
workload using the less-affected arm reduced spasticity of the
non-exercised hemiplegic arm (Sakamoto et al., 2014). Since
spasticity is characterized by an increase in muscle tone, and
MEPs are conducted faster duringmuscle contraction (Hess et al.,
1987), a plausible explanation for the lengthening inMEP latency
was reduced spasticity after HIIT. There is limited evidence,
however, demonstrating relationships between spasticity and
MEP latency in chronic stroke (Cakar et al., 2016), and we did not
measure exercise-induced changes in spasticity. In either case,
more studies are warranted to fully understand the underlying
mechanisms behind the intensity-dependent changes of exercise
on CSE and their long-term effects on functional recovery in
chronic stroke survivors.

No Effects of Exercise on Brain Inhibition
and Facilitation
GABA is the main inhibitory neurotransmitter in the brain,
and decreasing its activity is crucial for inducing long-term
potentiation (Kujirai et al., 1993; Ziemann et al., 1996a). Also,
the downregulation of GABA has been associated with an
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FIGURE 2 | Changes in MEP latency following exercise. (A) There was a significant difference in MEP latency changes between MICE and HIIT in the ipsilesional

hemisphere. MEPs were conducted slower after HIIT but not after MICE. (B) There were no changes in the contralesional hemisphere. *Significant pre and post MEP

latency changes after HIIT. †Significant differences in MEP latency changes (1 = post − pre) between MICE and HIIT.

FIGURE 3 | Exercise-induced changes in MEP amplitude: (A) ipsilesional and (B) contralesional hemispheres after MICE and HIIT using TMS paired-pulse with an

interstimulus interval of 12ms (ISI12ms ) between pulses.

increase in facilitatory mechanisms that are mediated by the
upregulation of glutamate, the main excitatory neurotransmitter
(Goss et al., 2012), suggesting that inhibitory and facilitatory
processes are not mutually exclusive. In stroke, the fine-tuning
of GABA mediated inhibitory networks may play a role in
the induction of neuroplasticity (Taubert et al., 2015) and
functional reorganization of both hemispheres (Manganotti et al.,
2008; Takechi et al., 2014). TMS studies in healthy participants
have shown that acute aerobic exercise can downregulate brain
inhibition (Molteni et al., 2002; Singh and Staines, 2015) and
upregulate brain facilitation (Singh and Staines, 2015).

Despite the numerous TMS studies investigating GABAergic
and glutamatergic intracortical mechanisms by using TMS
paired-pulses paradigms (Goss et al., 2012; Vucic and Kiernan,
2017), it is still unclear which cortical mechanisms are being
elicited during TMS paired-pulses in stroke (Liepert et al., 1998;
Reis et al., 2008). The current study used similar TMS paired-
pulse protocols to those used previously (Manganotti et al., 2002;
Nepveu et al., 2017). However, we observed very high values of
intracortical inhibition when using typical interstimulus interval
of 3ms, and a lack of intracortical facilitation when using an
interstimulus interval of 12ms. It is conceivable that the intensity

used for the subthreshold stimulus (i.e., 80% of resting motor
threshold) could have been too high, thus instead of acting
on the surface inhibitory interneurons, could have depolarized
the motor neuron, creating refractoriness during the subsequent
suprathreshold stimulus. It might have been preferable to use
an intensity below the active motor threshold as suggested by
majority of authors (Liepert et al., 1998, 2000; Cicinelli et al.,
2003; Swayne et al., 2008; Edwards et al., 2009; Murdoch et al.,
2016; Neva et al., 2016). Also, the interstimulus intervals required
to elicit intracortical facilitation and inhibition may vary between
individuals regardless stroke (Du et al., 2014). So, it is possible
that the unique structure brain reorganization that occurs after
stroke may require patient-specific interstimulus intervals.

Although we were not able to assess intracortical mechanisms
of facilitation using the interstimulus of 12ms (all values
<100% of unconditionedMEP), increasedMEP amplitudes were
observed after MICE in the ipsilesional hemisphere in 6 out of
8 subjects using this protocol. As previously reported, paired
suprathreshold levels can produce facilitatory effects in the spinal
cord that can last up to 20ms (Cowan et al., 1986). Therefore,
although unintended, our subthreshold stimulus may have been
sufficient to drive descending corticospinal volleys and we could
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FIGURE 4 | Total energy expenditure of exercise related to: (A) enhanced pinch strength in the affected hand, and; (B) decreased pinch strength in the less affected

hand. Solid circles MICE (moderate intensity continuous exercise), open triangles HIIT (high intensity interval training).

have still detected facilitation. Previous research has shown
that increased intracortical inhibition correlates with depressed
intracortical facilitation (Ziemann et al., 1996b, 2015). In
accordance, among healthy individualsmoderate aerobic exercise
decreased intracortical inhibition and increased intracortical
facilitation (Singh et al., 2014; Smith et al., 2014). However, in
chronic stroke, Nepveu and group (Nepveu et al., 2017) did
not detect any effect on intracortical mechanisms of inhibition
and facilitation after an acute bout of maximal aerobic exercise
(i.e., maximal graded exercise test). Nonetheless, these authors
showed that there was a change in the ratio between hemisphere’s
intracortical inhibition (contralesional/ipsilesional), whereby the
ipsilesional hemisphere decreased in inhibition whereas the
contralesional did not change. We could not find a difference
in this same ratio. We noted a high degree of variability in
response to the paired-pulse experiment in our participants,
which may reflect their heterogeneity. In participants with severe
hand spasticity (Modified Ashworth scale = 3 in 5 out of
12 participants) we could not quantify levels of inhibition or
facilitation. However, ipsilesional/contralesional effects reported
by Nepveu et al. partially agrees with our study, in that only the
ipsilesional hemisphere was modulated after aerobic exercise.

There are several important differences between our study
and the one described by Nepveu et al. (2017). First, these
authors assessed CSE after maximal graded exercise test and
our study assessed responses after MICE and HIIT. Secondly,
our participants’ residual impairment (NIHSS) and spasticity
scores (Modified Ashworth scale) along with their Chedoke-
McMaster Stroke Assessment score (mean 5.8) indicated that
our participants were more disabled. Also, although the same
TMS paired-pulse protocol was used in terms of muscle assessed
(first dorsal interosseous), interstimulus interval and MSO%
intensities, these authors used a different TMS stimulator,
potentially delivering distinct pulses intensities (i.e., voltage),
especially during paired-pulses (Sinclair et al., 2006; Goss et al.,
2012). Finally, although the same recumbent bike was used
(NuStep), our participants did not use their hands during the
exercise, and this could have impacted CSE responses. Similarly,

in chronic stroke, Murdoch et al. (2016) also investigated
intracortical inhibition in the first dorsal interosseous muscle
following continuous low-intensity cycling and could not show
any intracortical inhibition changes.

Therefore, the intensity and type of exercise, the
characteristics of the stroke population being assessed, and
whether the target muscle participates in the exercise, are
all factors that may play a role in detecting GABAergic and
glutamatergic changes post-exercise. Taken together, these
results support the hypothesis that aerobic exercise at moderate-
high, but not low intensity levels may act as a tool to modulate
the preserved long-term potentiation-like mechanisms in the
ipsilesional hemisphere of chronic stroke survivors. Previous
work in stroke suggest that increasing CSE of the ipsilesional
hemisphere leads to improvement in both motor skill acquisition
(Kim et al., 2006) and function (Hummel and Cohen, 2005)
in chronic stroke, supporting the concept that aerobic exercise
could be used to “prime” the brain when paired with other types
of training.

Intensity-Dependent Effects of Exercise on
Upper Limb Function
The current analysis revealed no significant effect of MICE
or HIIT on hand function. This contrasts with our previous
findings in a similar stroke population where 20-min of body-
weight supported treadmill exercise at 70% of heart rate
reserve was sufficient to improve hand function. However,
both studies found significant associations between changes in
affected hand’s function and the total energy expenditure of
exercise. Interestingly, in the current study, bilateral measures
allowed us to note an opposite relationship for the less-
affected hand. This phenomenon may be explained by the
interhemispheric competition model, which suggests that there is
a relationship between hemispheres whereby decreasing function
of one side is associated with improved performance on the
contralateral side (Werhahn et al., 2002; Floel et al., 2008).
In fact, reducing interhemispheric competition through brain
stimulation methods by inhibiting the contralesional hemisphere
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and/or increasing CSE of the ipsilesional hemisphere, improves
function of the affected hand (Nowak et al., 2009; Kakuda
et al., 2011; Di Pino et al., 2014). These findings suggest
that exercise induced changes in hand function may be
related to the total energy expenditure of exercise rather
than the relative exercise intensity itself. Also, given that
opposing effects were observed in hand function, these exercise-
induced changes are likely mediated through interhemispheric
mechanisms. However, more studies are needed to confirm these
results.

Limitations
There were limitations in this study. In four participants, TMS
variables could not be investigated due to the absence of MEPs
among patients with more severely affected hands. Together
with our limited sample size, loss of these data points may have
compromised our ability to detect exercise effects. Also, although
we used a protocol to elicit brain intracortical mechanisms of
inhibition and facilitation, we could not observe intracortical
facilitation in this cohort. We deliberately chose a heterogeneous
group to better understand how aerobic exercise would impact
CSE in a typical stroke population, however, this may have
influenced our ability to detect statistically significant differences.
Lastly, we only investigated acute exercise induced changes in
CSE and their relationship with hand function and, therefore,
these findings may not be applicable to current clinical stroke
rehabilitation practice.

CONCLUSION

The only exercise-induced change in CSE observed in the current
study was lengthened nerve conduction latency. This effect
was intensity-dependent as it was only observed after HIIT.
CSE was not changed as measured by resting motor threshold
and intracortical mechanisms of inhibition and facilitation

assessed with TMS paired-pulses. In fact, the typical TMS
paired-pulse protocol utilizing 12 ms-interval between pulses
was not optimal for assessing intracortical facilitation in this
cohort of chronic stroke survivors, rather, intracortical inhibition
was noted. Although increases in MEP amplitude were observed
after MICE for some participants using the 12 ms-interval,
group changes did not reach the level of statistical significance.
There were no intensity-dependent associations between CSE
changes and upper limb function. However, regardless the
type (HIIT or MICE) of exercise performed, we showed that
higher energy expenditure of exercise correlated with enhanced
strength in the affected hand and with decreased strength
in the less affected hand. More studies are needed to fully
understand the role of energy expenditure of exercise and the
long-term effects of such exercise interventions, especially HIIT,
in promoting neuroplasticity and functional recovery in stroke
survivors.

AUTHOR CONTRIBUTIONS

BA designed the experiment and collected the data. AC
performed data entry, cleaned, and analyzed the data, interpreted
the findings, wrote, edited, and submitted the manuscript. LK
wrote and edited the manuscript. EW recruited participants and
edited the manuscript. KW edited the manuscript. JM screened
participants. MP conceived of and designed the experiment,
screened subjects, and edited manuscript.

ACKNOWLEDGMENTS

The study was supported by a Newfoundland and Labrador
Centre for Applied Health Research Grant (BA), the Canada
Research Chairs program (MP), the Canada Foundation
for Innovation (MP) and the Research and Development
Corporation, Newfoundland and Labrador, Canada (MP).

REFERENCES

Aboodarda, S. J., Šambaher, N., Millet, G. Y., and Behm, D. G. (2017). Knee
extensors neuromuscular fatigue changes the corticospinal pathway
excitability in biceps brachii muscle. Neuroscience 340, 477–486.
doi: 10.1016/j.neuroscience.2016.10.065

Altenburg, T. M., Degens, H., van Mechelen, W., Sargeant, A. J., and de Haan, A.
(2007). Recruitment of singlemuscle fibers during submaximal cycling exercise.
J. Appl. Physiol. 103, 1752–1756. doi: 10.1152/japplphysiol.00496.2007

Austin, M. W., Ploughman, M., Glynn, L., and Corbett, D. (2014).
Aerobic exercise effects on neuroprotection and brain repair following
stroke: a systematic review and perspective. Neurosci. Res. 87, 8–15.
doi: 10.1016/j.neures.2014.06.007

Bachtiar, V., and Stagg, C. J. (2014). The role of inhibition in humanmotor cortical
plasticity. Neuroscience 278, 93–104. doi: 10.1016/j.neuroscience.2014.07.059

Barker, R. N., Brauer, S. G., Barry, B. K., Gill, T. J., and Carson, R. G. (2012).
Training-induced modifications of corticospinal reactivity in severely affected
stroke survivors. Exp. Brain Res. 221, 211–221. doi: 10.1007/s00221-012-3163-z

Basso, J. C., and Suzuki, W. A. (2017). The effects of acute exercise on mood,
cognition, neurophysiology and neurochemical pathways: a review. Brain Plast.
2, 127–152. doi: 10.3233/BPL-160040

Beaulieu, L. D., Massé-Alarie, H., Brouwer, B., and Schneider, C. (2014). Brain
control of volitional ankle tasks in people with chronic stroke and in healthy
individuals. J. Neurol. Sci. 338, 148–155. doi: 10.1016/j.jns.2013.12.038

Beaulieu, L. D., and Milot, M. H. (2017). Changes in transcranial magnetic
stimulation outcome measures in response to upper-limb physical training in
stroke: a systematic review of randomized controlled trials. Ann. Phys. Rehabil.
Med. 61, 224–234. doi: 10.1016/j.rehab.2017.04.003

Billinger, S. A., Mattlage, A. E., Ashenden, A. L., Lentz, A. A., Harter, G.,
and Rippee, M. A. (2012). Aerobic exercise in subacute stroke improves
cardiovascular health and physical performance. J. Neurol. Phys. Ther. 36,
159–165. doi: 10.1097/NPT.0b013e318274d082

Billinger, S. A., Tseng, B. Y., and Kluding, P. M. (2008). Modified total-
body recumbent stepper exercise test for assessing peak oxygen
consumption in people with chronic stroke. Phys. Ther. 88, 1188–1195.
doi: 10.2522/ptj.20080072

Bliss, T. V., and Cooke, S. F. (2011). Long-term potentiation and
long-term depression: a clinical perspective. Clinics 66, 3–17.
doi: 10.1590/S1807-59322011001300002

Bohannon, R. W., and Smith, M. B. (1987). Interrater reliability of a
modified Ashworth scale of muscle spasticity. Phys. Ther. 67, 206–207.
doi: 10.1093/ptj/67.2.206

Frontiers in Physiology | www.frontiersin.org 12 July 2018 | Volume 9 | Article 827

https://doi.org/10.1016/j.neuroscience.2016.10.065
https://doi.org/10.1152/japplphysiol.00496.2007
https://doi.org/10.1016/j.neures.2014.06.007
https://doi.org/10.1016/j.neuroscience.2014.07.059
https://doi.org/10.1007/s00221-012-3163-z
https://doi.org/10.3233/BPL-160040
https://doi.org/10.1016/j.jns.2013.12.038
https://doi.org/10.1016/j.rehab.2017.04.003
https://doi.org/10.1097/NPT.0b013e318274d082
https://doi.org/10.2522/ptj.20080072
https://doi.org/10.1590/S1807-59322011001300002
https://doi.org/10.1093/ptj/67.2.206
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Abraha et al. Exercise Effects on Stroke Brain

Boroojerdi, B., Battaglia, F., Muellbacher, W., and Cohen, L. G.
(2001). Mechanisms influencing stimulus-response properties of
the human corticospinal system. Clin. Neurophysiol. 112, 931–937.
doi: 10.1016/S1388-2457(01)00523-5

Boyne, P., Dunning, K., Carl, D., Gerson, M., Khoury, J., Rockwell, B., et al. (2016).
High-intensity interval training and moderate-intensity continuous training
in ambulatory chronic stroke: feasibility study. Phys. Ther. 96, 1533–1544.
doi: 10.2522/ptj.20150277

Cakar, E., Akyuz, G., Durmus, O., Bayman, L., Yagci, I., Karadag-Saygi,
E., et al. (2016). The relationships of motor-evoked potentials to hand
dexterity, motor function, and spasticity in chronic stroke patients: a
transcranial magnetic stimulation study. Acta Neurol. Belg. 116, 481–487.
doi: 10.1007/s13760-016-0633-2

Charalambous, C. C., Helm, E. E., Lau, K. A., Morton, S. M., and Reisman,
D. S. (2017). The feasibility of an acute high-intensity exercise bout to
promote locomotor learning after stroke. Top Stroke Rehabil. 25, 83–89.
doi: 10.1080/10749357.2017.1399527

Chokroverty, S., Reyes, M. G., Rubino, F. A., and Barron, K. D. (1976). Hemiplegic
amyotrophy. Muscle and motor point biopsy study. Arch. Neurol. 33, 104–110.
doi: 10.1001/archneur.1976.00500020032006

Cicinelli, P., Pasqualetti, P., Zaccagnini, M., Traversa, R., Oliveri, M., and Rossini,
P. M. (2003). Interhemispheric asymmetries of motor cortex excitability in the
postacute stroke stage: a paired-pulse transcranial magnetic stimulation study.
Stroke 34, 2653–2658. doi: 10.1161/01.STR.0000092122.96722.72

Collett, J., Meaney, A., Howells, K., and Dawes, H. (2017). Acute recovery
from exercise in people with multiple sclerosis: an exploratory study
on the effect of exercise intensities. Disabil. Rehabil. 39, 551–558.
doi: 10.3109/09638288.2016.1152604

Collins, D. L., Neelin, P., Peters, T. M., and Evans, A. C. (1994).
Automatic 3D intersubject registration of MR volumetric data in
standardized Talairach space. J. Comput. Assist. Tomogr. 18, 192–205.
doi: 10.1097/00004728-199403000-00005

Cotman, C. W., and Berchtold, N. C. (2002). Exercise: a behavioral intervention
to enhance brain health and plasticity. Trends Neurosci. 25, 295–301.
doi: 10.1016/S0166-2236(02)02143-4

Cowan, J. M., Day, B. L., Marsden, C., and Rothwell, J. C. (1986). The effect of
percutaneous motor cortex stimulation on H reflexes in muscles of the arm and
leg in intact man. J. Physiol. 377, 333–347. doi: 10.1113/jphysiol.1986.sp016190

da Silva, P. G., Domingues, D. D., de Carvalho, L. A., Allodi, S., and Correa, C. L.
(2016). Neurotrophic factors in Parkinson’s disease are regulated by exercise:
evidence-based practice. J. Neurol. Sci. 363, 5–15. doi: 10.1016/j.jns.2016.
02.017

De Deyne, P. G., Hafer-Macko, C. E., Ivey, F. M., Ryan, A. S., and Macko, R. F.
(2004). Muscle molecular phenotype after stroke is associated with gait speed.
Muscle Nerve 30, 209–215. doi: 10.1002/mus.20085

Di Pino, G., Pellegrino, G., Assenza, G., Capone, F., Ferreri, F., Formica,
D., et al. (2014). Modulation of brain plasticity in stroke: a novel
model for neurorehabilitation. Nat. Rev. Neurol. 10, 597–608.
doi: 10.1038/nrneurol.2014.162

Dromerick, A. W., Edwardson, M. A., Edwards, D. F., Giannetti, M. L., Barth, J.,
Brady, K. P., et al. (2015). Critical periods after stroke study: translating animal
stroke recovery experiments into a clinical trial. Front. Hum. Neurosci. 9:231.
doi: 10.3389/fnhum.2015.00231

Du, X., Summerfelt, A., Chiappelli, J., Holcomb, H. H., and Hong, L. E. (2014).
Individualized brain inhibition and excitation profile in response to paired-
pulse TMS. J. Mot. Behav. 46, 39–48. doi: 10.1080/00222895.2013.850401

Edwards, D. J., Krebs, H. I., Rykman, A., Zipse, J., Thickbroom, G.W., Mastaglia, F.
L., et al. (2009). Raised corticomotor excitability of M1 forearm area following
anodal tDCS is sustained during robotic wrist therapy in chronic stroke. Restor.
Neurol. Neurosci. 27, 199–207. doi: 10.3233/RNN-2009-0470

Egan, B., Carson, B. P., Garcia-Roves, P. M., Chibalin, A. V., Sarsfield, F.
M., Barron, N., et al. (2010). Exercise intensity-dependent regulation of
peroxisome proliferator-activated receptor coactivator-1 mRNA abundance is
associated with differential activation of upstream signalling kinases in human
skeletal muscle. J. Physiol. 588(Pt 10), 1779–1790. doi: 10.1113/jphysiol.2010.
188011

Ferguson, B. (2014). ACSM’s guidelines for exercise testing and prescription 9th
Ed. 2014. J. Can. Chiropractic Assoc. 58:328.

Ferris, L. T., Williams, J. S., and Shen, C. L. (2007). The effect of acute exercise on
serum brain-derived neurotrophic factor levels and cognitive function. Med.

Sci. Sports Exerc. 39, 728–734. doi: 10.1249/mss.0b013e31802f04c7
Floel, A., Hummel, F., Duque, J., Knecht, S., and Cohen, L. G. (2008).

Influence of somatosensory input on interhemispheric interactions in
patients with chronic stroke. Neurorehabil. Neural. Repair 22, 477–485.
doi: 10.1177/1545968308316388

Fonov, V., Evans, A. C., Botteron, K., Almli, C. R., McKinstry, R. C., Collins, D.
L., et al. (2011). Unbiased average age-appropriate atlases for pediatric studies.
Neuroimage 54, 313–327. doi: 10.1016/j.neuroimage.2010.07.033

Forrester, L.W., Hanley, D. F., andMacko, R. F. (2006). Effects of treadmill exercise
on transcranial magnetic stimulation-induced excitability to quadriceps after
stroke. Arch. Phys. Med. Rehabil. 87, 229–234. doi: 10.1016/j.apmr.2005.10.016

Gentil, P., and Del Vecchio, F. B. (2017). Commentary: high-intensity intermittent
training vs. moderate-intensity intermittent training: is it a matter of intensity
or intermittent efforts? Front. Physiol. 8:370. doi: 10.3389/fphys.2017.00370

Gibala, M. J., and Jones, A. M. (2013). Physiological and performance
adaptations to high-intensity interval training. Limits Hum. Endur. 76, 51–60.
doi: 10.1159/000350256

Goodall, S., Howatson, G., Romer, L., and Ross, E. (2014). Transcranial magnetic
stimulation in sport science: a commentary. Eur. J. Sport Sci. 14(Suppl. 1),
S332–S340. doi: 10.1080/17461391.2012.704079

Goss, D. A., Hoffman, R. L., and Clark, B. C. (2012). Utilizing transcranial magnetic
stimulation to study the human neuromuscular system. J. Vis. Exp. 59:e3387.
doi: 10.3791/3387

Hachisuka, K., Umezu, Y., and Ogata, H. (1997). Disuse muscle atrophy of
lower limbs in hemiplegic patients. Arch. Phys. Med. Rehabil. 78, 13–18.
doi: 10.1016/S0003-9993(97)90003-4

Hasan, S. M., Rancourt, S. N., Austin, M. W., and Ploughman, M. (2016).
Defining optimal aerobic exercise parameters to affect complex motor and
cognitive outcomes after stroke: a systematic review and synthesis.Neural Plast.
2016:2961573. doi: 10.1155/2016/2961573

Hatem, S. M., Saussez, G., Della Faille, M., Prist, V., Zhang, X., Dispa, D., et al.
(2016). Rehabilitation of motor function after stroke: a multiple systematic
review focused on techniques to stimulate upper extremity recovery. Front.
Hum. Neurosci. 10:442. doi: 10.3389/fnhum.2016.00442

Henderson, G. C., Fattor, J. A., Horning, M. A., Faghihnia, N., Johnson, M. L.,
Mau, T. L., et al. (2007). Lipolysis and fatty acid metabolism in men and
women during the postexercise recovery period. J. Physiol. 584(Pt 3), 963–981.
doi: 10.1113/jphysiol.2007.137331

Hendrikse, J., Kandola, A., Coxon, J., Rogasch, N., and Yücel, M. (2017).
Combining aerobic exercise and repetitive transcranial magnetic stimulation
to improve brain function in health and disease. Neurosci. Biobehav. Rev. 83,
11–20. doi: 10.1016/j.neubiorev.2017.09.023

Hess, C. W., Mills, K. R., and Murray, N. M. (1987). Responses in small hand
muscles from magnetic stimulation of the human brain. J. Physiol. 388,
397–419. doi: 10.1113/jphysiol.1987.sp016621

Hummel, F., and Cohen, L. G. (2005). Improvement of motor function with
noninvasive cortical stimulation in a patient with chronic stroke. Neurorehabil.
Neural Repair 19, 14–19. doi: 10.1177/1545968304272698

Hussain, S. R., Macaluso, A., and Pearson, S. J. (2016). High-intensity
interval training versus moderate-intensity continuous training in the
prevention/management of cardiovascular disease. Cardiol Rev. 24, 273–281.
doi: 10.1097/CRD.0000000000000124

Hwang, J., Brothers, R. M., Castelli, D. M., Glowacki, E. M., Chen, Y. T., Salinas, M.
M., et al. (2016). Acute high-intensity exercise-induced cognitive enhancement
and brain-derived neurotrophic factor in young, healthy adults. Neurosci. Lett.
630, 247–253. doi: 10.1016/j.neulet.2016.07.033

Ito, S., Mizoguchi, T., and Saeki, T. (2016). Review of high-intensity
interval training in cardiac rehabilitation. Intern. Med. 55, 2329–2336.
doi: 10.2169/internalmedicine.55.6068

Jakobsson, F., Edström, L., Grimby, L., and Thornell, L. E. (1991).
Disuse of anterior tibial muscle during locomotion and increased
proportion of type II fibres in hemiplegia. J. Neurol. Sci. 105, 49–56.
doi: 10.1016/0022-510X(91)90117-P

Jeukendrup, A. E., and Wallis, G. A. (2005). Measurement of substrate oxidation
during exercise by means of gas exchange measurements. Int. J. Sports Med.

26(Suppl. 1), S28–S37. doi: 10.1055/s-2004-830512

Frontiers in Physiology | www.frontiersin.org 13 July 2018 | Volume 9 | Article 827

https://doi.org/10.1016/S1388-2457(01)00523-5
https://doi.org/10.2522/ptj.20150277
https://doi.org/10.1007/s13760-016-0633-2
https://doi.org/10.1080/10749357.2017.1399527
https://doi.org/10.1001/archneur.1976.00500020032006
https://doi.org/10.1161/01.STR.0000092122.96722.72
https://doi.org/10.3109/09638288.2016.1152604
https://doi.org/10.1097/00004728-199403000-00005
https://doi.org/10.1016/S0166-2236(02)02143-4
https://doi.org/10.1113/jphysiol.1986.sp016190
https://doi.org/10.1016/j.jns.2016.02.017
https://doi.org/10.1002/mus.20085
https://doi.org/10.1038/nrneurol.2014.162
https://doi.org/10.3389/fnhum.2015.00231
https://doi.org/10.1080/00222895.2013.850401
https://doi.org/10.3233/RNN-2009-0470
https://doi.org/10.1113/jphysiol.2010.188011
https://doi.org/10.1249/mss.0b013e31802f04c7
https://doi.org/10.1177/1545968308316388
https://doi.org/10.1016/j.neuroimage.2010.07.033
https://doi.org/10.1016/j.apmr.2005.10.016
https://doi.org/10.3389/fphys.2017.00370
https://doi.org/10.1159/000350256
https://doi.org/10.1080/17461391.2012.704079
https://doi.org/10.3791/3387
https://doi.org/10.1016/S0003-9993(97)90003-4
https://doi.org/10.1155/2016/2961573
https://doi.org/10.3389/fnhum.2016.00442
https://doi.org/10.1113/jphysiol.2007.137331
https://doi.org/10.1016/j.neubiorev.2017.09.023
https://doi.org/10.1113/jphysiol.1987.sp016621
https://doi.org/10.1177/1545968304272698
https://doi.org/10.1097/CRD.0000000000000124
https://doi.org/10.1016/j.neulet.2016.07.033
https://doi.org/10.2169/internalmedicine.55.6068
https://doi.org/10.1016/0022-510X(91)90117-P
https://doi.org/10.1055/s-2004-830512
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Abraha et al. Exercise Effects on Stroke Brain

Kakuda, W., Abo, M., Kobayashi, K., Momosaki, R., Yokoi, A., Fukuda, A., et al.
(2011). Anti-spastic effect of low-frequency rTMS applied with occupational
therapy in post-stroke patients with upper limb hemiparesis. Brain Inj. 25,
496–502. doi: 10.3109/02699052.2011.559610

Kelly, L. P., and Basset, F. A. (2017). Acute normobaric hypoxia increases
post-exercise lipid oxidation in healthy males. Front. Physiol. 8:293.
doi: 10.3389/fphys.2017.00293

Kelly, L. P., Devasahayam, A. J., Chaves, A. R., Wallack, E. M., McCarthy,
J., Basset, F. A., et al. (2017). Intensifying functional task practice to
meet aerobic training guidelines in stroke survivors. Front. Physiol. 8:809.
doi: 10.3389/fphys.2017.00809

Kidgell, D. J., Bonanno, D. R., Frazer, A. K., Howatson, G., and Pearce, A. J. (2017).
Corticospinal responses following strength training: a systematic review and
meta-analysis. Eur. J. Neurosci. 46, 2648–2661. doi: 10.1111/ejn.13710

Kim, Y. H., You, S. H., Ko, M. H., Park, J. W., Lee, K. H., Jang, S. H., et al. (2006).
Repetitive transcranial magnetic stimulation-induced corticomotor excitability
and associated motor skill acquisition in chronic stroke. Stroke 37, 1471–1476.
doi: 10.1161/01.STR.0000221233.55497.51

Kohn, T. A., Essén-Gustavsson, B., and Myburgh, K. H. (2011). Specific
muscle adaptations in type II fibers after high-intensity interval
training of well-trained runners. Scand. J. Med. Sci. Sports 21, 765–772.
doi: 10.1111/j.1600-0838.2010.01136.x

Krueger, H., Koot, J., Hall, R. E., O’Callaghan, C., Bayley, M., and
Corbett, D. (2015). Prevalence of individuals experiencing the effects
of stroke in Canada: trends and projections. Stroke 46, 2226–2231.
doi: 10.1161/STROKEAHA.115.009616

Kujirai, T., Caramia, M. D., Rothwell, J. C., Day, B. L., Thompson, P. D., Ferbert,
A., et al. (1993). Corticocortical inhibition in human motor cortex. J. Physiol.
471, 501–519. doi: 10.1113/jphysiol.1993.sp019912

Kuo, C. C., Fattor, J. A., Henderson, G. C., and Brooks, G. A. (2005). Lipid
oxidation in fit young adults during postexercise recovery. J. Appl. Physiol. 99,
349–356. doi: 10.1152/japplphysiol.00997.2004

Landin, S., Hagenfeldt, L., Saltin, B., and Wahren, J. (1977). Muscle metabolism
during exercise in hemiparetic patients. Clin. Sci. Mol. Med. 53, 257–269.
doi: 10.1042/cs0530257

Liepert, J., Classen, J., Cohen, L. G., and Hallett, M. (1998). Task-dependent
changes of intracortical inhibition. Exp. Brain Res. 118, 421–426.
doi: 10.1007/s002210050296

Liepert, J., Storch, P., Fritsch, A., and Weiller, C. (2000). Motor cortex
disinhibition in acute stroke. Clin. Neurophysiol. 111, 671–676.
doi: 10.1016/S1388-2457(99)00312-0

Lucas, S. J., Cotter, J. D., Brassard, P., and Bailey, D. M. (2015). High-intensity
interval exercise and cerebrovascular health: curiosity, cause, and consequence.
J. Cereb. Blood Flow Metab. 35, 902–911. doi: 10.1038/jcbfm.2015.49

MacInnis, M. J., and Gibala, M. J. (2016). Physiological adaptations to interval
training and the role of exercise intensity. J. Physiol. 595, 2915–2930.
doi: 10.1113/JP273196

Madhavan, S., Stinear, J. W., and Kanekar, N. (2016). Effects of a single session
of high intensity interval treadmill training on corticomotor excitability
following stroke: implications for therapy. Neural. Plast. 2016:1686414.
doi: 10.1155/2016/1686414

Manganotti, P., Acler, M., Zanette, G. P., Smania, N., and Fiaschi, A.
(2008). Motor cortical disinhibition during early and late recovery after
stroke. Neurorehabil. Neural Repair 22, 396–403. doi: 10.1177/1545968307
313505

Manganotti, P., Patuzzo, S., Cortese, F., Palermo, A., Smania, N., and Fiaschi,
A. (2002). Motor disinhibition in affected and unaffected hemisphere in
the early period of recovery after stroke. Clin. Neurophysiol. 113, 936–943.
doi: 10.1016/S1388-2457(02)00062-7

Mathiowetz, V., Volland, G., Kashman, N., andWeber, K. (1985). Adult norms for
the box and block test of manual dexterity. Am. J. Occup. Ther. 39, 386–391.
doi: 10.5014/ajot.39.6.386

McCambridge, A. B., Stinear, J. W., and Byblow,W. D. (2015). ‘I-wave’ recruitment
determines response to tDCS in the upper limb, but only so far. Brain Stimul. 8,
1124–1129. doi: 10.1016/j.brs.2015.07.027

Molteni, R., Ying, Z., and Gómez-Pinilla, F. (2002). Differential effects
of acute and chronic exercise on plasticity-related genes in the rat

hippocampus revealed by microarray. Eur. J. Neurosci. 16, 1107–1116.
doi: 10.1046/j.1460-9568.2002.02158.x

Monda, V., Valenzano, A., Moscatelli, F., Salerno, M., Sessa, F., Triggiani,
A. I., et al. (2017). Primary motor cortex excitability in karate athletes:
a transcranial magnetic stimulation study. Front. Physiol. 8:695.
doi: 10.3389/fphys.2017.00695

Morais, V. A. C., Tourino, M.F. D. S., Almeida, A. C. S., Albuquerque,
T. B. D., Linhares, R. C., Christo, P. P., et al. (2017). A single session
of moderate intensity walking increases brain-derived neurotrophic factor
(BDNF) in the chronic post-stroke patients. Top Stroke Rehabil. 25, 1–5.
doi: 10.1080/10749357.2017.1373500

Murdoch, K., Buckley, J. D., and McDonnell, M. N. (2016). The effect of aerobic
exercise on neuroplasticity within the motor cortex following stroke. PLoS ONE
11:e0152377. doi: 10.1371/journal.pone.0152377

National Institute of Neurological, Stroke National Institute of, Neurological
Communicative, and Stroke (2011).NIH stroke scale. (Bethesda, MD): National
Institute of Neurological Disorders and Stroke, Dept. of Health and Human
Services, USA, [2011].

Nepveu, J. F., Thiel, A., Tang, A., Fung, J., Lundbye-Jensen, J., Boyd, L. A., et al.
(2017). A single bout of high-intensity interval training improves motor skill
retention in individuals with stroke. Neurorehabil. Neural Repair 31, 726–735.
doi: 10.1177/1545968317718269

Neva, J. L., Brown, K. E., Mang, C. S., Francisco, B. A., and Boyd, L. A. (2017).
An acute bout of exercise modulates both intracortical and interhemispheric
excitability. Eur. J. Neurosci. 45, 1343–1355. doi: 10.1111/ejn.13569

Neva, J. L., Lakhani, B., Brown, K. E., Wadden, K. P., Mang, C. S., Ledwell, N.
H., et al. (2016). Multiple measures of corticospinal excitability are associated
with clinical features of multiple sclerosis. Behav. Brain Res. 297, 187–195.
doi: 10.1016/j.bbr.2015.10.015

Nowak, D. A., Grefkes, C., Ameli, M., and Fink, G. R. (2009). Interhemispheric
competition after stroke: brain stimulation to enhance recovery of
function of the affected hand. Neurorehabil. Neural Repair 23, 641–656.
doi: 10.1177/1545968309336661

Nudo, R. J. (2013). Recovery after brain injury: mechanisms and principles. Front.
Hum. Neurosci. 7:887. doi: 10.3389/fnhum.2013.00887

Platz, T., van Kaick, S., Möller, L., Freund, S., Winter, T., and Kim,
I. H. (2005). Impairment-oriented training and adaptive motor cortex
reorganisation after stroke: a fTMS study. J. Neurol. 252, 1363–1371.
doi: 10.1007/s00415-005-0868-y

Ploughman, M. (2008). Exercise is brain food: the effects of physical
activity on cognitive function. Dev. Neurorehabil. 11, 236–240.
doi: 10.1080/17518420801997007

Ploughman, M., Attwood, Z., White, N., Doré, J. J., and Corbett,
D. (2007a). Endurance exercise facilitates relearning of forelimb
motor skill after focal ischemia. Eur. J. Neurosci. 25, 3453–3460.
doi: 10.1111/j.1460-9568.2007.05591.x

Ploughman, M., Austin, M. W., Glynn, L., and Corbett, D. (2015). The
effects of poststroke aerobic exercise on neuroplasticity: a systematic
review of animal and clinical studies. Transl. Stroke Res. 6, 13–28.
doi: 10.1007/s12975-014-0357-7

Ploughman, M., and Corbett, D. (2004). Can forced-use therapy be
clinically applied after stroke? An exploratory randomized controlled
trial. Arch. Phys. Med. Rehabil. 85, 1417–1423. doi: 10.1016/j.apmr.2004.
01.018

Ploughman, M., Granter-Button, S., Chernenko, G., Attwood, Z., Tucker, B. A.,
Mearow, K. M., et al. (2007b). Exercise intensity influences the temporal profile
of growth factors involved in neuronal plasticity following focal ischemia. Brain
Res. 1150, 207–216. doi: 10.1016/j.brainres.2007.02.065

Ploughman, M., Granter-Button, S., Chernenko, G., Tucker, B. A., Mearow,
K. M., and Corbett, D. (2005). Endurance exercise regimens induce
differential effects on brain-derived neurotrophic factor, synapsin-I and
insulin-like growth factor I after focal ischemia. Neuroscience 136, 991–1001.
doi: 10.1016/j.neuroscience.2005.08.037

Ploughman, M., McCarthy, J., Bosse, M., Sullivan, H. J., and Corbett, D. (2008).
Does treadmill exercise improve performance of cognitive or upper-extremity
tasks in people with chronic stroke? A randomized cross-over trial. Arch. Phys.
Med. Rehabil. 89, 2041–2047. doi: 10.1016/j.apmr.2008.05.017

Frontiers in Physiology | www.frontiersin.org 14 July 2018 | Volume 9 | Article 827

https://doi.org/10.3109/02699052.2011.559610
https://doi.org/10.3389/fphys.2017.00293
https://doi.org/10.3389/fphys.2017.00809
https://doi.org/10.1111/ejn.13710
https://doi.org/10.1161/01.STR.0000221233.55497.51
https://doi.org/10.1111/j.1600-0838.2010.01136.x
https://doi.org/10.1161/STROKEAHA.115.009616
https://doi.org/10.1113/jphysiol.1993.sp019912
https://doi.org/10.1152/japplphysiol.00997.2004
https://doi.org/10.1042/cs0530257
https://doi.org/10.1007/s002210050296
https://doi.org/10.1016/S1388-2457(99)00312-0
https://doi.org/10.1038/jcbfm.2015.49
https://doi.org/10.1113/JP273196
https://doi.org/10.1155/2016/1686414
https://doi.org/10.1177/1545968307313505
https://doi.org/10.1016/S1388-2457(02)00062-7
https://doi.org/10.5014/ajot.39.6.386
https://doi.org/10.1016/j.brs.2015.07.027
https://doi.org/10.1046/j.1460-9568.2002.02158.x
https://doi.org/10.3389/fphys.2017.00695
https://doi.org/10.1080/10749357.2017.1373500
https://doi.org/10.1371/journal.pone.0152377
https://doi.org/10.1177/1545968317718269
https://doi.org/10.1111/ejn.13569
https://doi.org/10.1016/j.bbr.2015.10.015
https://doi.org/10.1177/1545968309336661
https://doi.org/10.3389/fnhum.2013.00887
https://doi.org/10.1007/s00415-005-0868-y
https://doi.org/10.1080/17518420801997007
https://doi.org/10.1111/j.1460-9568.2007.05591.x
https://doi.org/10.1007/s12975-014-0357-7
https://doi.org/10.1016/j.apmr.2004.01.018
https://doi.org/10.1016/j.brainres.2007.02.065
https://doi.org/10.1016/j.neuroscience.2005.08.037
https://doi.org/10.1016/j.apmr.2008.05.017
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Abraha et al. Exercise Effects on Stroke Brain

Ploughman, M., Windle, V., MacLellan, C. L., White, N., Doré, J. J., and
Corbett, D. (2009). Brain-derived neurotrophic factor contributes to recovery
of skilled reaching after focal ischemia in rats. Stroke 40, 1490–1495.
doi: 10.1161/STROKEAHA.108.531806

Pollock, A., Farmer, S. E., Brady, M. C., Langhorne, P., Mead, G.
E., Mehrholz, J., et al. (2014). Interventions for improving upper
limb function after stroke. Cochrane Database Syst. Rev. CD010820.
doi: 10.1002/14651858.CD010820.pub2

Reis, J., Swayne, O. B., Vandermeeren, Y., Camus, M., Dimyan, M. A., Harris-
Love, M., et al. (2008). Contribution of transcranial magnetic stimulation to
the understanding of cortical mechanisms involved in motor control. J. Physiol.
586, 325–351. doi: 10.1113/jphysiol.2007.144824

Ribeiro, P. A., Boidin, M., Juneau, M., Nigam, A., and Gayda, M. (2017).
High-intensity interval training in patients with coronary heart disease:
prescription models and perspectives. Ann. Phys. Rehabil. Med. 60, 50–57.
doi: 10.1016/j.rehab.2016.04.004

Robertson, A. D., Crane, D. E., Rajab, A. S., Swardfager, W., Marzolini, S., Shirzadi,
Z., et al. (2015). Exercise intensity modulates the change in cerebral blood flow
following aerobic exercise in chronic stroke. Exp. Brain Res. 233, 2467–2475.
doi: 10.1007/s00221-015-4317-6

Rojas, J. I., Patrucco, L., Miguez, J., Besada, C., and Cristiano, E.
(2014). Brain atrophy as a non-response predictor to interferon-beta
in relapsing-remitting multiple sclerosis. Neurol. Res. 36, 615–618.
doi: 10.1179/1743132813Y.0000000304

Rossi, S., Hallett, M., Rossini, P. M., and Pascual-Leone, A. (2009). Safety,
ethical considerations, and application guidelines for the use of transcranial
magnetic stimulation in clinical practice and research. Clin. Neurophysiol. 120,
2008–2039. doi: 10.1016/j.clinph.2009.08.016

Rossini, P. M., Burke, D., Chen, R., Cohen, L. G., Daskalakis, Z., Di
Iorio, R., et al. (2015). Non-invasive electrical and magnetic stimulation
of the brain, spinal cord, roots and peripheral nerves: basic principles
and procedures for routine clinical and research application. An updated
report from an I.F.C.N. Committee. Clin. Neurophysiol. 126, 1071–1107.
doi: 10.1016/j.clinph.2015.02.001

Russell, A. P., Feilchenfeldt, J., Schreiber, S., Praz, M., Crettenand, A., Gobelet, C.,
et al. (2003). Endurance training in humans leads to fiber type-specific increases
in levels of peroxisome proliferator-activated receptor-gamma coactivator-
1 and peroxisome proliferator-activated receptor-alpha in skeletal muscle.
Diabetes 52, 2874–2881. doi: 10.2337/diabetes.52.12.2874

Sakamoto, K., Nakamura, T., Uenishi, H., Umemoto, Y., Arakawa, H., Abo,
M., et al. (2014). Immediate effects of unaffected arm exercise in poststroke
patients with spastic upper limb hemiparesis. Cerebrovasc. Dis. 37, 123–127.
doi: 10.1159/000357421

Saposnik, G., Cohen, L. G., Mamdani, M., Pooyania, S., Ploughman, M.,
Cheung, D., et al. (2016). Efficacy and safety of non-immersive virtual
reality exercising in stroke rehabilitation (EVREST): a randomised,
multicentre, single-blind, controlled trial. Lancet Neurol. 15, 1019–1027.
doi: 10.1016/S1474-4422(16)30121-1

Saucedo Marquez, C. M., Vanaudenaerde, B., Troosters, T., and Wenderoth,
N. (2015). High-intensity interval training evokes larger serum BDNF levels
compared with intense continuous exercise. J. Appl. Physiol. 119, 1363–1373.
doi: 10.1152/japplphysiol.00126.2015

Severinsen, K., Dalgas, U., Overgaard, K., Pedersen, A. R., Ørtenblad, N.,
Lund, C., et al. (2016). Skeletal muscle fiber characteristics and oxidative
capacity in hemiparetic stroke survivors. Muscle Nerve 53, 748–754.
doi: 10.1002/mus.24907

Sinclair, C., Faulkner, D., and Hammond, G. (2006). Flexible real-time control of
MagStim 200(2) units for use in transcranial magnetic stimulation studies. J.
Neurosci. Methods 158, 133–136. doi: 10.1016/j.jneumeth.2006.05.021

Singh, A. M., Duncan, R. E., Neva, J. L., and Staines, W. R. (2014). Aerobic exercise
modulates intracortical inhibition and facilitation in a nonexercised upper limb
muscle. BMC Sports Sci. Med. Rehabil. 6:23. doi: 10.1186/2052-1847-6-23

Singh, A. M., and Staines, W. R. (2015). The effects of acute aerobic
exercise on the primary motor cortex. J. Mot. Behav. 47, 328–339.
doi: 10.1080/00222895.2014.983450

Smith, A. E., Goldsworthy, M. R., Garside, T., Wood, F. M., and Ridding,
M. C. (2014). The influence of a single bout of aerobic exercise on

short-interval intracortical excitability. Exp. Brain Res. 232, 1875–1882.
doi: 10.1007/s00221-014-3879-z

Stinear, C. M., Barber, P. A., Coxon, J. P., Fleming, M. K., and Byblow, W. D.
(2008). Priming the motor system enhances the effects of upper limb therapy
in chronic stroke. Brain 131(Pt 5), 1381–1390. doi: 10.1093/brain/awn051

Stinear, C. M., Barber, P. A., Smale, P. R., Coxon, J. P., Fleming, M.
K., and Byblow, W. D. (2007). Functional potential in chronic stroke
patients depends on corticospinal tract integrity. Brain 130(Pt 1), 170–180.
doi: 10.1093/brain/awl333

Swayne, O. B., Rothwell, J. C., Ward, N. S., and Greenwood, R. J. (2008).
Stages of motor output reorganization after hemispheric stroke suggested
by longitudinal studies of cortical physiology. Cereb. Cortex 18, 1909–1922.
doi: 10.1093/cercor/bhm218

Takechi, U., Matsunaga, K., Nakanishi, R., Yamanaga, H., Murayama, N.,
Mafune, K., et al. (2014). Longitudinal changes of motor cortical excitability
and transcallosal inhibition after subcortical stroke. Clin. Neurophysiol. 125,
2055–2069. doi: 10.1016/j.clinph.2014.01.034

Tarkka, I. M., and Könönen, M. (2009). Methods to improve
constraint-induced movement therapy. NeuroRehabilitation 25, 59–68.
doi: 10.3233/NRE-2009-0499

Taubert, M., Villringer, A., and Lehmann, N. (2015). Endurance exercise
as an “endogenous” neuro-enhancement strategy to facilitate motor
learning. Front. Hum. Neurosci. 9:692. doi: 10.3389/fnhum.2015.
00692

Turton, A., Wroe, S., Trepte, N., Fraser, C., and Lemon, R. N. (1996). Contralateral
and ipsilateral EMG responses to transcranial magnetic stimulation during
recovery of arm and hand function after stroke. Electroencephalogr.

Clin. Neurophysiol. 101, 316–328. doi: 10.1016/0924-980X(96)9
5560-5

Vucic, S., and Kiernan, M. C. (2017). Transcranial magnetic stimulation for
the assessment of neurodegenerative disease. Neurotherapeutics 14, 91–106.
doi: 10.1007/s13311-016-0487-6

Ward, N. S. (2017). Restoring brain function after stroke - bridging the
gap between animals and humans. Nat. Rev. Neurol. 13, 244–255.
doi: 10.1038/nrneurol.2017.34

Werhahn, K. J., Mortensen, J., Kaelin-Lang, A., Boroojerdi, B., and
Cohen, L. G. (2002). Cortical excitability changes induced by
deafferentation of the contralateral hemisphere. Brain 125(Pt 6), 1402–1413.
doi: 10.1093/brain/awf140

Zeiler, S. R., Hubbard, R., Gibson, E.M., Zheng, T., Ng, K., O’Brien, R., et al. (2016).
Paradoxical motor recovery from a first stroke after induction of a second
stroke: reopening a postischemic sensitive period. Neurorehabil. Neural Repair
30, 794–800. doi: 10.1177/1545968315624783

Zeiler, S. R., and Krakauer, J. W. (2013). The interaction between training
and plasticity in the poststroke brain. Curr. Opin. Neurol. 26, 609–616.
doi: 10.1097/WCO.0000000000000025

Ziemann, U., Lönnecker, S., Steinhoff, B. J., and Paulus, W. (1996a). The effect
of lorazepam on the motor cortical excitability in man. Exp. Brain Res. 109,
127–135. doi: 10.1007/BF00228633

Ziemann, U., Reis, J., Schwenkreis, P., Rosanova, M., Strafella, A., Badawy, R.,
et al. (2015). TMS and drugs revisited 2014.Clin. Neurophysiol. 126, 1847–1868.
doi: 10.1016/j.clinph.2014.08.028

Ziemann, U., Rothwell, J. C., and Ridding, M. C. (1996b). Interaction between
intracortical inhibition and facilitation in human motor cortex. J. Physiol.
496(Pt 3), 873–881.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Abraha, Chaves, Kelly, Wallack, Wadden, McCarthy and

Ploughman. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 15 July 2018 | Volume 9 | Article 827

https://doi.org/10.1161/STROKEAHA.108.531806
https://doi.org/10.1002/14651858.CD010820.pub2
https://doi.org/10.1113/jphysiol.2007.144824
https://doi.org/10.1016/j.rehab.2016.04.004
https://doi.org/10.1007/s00221-015-4317-6
https://doi.org/10.1179/1743132813Y.0000000304
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1016/j.clinph.2015.02.001
https://doi.org/10.2337/diabetes.52.12.2874
https://doi.org/10.1159/000357421
https://doi.org/10.1016/S1474-4422(16)30121-1
https://doi.org/10.1152/japplphysiol.00126.2015
https://doi.org/10.1002/mus.24907
https://doi.org/10.1016/j.jneumeth.2006.05.021
https://doi.org/10.1186/2052-1847-6-23
https://doi.org/10.1080/00222895.2014.983450
https://doi.org/10.1007/s00221-014-3879-z
https://doi.org/10.1093/brain/awn051
https://doi.org/10.1093/brain/awl333
https://doi.org/10.1093/cercor/bhm218
https://doi.org/10.1016/j.clinph.2014.01.034
https://doi.org/10.3233/NRE-2009-0499
https://doi.org/10.3389/fnhum.2015.00692
https://doi.org/10.1016/0924-980X(96)95560-5
https://doi.org/10.1007/s13311-016-0487-6
https://doi.org/10.1038/nrneurol.2017.34
https://doi.org/10.1093/brain/awf140
https://doi.org/10.1177/1545968315624783
https://doi.org/10.1097/WCO.0000000000000025
https://doi.org/10.1007/BF00228633
https://doi.org/10.1016/j.clinph.2014.08.028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	A Bout of High Intensity Interval Training Lengthened Nerve Conduction Latency to the Non-exercised Affected Limb in Chronic Stroke
	Introduction
	Materials and Methods
	Ethics
	Study Design
	Participants
	Exercise Protocols
	VO2max Determination
	Exercise Intervention Protocols

	Neurophysiological Variables
	Electromyography
	TMS
	TMS Paired-Pulse
	Upper Limb Measures

	Data Reduction and Calculations
	VO2max
	Exercise Intensities and Matching Workloads
	Energy Expenditure of Exercise
	MEPs

	Statistical Analysis

	Results
	Relationships Between CSE, Upper Limb Function, and Total Energy Expenditure of Exercise

	Discussion
	No Effects of Acute Aerobic Exercise on Resting Motor Threshold
	Nerve Conduction Latency
	No Effects of Exercise on Brain Inhibition and Facilitation
	Intensity-Dependent Effects of Exercise on Upper Limb Function
	Limitations

	Conclusion
	Author Contributions
	Acknowledgments
	References


