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ABSTRACT

NEVA, J. L., B. GREELEY, B. CHAU, J. K. FERRIS, C. B. JONES, R. DENYER, K. S. HAYWARD, K. L. CAMPBELL, and L. A. BOYD.

Acute High-Intensity Interval Exercise Modulates Corticospinal Excitability in Older Adults.Med. Sci. Sports Exerc., Vol. 54, No. 4, pp. 673-682,

2022. Introduction:Acute exercise canmodulate the excitability of the nonexercised upper limb representation in the primarymotor cortex (M1).

Measures of M1 excitability using transcranial magnetic stimulation (TMS) are modulated after various forms of acute exercise in young adults,

including high-intensity interval training (HIIT). However, the impact of HIIT onM1 excitability in older adults is currently unknown. Therefore,

the purpose of the current study was to investigate the effects of lower limb cycling HIIT on bilateral upper limb M1 excitability in older adults.

Methods:We assessed the impact of acute lower limb HIIT or rest on bilateral corticospinal excitability, intracortical inhibition and facilitation,

and interhemispheric inhibition of the nonexercised upper limb muscle in healthy older adults (mean age 66 ± 8 yr). We used single and paired-

pulse TMS to assess motor evoked potentials, short-interval intracortical inhibition, intracortical facilitation, and the ipsilateral silent period. Two

groups of healthy older adults completed either HIIT exercise or seated rest for 23 min, with TMSmeasures performed before (T0), immediately

after (T1), and 30min after (T2) HIIT/rest.Results:Motor evoked potentials were significantly increased after HIIT exercise at T2 comparedwith

T0 in the dominant upper limb. Contrary to our hypothesis, we did not find any significant change in short-interval intracortical inhibition,

intracortical facilitation, or ipsilateral silent period after HIIT. Conclusions: Our findings demonstrate that corticospinal excitability of the

nonexercised upper limb is increased after HIIT in healthy older adults. Our results indicate that acute HIIT exercise impacts corticospinal

excitability in older adults, without affecting intracortical or interhemispheric circuitry. These findings have implications for the development

of exercise strategies to potentiate neuroplasticity in healthy older and clinical populations. Key Words: ACUTE EXERCISE, HIIT,

CORTICOSPINAL EXCITABILITY, INTRACORTICAL INHIBITION, INTRACORTICAL FACILITATION, OLDER ADULTS

Acute exercise can modulate motor learning and
neuroplasticity in healthy young adults (1–4) and
may enhance motor learning in older adults (5). In

young adults, accumulating evidence shows that acute exer-
cise performed in close proximity to skilled motor practice en-
hances motor learning even when the task is performed with
the nonexercised upper limb (1–3). Several studies also dem-
onstrate that acute exercise enhances response to plasticity-
inducing repetitive transcranial magnetic stimulation (TMS)
protocols in young adults (1,6,7). Specifically, acute exercise,
compared with rest, performed before paired-associative stimula-
tion (1,6) and intermittent theta burst stimulation (7) increasedmo-
tor evoked potential (MEP) amplitudesmeasuredwith single-pulse
TMS. Taken together, these studies indicate that acute exercise can
enhance both motor learning and neuroplasticity-like mecha-
nisms in healthy young adults (1–3,6–8).

Recent TMS work has uncovered several neural mecha-
nisms that may underpin the impact of acute exercise on corti-
cal plasticity in young adults (age 18–40 yr). Multiple studies
have shown that an acute bout of exercise canmodulate the ex-
citability of the primary motor cortex (M1), as measured by
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single- and paired-pulse TMS, which have been interpreted as
early markers of rapid neuroplasticity (3,4,9–17). To date, acute
high-intensity interval training (HIIT) (3,17), moderate-intensity
(4,9–14), and low-intensity (15,17) continuous lower limb cy-
cling exercise have been shown to modulate M1 inhibitory
and facilitatory circuits in young adults. For example, acute
cycling exercise decreases short-interval intracortical inhibition
(SICI) (3,9–11,14,15) and long-interval intracortical inhibition
(12). Acute exercise can increase intracortical facilitation
(ICF) (9) and short-interval intracortical facilitation (4). Re-
cent work showed that transcallosal inhibition, as measured
via the ipsilateral silent period (iSP), decreases bilaterally after
acute exercise (4). Other studies have found inconsistent effects
of acute exercise on corticospinal excitability (MEP ampli-
tudes), with the majority of studies finding no change
(1,3,4,6,7,9,11,15,18), whereas others report that both acute
moderate-intensity (10,14) and HIIT exercise (17,19) can in-
crease corticospinal excitability. Collectively, these results
suggest that cortical circuits within and betweenM1 are mod-
ulated after acute exercise in young adults, whereas the ef-
fects on corticospinal excitability are inconsistent.

Another influencing factor is exercise intensity. HIIT exer-
cise is a form of interval training, alternating short periods of
intense exercise with less-intense recovery periods (1,3). HIIT
exercise is investigated as a means to increase M1 excitability
and neuroplasticity-inducing protocols. Recent work showed
that acute HIIT exercise performed before intermittent theta
burst stimulation can elicit a greater increase in corticospinal
excitability compared with acute moderate-intensity exercise
(7). This finding aligns with other work demonstrating that
pairing acute HIIT with skilled motor practice enhances motor
learning (1,3). Recent work also showed that acute HIIT in
isolation significantly decreased SICI in young healthy indi-
viduals, which was proposed to be associated with improved
motor skill learning after exercise (3,17). However, the impact
of acute HIIT onM1 excitability in healthy older adults has not
been investigated.

Typical aging is associated with alterations inM1 excitability
that may be linked with age-related deficits in motor perfor-
mance, including poor coordination and diminished fine motor
control (20–22). Cumulative evidence suggests that age affects
M1 inhibitory circuitry (20–24). Specifically, when compared
with young adults, SICI circuitry at rest is reduced in healthy
older adults (22,23). Given that acute exercise modulates M1
inhibitory circuitry in young healthy individuals (3,9–15,17),
we hypothesized that an acute session of HIIT would similarly
disinhibit such circuits (e.g., SICI) in healthy older adults.
Given previous work that showed an impact of an acute exer-
cise bout onM1 facilitatory circuits (4,9,16), we hypothesized
that ICF would be increased after HIIT. Finally, because the
capacity for interhemispheric inhibition decreases with age
(21,24), we hypothesized that acute HIIT would impact the
iSP consistent with previous work with young adults (4).

Thus, the aim of the current study was to assess the impact
of an acute bout of lower limb HIIT on M1 excitability of the
nonexercised upper limbs in healthy older individuals. The

current study assessed bilateral: 1) corticospinal excitability,
2) intracortical inhibition and facilitation, and 3) transcallosal
inhibition before and after HIIT or rest. Specifically, it was hy-
pothesized that HIIT would decrease intracortical inhibition
and transcallosal inhibition as well as increase ICF in M1
(3,4,9,11,17). It was expected that corticospinal excitability
would be unaffected by acute HIIT, as shown by the majority
of previous studies in young adults (1,3,4,7,18).

METHODS

Participants

In total, 42 healthy older individuals participated (mean ±
SD age, 66 ± 8 yr, 30 female). All participants were right-
handed except for three who were left-handed (Edinburgh
Handedness Inventory [25]). Participants were randomly allo-
cated into the HIIT (n = 19; mean ± SD age, 67 ± 9 yr, 13 fe-
male, 2 left-handed) or rest (n = 23; mean ± SD age, 65 ± 6 yr,
17 female, 1 left-handed) groups. Informed consent was ob-
tained before the administration of any experimental protocol.
Participants were screened for any potential contraindications
to TMS or magnetic resonance imaging (MRI) using standard
screening forms. Participants were healthy with no reported
neurological disorders. The Clinical Research Ethics Board
at the University of British Columbia approved all protocols.

Experimental Design

Each participant completed three visits to the university
campus. First, every participant completed a graded maximal
exercise stress test under the supervision of a cardiologist to
ensure safety to perform exercise. In a separate session, partic-
ipants completed a T1-weighted anatomical MRI scan for
TMS position monitoring, followed by the Godin Leisure-
Time Exercise Questionnaire (26) to determine daily physical
activity levels. Finally, participants visited the laboratory to
complete an experimental session designed to assess the im-
pact of a single bout of HIIT or rest on corticospinal excitabil-
ity, intracortical inhibition and facilitation, and interhemi-
spheric inhibition. Single- and paired-pulse TMS measures
of M1 excitability were collected from the dominant and non-
dominant upper limbs before (T0), immediately after (T1), and
30 min after (T2) either 23 min of rest or HIIT (Fig. 1).

Exercise Procedures

Gradedmaximal exercise stress test.Amaximal ex-
ercise stress test was conducted on a semireclined recumbent
ergometer (SCIFIT ISO 7000R, Tulsa, OK) with ECG moni-
toring to screen for adverse cardiac responses and to inform
subsequent prescription of a standardized bout of acute HIIT
exercise for the experimental session (high-intensity: 75% of
maximal power output in watts [W]). After a 2-min warm-up
at a baseline workload of 10 W, the workload increased every
minute by ±5–15 W increments, adjusted on an individual ba-
sis and based on current exercise stress testing recommenda-
tions of 8–12 min in duration (27). Participants were asked

http://www.acsm-msse.org674 Official Journal of the American College of Sports Medicine

A
PP

LI
ED

SC
IE
N
C
ES

Copyright © 2022 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

http://www.acsm-msse.org


to maintain a pedaling cadence between 50 and 80 rpm. The
following measurements were monitored during the exercise
test: heart rate (HR) via ECG, RPE using the Borg’s 1–10
scale, and blood pressure using a manual blood pressure cuff.
The stress test was terminated at volitional exhaustion, inabil-
ity to maintain a 50-rpm cadence, or if the participant re-
quested to stop.

Standardized bout of acute HIIT exercise. A 23-min
bout of HIIT exercise was completed on an identical SCIFIT
recumbent ergometer as the maximal exercise stress test. Heart
rate (Mio Alpha, 53p) measured at the wrist and EMG were
monitored throughout the exercise bout. EMG was continu-
ously recorded from the extensor carpi radialis (ECR) bilater-
ally to ensure the upper limbs remained at rest during the ex-
ercise. Participants were instructed to refrain from gripping
the handlebars and to maintain 50–80 rpm while performing
the HIIT. Before and throughout exercise, resting blood pres-
sure was measured using a manual blood pressure cuff. The
23-min bout of exercise began with a 5-min warm-up at 10 W.
After the warm-up, three interleaved 3-min intervals of high-
intensity and low-intensity periods of cycling exercise were
performed. High-intensity intervals involved cycling at 75%
of power output achieved during the stress test. Low-intensity
intervals involved cycling at 10 W. Thirty seconds before
transitioning into the next phase of exercise (e.g., warm-up
to high intensity, high intensity to low intensity, etc.), HR
and RPE were recorded (1). Blood pressure was taken during
the final minute of each high-intensity interval and at the end
of exercise to ensure a return to preexercise levels. The rest
group sat comfortably on a chair and watched a nature docu-
mentary for 23 min.

EMG

TMS measures and voluntary muscle activity during HIIT
were recorded using surface EMG, collected bilaterally from
the ECRmuscles via 1-cm-diameter circular surface electrodes
(Covidien, Mansfield, MA), recorded in a bipolar arrangement
with two electrodes on the ECR muscle belly and a ground
electrode on the dorsal surface of the hand. EMG data were re-
corded using LabChart software (LabChart 8.0). EMG signals
were sampled at 2000 Hz, preamplified (1000�) and band-
pass filtered at 10–1000 Hz using a Powerlab data acquisition
system and two bioamplifiers (AD instruments, Colorado

Springs, CO). Data were recorded continuously during HIIT
and were recorded in a 500-ms sweep from 100 ms before to
400 ms after each TMS pulse.

Transcranial Magnetic Stimulation

Single- and paired-pulse TMS was delivered over M1 using
the Magstim BiStim2, via a 70-mm P/N 9790 figure-of-eight
coil (Magstim Co Ltd, Whitland, Carmarthenshire, United
Kingdom). TMS coil location for the ECR M1 representation
was monitored using Brainsight™ neuronavigation system
(Rogue Research Inc., Montreal, QC, Canada) using each par-
ticipant’s MRI. MEPs were recorded from both the right and
left ECR using surface EMG throughout the experiment. The
locations of the ECR “hot spots”were determined by position-
ing the coil over the scalp region overlying the hand/wrist M1
representation, and then adjusting to the location, which elic-
ited the largest and most consistent MEPs in the contralateral
ECR. The coil was held at a 45° angle to the midsagittal plane
with the handle facing backward to induce a posterior to ante-
rior current in the brain, and pulses were delivered with a ran-
dom interval of 5–7 s, with 20% variation between trials. Rest-
ing motor threshold (RMT) was then defined as the lowest
stimulation intensity required to produce MEPs ≥50 μV in
the relaxed ECR in 5 of 10 consecutive trials (28).

Corticospinal Excitability

MEPs were collected at three intensities (100%, 130%,
150% RMT) to determine the impact of HIIT on corticospinal
excitability while the ECRmuscle was at rest. Ten single pulses
were delivered per intensity, for a total of 30 pulses at each time
point (T0, T1, T2); the order of stimulation intensity was ran-
domized. MEP EMG data were inspected for voluntary muscle
activity and peak-to-peak MEP amplitudes (in millivolts) were
processed using custom MATLAB scripts. To evaluate
corticospinal excitability, the area under the curve (AUC) was
calculated and analyzed, taking an average of the 10 stimuli at
each stimulus intensity (100%, 130%, and 150% RMT) for all
participants at each time point, where larger AUC values repre-
sent greater overall corticospinal excitability (4,6,10).

SICI and ICF

SICI and ICF were performed as previously described (9,10,29),
where a subthreshold conditioning stimulus (CS) was followed

FIGURE 1—Experimental design. TMSmeasures were assessed before (Pre-T0), immediately after (Post-T1), and 30 min (Post-T2) after either HIIT or rest.
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by a suprathreshold test stimulus (TS) over the M1 hotspot,
with 2- and 12-ms interstimulus intervals, respectively. The
CS intensity was delivered at 80% RMT, and the TS intensity
was adjusted via the percentage of maximum stimulator output
to elicit a consistent 0.3- to 0.5-mV MEP (30–32). A block
consisting of 10 paired pulses (CS + TS) at each interstimulus
interval (2 and 12 ms) and 10 single pulses (TS) was collected
in a randomized order from the resting right and left ECR (30
pulses per hemisphere, 60 pulses total). SICI and ICF were
expressed and analyzed as a ratio of CS + TS over TS ampli-
tude, where smaller values for SICI represent more inhibition
and larger values represent less inhibition (disinhibition). Relat-
edly, larger values for ICF represent greater facilitation.

Ipsilateral Silent Period

The iSP was elicited while participants held an isometric
contraction of 50% maximum voluntary contraction in the
hand ipsilateral to the identified ECR hotspot, whereas 10 sin-
gle TMS pulses were delivered at 150% RMT. Participants
performed isometric contraction using a handgrip dynamome-
ter connected to a PowerLab data acquisition system with on-
line visual feedback displayed using a custom program with
LabChart software (LabChart 8.0). Transcallosal inhibition
was quantified by the iSP, defined as the transient reduction
in volitional EMG activity elicited by TMS applied over M1
ipsilateral to the active muscle (33).

To calculate the iSP, EMG data for each ECR were high-
pass filtered at 1 Hz, then full-wave rectified and averaged
for each participant. The onset of the iSP was defined as the
poststimulus time point where the rectified EMG signal fell
below prestimulus mean EMG (100 ms before TMS delivery)
and continued to decrease to less than 2 SD values below this
level (33). The iSP offset was defined as the point at which the
EMG signal resumed the level of the prestimulus mean activ-
ity consistently for a minimum of 2 ms (33). The iSP duration
comprised all data points between the onset and offset, where a
longer iSP duration indicates greater inhibition. One partici-
pant from the HIIT group was excluded from iSP analysis be-
cause of technical issues during collection.

All trials with prestimulus mean EMG data of ≥50 μVwere
discarded (3.7% of all trials). Custom MATLAB scripts
(MathWorks, Natick, MA) were used to identify the ampli-
tudes of MEPs, SICI, and ICF and the duration of iSP for each
participant.

Statistical Analysis

Mixed-model ANOVA was used for statistical analysis.
Post hoc analyses were performed using Bonferroni correction
where appropriate. Effect sizes were calculated for all signifi-
cant main effects and interactions using partial eta squared
(ηp

2). Before statistical analyses, the Shapiro–Wilk test (34)
demonstrated that AUC, SICI, and ICF were nonnormally dis-
tributed. To satisfy the normality assumption, statistical analyses
were performed on square root–transformed data for these depen-
dent measures. Untransformed data are displayed in figures. All

statistical procedures were conducted using SPSS (SPSS 25.0)
software, and significance was set at P < 0.05.

Tomeasure the impact of HIIT exercise on bilateral corticospinal
excitability, intracortical inhibition and facilitation, and inter-
hemispheric inhibition, three-way mixed-model ANOVAs were
performed using within-subject factors TIME (T0, T1, T2) and
HEMISPHERE (dominant, nondominant) and between-subject
factor GROUP (HIIT, rest) for each dependent measure (AUC,
SICI, ICF, and iSP).

RESULTS

Demographic, exercise, and TMS values. The HIIT
and rest groups showed similar age (HIIT, 66 ± 9; rest, 65 ± 6;
P = 0.659), handedness (HIIT, 68 ± 59; rest, 72 ± 49;
P = 0.847), Montreal Cognitive Assessment scores (HIIT,
27.6 ± 2.1; rest, 27.7 ± 1.9; P = 0.872), and Godin Leisure-
Time Exercise Questionnaire scores (HIIT and rest groups >24,
classified in the highest category as “active” [35]; P = 0.574),
and attained similar maximum power output (in watts) during
the exercise stress test (HIIT, 103 ± 38; rest, 97 ± 33;P = 0.589).
Table 1 displays the age-predicted HR maximum as well as the
peak HR, RPE, and maximum power output achieved during
the exercise stress test for the HIIT and rest groups. During the
exercise stress test, participants achieved an average peak HR
within 10 beats from age-predicated maximum HR and an aver-
age RPE score of 9 (RPE 0–10 scale). Table 2 displays HR, per-
centage of peak HR (%HRpeak), and RPE values during the final
minute of each 3-min block of high-intensity (75% of maximum
power) and low-intensity (10 W) cycling exercise. During the
high-intensity intervals of cycling exercise the average (± SD),
HR was 123 ± 7.6 bpm, the %HRpeak was 78.6 ± 11.9, and aver-
age RPEwas 5.3 ± 0.6. Importantly, the average%HRpeak during
the high-intensity intervals indicates a vigorous/hard intensity
(36), and the average RPE score corresponds to a “hard” per-
ceived exertion (37). RMT values were similar for participants
across hemispheres for both groups as confirmed by two-way
ANOVA (all P values > 0.05). RMT, percentage of maximum
stimulator output values, and TS amplitudes for SICI and ICF
can be found in Supplementary Table 1 (see Table, Supplemental
Digital Content 1, Test Stimulus and resting motor threshold
(RMT) data, http://links.lww.com/MSS/C458). Importantly, the
TS amplitude during SICI and ICF was similar across hemi-
spheres as well as before and after HIIT/rest (all P values > 0.05).

Area under the curve.We found a main effect of TIME
(F2,80 = 3.595, P = 0.032, ηp

2 = 0.082), but no main effects of
HEMISPHERE (F1,40 = 1.520, P = 0.225) or GROUP

TABLE 1. Exercise stress test data.

Group
Age-Predicted
Max HR (bpm) HRpeak (bpm) RPE (0–10) Maximum Power (W)

HIIT 156 ± 9.4 151 ± 21 9 ± 1.0 103 ± 38.8
Rest 155 ± 6.3 148 ± 18.4 9 ± 1.7 97 ± 32.2
Average (overall) 157 ± 7.8 150 ± 19.5 9 ± 1.5 100 ± 35

Displayed are the average age-predicted HR (in beats per minute) maximum data (224 − age
for females, 220 − age for males), as well as HRpeak (in beats per minute), RPE (score range,
0–10), and maximum power (in watts) collected during the exercise stress test. Average
values are shown with SD.
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(F1,40 = 2.314, P = 0.136). We also found an interaction of
HEMISPHERE–TIME (F2,80 = 3.813, P = 0.026, ηp

2 = 0.087),
but no interactions of HEMISPHERE–GROUP (F1,80 = 2.091,
P = 0.156) or TIME–GROUP (F2,80 = 1.820, P = 0.169). Im-
portantly, we found a TIME–HEMISPHERE–GROUP interac-
tion (F2,80 = 3.662, P = 0.030, ηp

2 = 0.084), with post hoc anal-
yses showing that AUC increased at T2 (P = 0.0005), and no
significant change at T1 (P = 0.08) compared with T0 in the
dominant hemisphere for the HITT group (Fig. 2A). These
results were confirmed via a four-way ANOVA with TMS
INTENSITY (100%, 130%, and 150% RMT) as an additional
factor and peak-to-peak MEP amplitude as the dependent mea-
sure (see Figure, Supplemental Digital Content 2, MEP ampli-
tude results, http://links.lww.com/MSS/C459). Finally, there
were no between-group (HIIT vs rest) differences at T0 in both
hemispheres for AUC (all P values > 0.291).

Short-interval intracortical inhibition.We found no ef-
fects for SICI (Fig. 3A). There were no main effects of HEMI-
SPHERE (F1,40 = 0.144, P = 0.706), TIME (F2,80 = 0.100,

P = 0.905), or GROUP (F1,40 = 0.702, P = 0.407). Furthermore,
there were no interactions of HEMISPHERE–GROUP (F1,40 = 3.308,
P = 0.076), HEMISPHERE–TIME (F2,80 = 1.703, P = 0.189),
TIME–GROUP (F2,80 = 1.266, P = 0.288), or HEMISPHERE–
TIME–GROUP (F2,80 = 0.254, P = 0.776). Finally, there were
no between-group (HIIT vs rest) differences at T0 in both
hemispheres for SICI (all P values > 0.283).

Intracortical facilitation. We found a significant main
effect of HEMISPHERE for ICF (F1,40 = 5.348, P = 0.026,
ηp
2 = 0.118), but no main effect of TIME (F2,80 = 0.232,
P = 0.793) or GROUP (F1,40 = 0.494, P = 0.486).We also found
a significant HEMISPHERE–GROUP interaction (F2,80 = 7.676,
P = 0.008, ηp

2 = 0.161). Post hoc analysis revealed that the dom-
inant hemisphere had greater ICF than the nondominant hemi-
sphere for the HIIT group (P = 0.008). Follow-up t-tests showed
there were no significant differences within the rest and HIIT
groups at all time points (T0, T1, T3) when comparing the dom-
inant and nondominant hemisphere (all P values > 0.052). This
demonstrates that the interaction was not driven by a hemispheric
difference at individual time points pre- and post-HIIT or rest
(Fig. 3D). Furthermore, there were no interactions of TIME–
GROUP (F2,80 = 1.347, P = 0.266), HEMISPHERE–TIME
(F2,80 = 0.618, P = 0.541), or HEMISPHERE–TIME–GROUP
(F2,80 = 1.258, P = 0.290). Finally, there were no between-
group (HIIT vs rest) differences at T0 in both hemispheres
for ICF (all P values > 0.479).

Ipsilateral silent period. We found no effects for iSP
(Fig. 4A). There were no main effects of HEMISPHERE
(F1,39 = 0.173, P = 0.680), TIME (F2,78 = 1.01, P = 0.369), or
GROUP (F1,39 = 0.452, P = 0.505). Furthermore, there were
no interactions of HEMISPHERE–GROUP (F2,78 = 2.640,
P = 0.112), TIME–GROUP (F2,78 = 0.068, P = 0.934),
HEMISPHERE–TIME (F2,78 = 0.177, P = 0.838), or

TABLE 2. HIIT exercise data.

Interval Intensity HR (bpm) %HRpeak (bpm) RPE (0–10)

0–5 min (warm-up) 10 W 83.5 ± 10.5 55.1 ± 9.0 1.7 ± 1.5
5–8 min (high) 75% MPO 115.3 ± 17.7 73.9 ± 11.8 5.1 ± 2.4
8–11 min (low) 10 W 90.2 ± 12.4 58.9 ± 10.2 2.2 ± 1.9
11–14 min (high) 75% MPO 124.3 ± 17.2 79.4 ± 12.0 5.3 ± 2.3
14–17 min (low) 10 W 98.2 ± 12.4 64.0 ± 10.3 2.2 ± 1.7
17–20 min (high) 75% MPO 129.2 ± 17.8 82.7 ± 12.0 5.6 ± 2.5
20–23 min (low) 10 W 101.1 ± 13.0 65.8 ± 10.7 2.0 ± 1.8
Average (high) — 123.0 ± 7.6 78.6 ± 11.9 5.3 ± 0.6
Average (low) — 94.5 ± 0.4 62.9 ± 10.4 2.1 ± 0.3

Displayed are averaged HR (in beats per minute), %HRpeak (in beats per minute) achieved
during the exercise stress test, and RPE (score range, 0–10) collected in the final minute
of each 3-min block of high-intensity (75% of MPO) or low-intensity (10 W) cycling exer-
cise. Average values are shown with SD.
MPO, maximum power output.

FIGURE 2—AUC results. A, Average AUC results for the HIIT and rest groups across time points and hemispheres. B,MEPs are shown for each stimulus
intensity (100%, 130%, 150% RMT) and time point (T0, T1, T2) from the dominant hemisphere of a representative participant. C, Individual participant
data are displayed at each time point for the HIIT group. Black circles representmean AUC. D, Individual participant data are displayed at each time point
for the rest group. White circles represent mean AUC. Bars represent SEM. ***P < 0.001.
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HEMISPHERE–TIME–GROUP (F2,78 = 0.129, P = 0.879).
There were no between-group (HIIT vs rest) differences at
T0 in both hemispheres for iSP (all P values > 0.357).

DISCUSSION

To our knowledge, this is the first study to demonstrate that
an acute bout of lower limb HIIT exercise increases M1 excit-
ability of the nonexercised upper limb in a healthy older pop-
ulation. Specifically, corticospinal excitability increased in the
upper limb representation of the dominant hemisphere after
HIIT. Contrary to our hypotheses, intracortical inhibition and
facilitation and interhemispheric inhibition were unchanged
after acute HIIT. Taken together, increased corticospinal excit-
ability after acute HIIT in healthy older adults may not neces-
sarily occur in conjunction with changes in intrahemispheric
and interhemispheric circuitry. Our findings indicate that an
acute bout of HIIT exercise modulates corticospinal excitabil-
ity in older adults, without changing intracortical or interhemi-
spheric circuitry, contrary to previous studies in young adults
(3,4,9–12,14,17).

Acute HIIT increased corticospinal excitability of a
nonexercised upper limb muscle. Contrary to our hy-
pothesis, we found increased corticospinal excitability after
HIIT. Specifically, AUC calculated using the MEPs recorded
at three intensities (100%, 130%, 150% RMT) was signifi-
cantly increased 30 min after exercise in the nonexercised
ECR, whereas no differences were found in the nondominant
ECR or in either limb after a period of rest. Although we ex-
pected that corticospinal excitability would be unaffected after
HIIT based on previous literature in young healthy adults

(1,3,7,18), the current results may be attributed to altered
corticospinal excitability associated with aging (20,22), the
daily levels of physical activity of the participants in the cur-
rent study, or the structure of the HIIT exercise (17,19).

Healthy aging is associated with alterations inM1 excitabil-
ity, with some studies showing diminished corticospinal excit-
ability (20,22,38). For instance, healthy older adults display
smaller MEP amplitudes (20), higher RMT values (22), and
higher TMS intensities are required to attain MEP maximum
(38) compared with younger adults. A recent meta-analysis
showed that RMT values are higher in older relative to younger
adults, indicating that corticospinal excitability may be dimin-
ished with increasing age (20,22,38). Therefore, the current
findings of HIIT exercise enhancing corticospinal excitability
may be explained by the healthy older participants exhibiting
diminished baseline corticospinal excitability; therefore, these
individuals may be more likely to demonstrate increases in
corticospinal excitability in response to exercise. However, it
is important to note that other studies show no difference in
corticospinal excitability with aging (39), and suggest that dif-
ferences in corticospinal excitability in healthy older adults
may be related to sex (39) or differences in physical activity
levels (40,41). Future studies should also consider the influ-
ence of sex and daily physical activity levels on corticospinal
excitability changes after an acute bout of exercise.

The current results of increased corticospinal excitability af-
ter acute exercise may be due to the high daily levels of phys-
ical activity reported by the current participants. Previous
work showed that an acute bout of exercise increases
corticospinal excitability in the nonexercised upper limb mus-
cle of physically active young adults, whereas this increase

FIGURE 3—SICI and ICF results. A, SICI. Displayed are conditioned/unconditioned ratios, where higher values represent reduced inhibition, for the HIIT
and rest groups across time points and hemispheres. B, Individual participant data are displayed at each time point and hemisphere for the HIIT group.
Black circles represent mean SICI. C, Individual participant data are displayed at each time point and hemisphere for the rest group. White circles repre-
sent mean SICI. D, ICF. Displays conditioned/unconditioned ratios, where higher values represent greater facilitation, for the HIIT and rest groups across
time points and hemispheres. E, Individual participant data are displayed at each time point and hemisphere for the HIIT group. Black circles represent
mean ICF. F, Individual participant data are displayed at each time point and hemisphere for the rest group. White circles represent mean ICF. Bars rep-
resent SEM.
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was not observed in young adults that reported low levels of
physical activity (10), which was confirmed in a study with
separate groups of physically active young females and males
(14). Similarly, other work showed that both moderate-intensity
and HIIT acute exercise did not increase corticospinal excitabil-
ity in sedentary young adults (18). Although the direct connec-
tion between modulation of corticospinal excitability and brain-
derived neurotropic factor (BDNF) has not been established,
there is evidence that BDNF is a mediator of neuroplasticity
(42). Higher levels of physical activity are suggested to be asso-
ciated with greater release and utilization of BDNF in the brain
(43). The HIIT-induced increase of corticospinal excitability
found in our group of physically active older adults may reflect

greater processing of BDNF within the central nervous system.
Therefore, it is possible that the increased corticospinal excitabil-
ity that we observed in older adults after acute exercise relates to
their high levels of engagement in leisure time physical activity
(10,14,18). Future research could delineate the effects of acute
exercise on corticospinal excitability in healthy older adults
who are active versus sedentary to further understand the rela-
tionship between daily physical activity and corticospinal ex-
citability modulation after acute exercise.

Another plausible explanation for the increased corticospinal
excitability we notedmay relate to our specific structure of HIIT
exercise (1,3,17). Previous studies that delivered less-intense
(e.g., lower workloads) periods of higher-intensity exercise in-
terspersed with longer durations of active recovery found in-
creased corticospinal excitability in young adults (17). In con-
trast, studies that used higher overall intensities (e.g., higher
workloads) and shorter recovery periods did not observe in-
creased corticospinal excitability (1,3). Specifically, the struc-
ture of the current HIIT exercise protocol used a relatively
lower intensity (75% of maximum power) with longer periods
of recovery (3 min of low intensity) in alternating bouts. It
may be that the nature of the current HIIT protocol (lower
workload high intensity, with slightly prolonged low-intensity
intervals) stimulated a net positive neural environment in M1
to result in increased excitable corticospinal output. Previous
work hypothesized that exercise-induced increase in cortical
plasticity may be underpinned by the release of neurotrophic
factors (e.g., BDNF) and neurotransmitters (e.g., dopamine,
GABA) after acute exercise (44–46). Thus, the combination
of slightly less-intense periods of higher intensity and prolonged
periods of recovery within HIIT may have afforded a positive
net balance of the beneficial neurotrophic factors (44,45), mit-
igating the detrimental effects of cortisol (45,46) and promoted
corticospinal plasticity. Future work should consider how age-
related diminished corticospinal excitability, physical activity
levels, and the structure of HIIT interventions interact to alter
corticospinal excitability after acute exercise.

Interestingly, we found that corticospinal excitability in-
creased in the dominant hemisphere after HIIT. We previously
showed that ICF was increased only in the dominant hemi-
sphere after a bout of moderate-intensity exercise in young
adults (4). It is possible that the dominant hemisphere, which
in our sample was largely the left side, may be more suscepti-
ble to changes in M1 excitability perhaps as a result of higher
levels of baseline excitability (47), more extensive neuronal
volume (48), or increased cortico-cortical connectivity with
other motor-related areas (48). Our data suggest that these
hemispheric differences also are present in healthy older adults.

Acute HIIT exercise did not influence intracortical
inhibition/facilitation or interhemispheric inhibition.
Contrary to our hypotheses, we did not find significant
changes in intracortical inhibition, facilitation, or interhemi-
spheric inhibition after HIIT. Upon visual inspection of the
intracortical inhibition and facilitation data (Fig. 3), it seems
that there is a decrease in SICI and an increase in ICF in the
dominant hemisphere after HIIT. However, these data are

FIGURE 4—iSP results. A, Average iSP duration results for the HIIT and
rest groups across time points and hemispheres. B, Individual participant
data are displayed at each time point and hemisphere for the HIIT group.
Black circles represent mean iSP. C, Individual participant data are
displayed at each time point and hemisphere for the rest group.White cir-
cles represent mean iSP. Bars represent SEM.
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highly variable (Figs. 3B, E), and the differences were not sta-
tistically significant. Importantly, we found no baseline differ-
ences in either of these measures in the HIIT or rest groups.
The lack of a significant effect may be due to the variability
in response to HIIT in our group of healthy older adults. Previ-
ous work indicates that healthy aging is associated with dimin-
ished functioning of intracortical inhibitory and facilitatory cir-
cuits within M1 (21–23). Specifically, several studies showed
decreased SICI ([22,23]; more disinhibition) and diminished
ICF ([49]; less facilitation) with increasing age. Furthermore,
many studies show that healthy older adults demonstrate a di-
minished ability to modulate intracortical circuitry (particularly,
inhibitory circuitry), while performing skilled motor tasks and
muscle contractions of various forms (21,23). Other work
shows that healthy older adults can demonstrate similar, or
even increased, levels of intracortical inhibition and facilita-
tion to younger adults (20,22,38,49). Therefore, it is possible
that some of our healthy older participants have a diminished
ability to modulate these intracortical circuits after HIIT, whereas
others may show a similar response to exercise as young healthy
adults (3,4,9,11,14,17). The accumulating evidence that healthy
aging is accompanied by a reduced capacity to modulate such
intracortical circuits may be a partial explanation for lack of
significant response to HIIT exercise. Future studies should
compare young and older adults directly, while also including
enough participants to differentiate those older adults who
maintain baseline cortical inhibition and the capability to mod-
ulate cortical inhibition and those who do not.

We did not observe a reduction in iSP after HIIT exercise,
which differs from past work in young adults (4). Previous
work showed that healthy older adults demonstrate not only
reductions in intracortical inhibition but also a reduced capac-
ity for interhemispheric inhibition (21,24). Other work demon-
strates that older adults have a decreased ability to modulate
interhemispheric inhibition while performing skilled motor
tasks and timed muscle contractions (21,24). Taken together,
reduced resting interhemispheric inhibition and a diminished
capacity to modulate this circuitry may have contributed to
the current results. Future work with larger sample sizes and
use of paired-pulse TMS to assess interhemispheric inhibition
could aid in further characterizing the impact of acute exercise
on measures of transcallosal connectivity. Alternatively, it is
possible that the exercise type and intensity used in the current
study were not optimal to modulate transcallosal inhibition, as
our previous work used moderate-intensity continuous exer-
cise and found a bilateral reduction in the iSP in young adults
(4). Furthermore, previous work showed that local intracortical
inhibition (e.g., SICI) interacts with interhemispheric inhibition
measured with dual-site TMS (50,51); therefore, it is possible
that the changes in local intracortical inhibitory networks influ-
ence the excitability of transcallosal projecting neurons. Thus,
the lack of change in interhemispheric inhibition after exercise
may not be surprising because there was also no change in SICI.
Further work is necessary to disentangle the possible interac-
tions of exercise intensity and local intracortical and interhemi-
spheric circuitry after exercise in healthy older adults.

Limitations. There are limitations to this study. First, sev-
eral measures of M1 excitability were collected before and af-
ter HIIT, with each data set collection taking 20–25 min. It is
possible that the time window of after-effects after exercise
were not fully captured for each dependent measure. However,
we did observe differences in corticospinal excitability 30 min
after exercise. Future work should include additional time
points of data collection to determine the precise time course
of exercise-induced changes in M1 excitability. Second, a
within-subject study design could have strengthened the cur-
rent findings by ensuring that each participant served as their
own control. However, to mitigate this limitation, we ensured
that all relevant demographic, physical activity, fitness, and
pre-HIIT/rest TMS measures were not statistically different
between groups of participants. Still, future research will be
needed to confirm the current findings in a within-subject de-
sign. Third, we did not include a group of young adult partic-
ipants to enable direct comparisons across age groups. Other
studies have shown exercise-induced changes in intracortical
inhibition (3,4,9–17) and facilitation (4,9,10) in young adults.
Also, our previous work and that of others with young adults
used HIIT protocols similar to the current study and found a
different pattern of change relative to our findings in older
adults (3,17). However, it is necessary for future studies to di-
rectly compare the effects of acute HIIT exercise on a group of
younger and older adults to distinguish between age-dependent
and exercise-dependent effects on M1 excitability. Finally, the
current SICI/ICF results should be interpreted with the consider-
ation that the targetmuscle (ECR) and the TSMEP amplitude are
similar to one previous study (9) but differ from other research
into exercise-inducedM1 excitability changes, which targeted in-
trinsic hand muscles and elicited TS MEP amplitudes of ~1 mV
(3,4,10–17). It is possible that both the target muscle and the elic-
ited TS MEP amplitude influenced the current results.

CONCLUSIONS

Our data demonstrate that an acute bout of HIIT exercisemod-
ulates corticospinal excitability of the nonexercised upper limb
in healthy older individuals. These alterations in corticospinal
excitability were not accompanied by changes in intracortical
inhibition or facilitation or interhemispheric inhibition. Taken
together with previous work, our findings indicate that a single
session of cycling exercise alters corticospinal excitability,
without changing intracortical or interhemispheric circuitry,
contrary to previous studies with young adults. These neuro-
physiological effects suggest that an acute bout of HIIT exercise
might promote the induction of neuroplasticity via increased
corticospinal excitability in the aging population. The current
findings could be used to prescribe acute bouts of exercise in re-
habilitation settings.
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