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Abstract

A single exercise bout has been found to improve the retention of a skill-based upper extremity motor task up to a week
post-practice. This effect is the greatest when exercise intensity is high and exercise is administered immediately after motor
practice (i.e., early in consolidation). Whether exercise can affect other motor learning types (e.g., sensorimotor adaptation)
and tasks (e.g., walking) is still unclear as previous studies have not optimally refined the exercise parameters and long-term
retention testing. Therefore, we investigated whether a single high-intensity exercise bout during early consolidation would
improve the long-term retention and relearning of sensorimotor adaptation during split-belt treadmill walking. Twenty-six
neurologically intact adults attended three sessions; sessions 2 and 3 were 1 day and 7 days after session 1, respectively.
Participants were allocated either to Rest (REST) or to Exercise (EXE) group. In session 1, all groups walked on a split-belt
treadmill in a 2:1 speed ratio (1.5:0.75 m/s). Then, half of the participants exercised for 5 min (EXE), while the other half
rested for 5 min (REST). A short exercise bout during early consolidation did not improve retention or relearning of locomo-
tor memories one or seven days after session 1. This result reinforces previous findings that the effect of exercise on motor
learning may differ between sensorimotor locomotor adaptation and skilled-based upper extremity tasks; thus, the utility of
exercise as a behavioral booster of motor learning may depend on the type of motor learning and task.

Keywords Sensorimotor adaptation - Behavioral priming - Consolidation - Multiday motor learning - Walking - Gait
rehabilitation
Introduction

In addition to the long-term benefits of exercise, an acute
exercise bout may also affect the cognitive and motor func-
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tion of the brain via neural processes at both molecular and
functional level (Mang et al. 2013; El-Sayes et al. 2018).
Based on that notion, numerous studies in the last few years
have examined whether an acute exercise bout could improve
the memory of motor tasks in neurologically intact persons
and how the structure of that exercise impacts its effects
(Roig et al. 2012; Skriver et al. 2014; Statton et al. 2015;
Mang et al. 2016; Snow et al. 2016; Thomas et al. 2016a, b;
Ferrer-Uris et al. 2017, 2018; Lundbye-Jensen et al. 2017;
Stavrinos and Coxon 2017; Dal Maso et al. 2018; Neva et al.
2019). Most of these studies have tested the effect of exercise
on motor learning by examining retention [i.e., maintenance
of a newly learned task after a period delayed from practice
of the same task (Christina and Shea 1993)] of the motor
task one and 7 days post-practice. The cumulative evidence
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from these studies suggests that exercise improves reten-
tion of upper extremity motor tasks in neurologically intact
individuals and that the improved retention appears greatest
when examined 7 days post-practice. Several of these stud-
ies have examined how the parameters of the acute exercise
impact the improved retention; of the exercise parameters
studied, intensity and timing have the greatest effect on
motor learning (Roig et al. 2012; Thomas et al. 2016a, b,
2017), while the type of exercise seems to have little effect.
Specifically, retention is the greatest when exercise is admin-
istered at high intensities (i.e., post-exercise lactate levels
greater than 10 mmol/l) and is performed immediately after
motor practice (i.e., early in consolidation) (Roig et al. 2012;
Thomas et al. 20164, b).

The mechanism by which acute exercise improves motor
learning it still unclear; however, it is believed that the ben-
efits stem from exercise-induced upregulation of neurophysi-
ological biomarkers, such as lactate and brain derived neuro-
trophic factor (BDNF) (Skriver et al. 2014). Though lactate
has been mainly considered as a metabolic agent (Hall et al.
2016), the findings from the Skriver et al. study suggested
that high concentrations of exercise-induced lactate may
affect motor learning by enhancing brain functions, such
as neuronal metabolism, neuroprotection, and long-term
memory formation (Barros 2013; Proia et al. 2016; Stein-
man et al. 2016). Like lactate, cellular level BDNF is thought
to be a potential link between exercise and learning (Cotman
et al. 2007; Mang et al. 2013). However, results on whether
the exercise-induced BDNF changes are associated with
gains in motor learning in neurologically intact adults are
still mixed (Mang et al. 2014; Skriver et al. 2014).

All the previous studies that have found a positive effect
of exercise on motor learning have studied upper extremity
tasks, either procedural motor skills or motor sequences
(Roig et al. 2012; Skriver et al. 2014; Ostadan et al. 2016;
Thomas et al. 2016a, b, 2017; Lundbye-Jensen et al. 2017;
Dal Maso et al. 2018). The effects of exercise on learn-
ing and retention of a walking task, however, are far less
positive (Helm et al. 2017; Charalambous et al. 2018b).
Helm et al. (2017) examined whether a short bout of arm
cycling exercise performed immediately prior to split-belt
treadmill learning would improve the 24-h retention of
locomotor learning in healthy individuals. In that study,
learning was quantified using spatial (step length) and
temporal (limb phasing) gait parameters; two measures
that are widely used to quantify sensorimotor-based loco-
motor learning (Reisman et al. 2005, 2007; Choi and Bas-
tian 2007; Malone and Bastian 2010; Torres-Oviedo and
Bastian 2010). Despite the significant exercise-induced
changes in BDNF and lactate, no significant effect of
exercise on locomotor learning was demonstrated (Helm
et al. 2017). The non-significant exercise effect has been
posited to be: (a) the result of a differing effect of exercise
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on locomotor sensorimotor adaptation and/or (b) due to
the non-optimal selection of exercise parameters (e.g.,
intensity, timing) and time points of retention testing (e.g.,
1 day vs. 7 days).

As previously described, previous work suggests that
acute exercise should be performed at high intensity (i.e.,
post-exercise lactate levels greater than 10 mmol/l) and
immediately after motor practice (i.e., early phase of con-
solidation) to achieve maximal effects. In Helm et al. (2017),
the exercise group had significantly greater lactate changes
than those who just rested. Yet, exercise-induced lactate
changes did not reach the level (> 10 mmol/l) which has
been reported in the previous studies (Roig et al. 2012;
Skriver et al. 2014; Thomas et al. 2016a, b). Moreover, the
exercise was administered immediately before the motor
practice, a time point that might not maximize the learning
gains as much as if exercise was administered immediately
after (Roig et al. 2012; Thomas et al. 2016a). Additionally,
Helm et al. only tested the effects of exercise on retention
1 day post-learning, whereas previous studies of the effects
of acute exercise on the learning of upper extremity tasks
have found the greatest effects 7 days post-learning (Helm
et al. 2017). This noteworthy “7-day” effect of exercise on
long-term motor memory was consistent across studies
(Roig et al. 2012; Skriver et al. 2014; Thomas et al. 2016a,
b; Lundbye-Jensen et al. 2017) and has been suggested to
be related to the longer-term structural and network changes
associated with memory consolidation (Thomas et al.
2016b).

Thus, it is possible that in the past studies of locomotor
learning, the acute exercise timing and intensity were not
optimally selected and the effects were not tested at optimal
time points, resulting in the negative effect. Understanding
whether this is the case is important because if true, it would
suggest that there may not be a fundamental difference in the
effects of acute exercise on differing forms of motor learning
(skill-based vs. sensorimotor adaptation) or types of motor
tasks (upper extremity isometric contraction vs. walking).

In the present study, therefore, we aimed to determine
whether exercise would improve locomotor learning (i.e.,
retention and relearning) of a novel locomotor task (i.e.,
split-belt treadmill walking) 1 day and 7 days post-learning
in neurologically intact adults by targeting post-exercise lac-
tate levels > 10 mmol/I (exercise intensity: high) and admin-
istering exercise during the early consolidation phase (exer-
cise timing: immediately after practice). We hypothesized
that those who exercised with these two exercise parameters
would show greater long-term retention (i.e., less asymmet-
ric gait at the beginning of session 2 and 3 compared to
session 1) and relearning (i.e., return faster toward baseline
symmetry in session 2 and 3) than those who did not exer-
cise, and that this difference would be the greatest at 7 days
after session 1 (i.e., session 3).



Experimental Brain Research (2019) 237:2799-2810

2801

Methods
Participants

Twenty-six neurologically intact participants participated in
the study and met the following criteria: (1) age 18—40, (2)
no previous experience with the split-belt treadmill para-
digm, (3) resting heart rate between 40 and 100 beats per
minute, and (4) resting blood pressure between 90/60 and
170/90. Participants were excluded if they had any of the
following criteria: (1) history of neurologic conditions, (2)
coronary artery bypass graft, myocardial infarction, or other
major cardiovascular intervention within past 3 months, (3)
acute systemic infection, accompanied by fever, body aches,
or swollen lymph glands, (4) musculoskeletal pain that lim-
ited walking or exercising with upper and lower extremities,
(5) inability to communicate with investigators, (6) unex-
plained dizziness in last 6 months, (7) intermittent claudica-
tion, or (8) greater than two risk factors in accordance with
the American Heart Association and American College of
Sports Medicine Health/Fitness Facility Pre-Participation
Screening Questionnaire (Balady et al. 1998). All partici-
pants read and signed a written informed consent approved
by the University of Delaware Institutional Review Board
and adhered to the tenets of the Declaration of Helsinki.

Experimental procedures

All participants attended three experimental sessions; ses-
sion 2 and 3 were 1 day and 7 days after session 1, respec-
tively. All three sessions were carried out at the same time
of the day. Participants were allocated to one of the four
groups that differed based on whether they rested (REST)
or exercised (EXE) after learning and whether they imme-
diately walked on split-belts at the start of sessions 2 and
3 (NO_WASH) or whether they performed tied-belt walk-
ing (i.e., washout) before re-introduction to the split-belt
treadmill paradigm in sessions 2 and 3 (WASH). Combin-
ing these conditions (REST, EXE X NO_WASH, WASH)
resulted in four groups (N): RESTyo wasn (3), EXEno wash
(5), RESTyagy (8), and EXE gy (8). Because there were
no differences in the EXE or REST groups regardless of the
inclusion of a washout period, only the results comparing
EXE and REST are presented (e.g., not broken into sub-
groups based on the presence of washout).

Exercise protocol

Previous work demonstrated that exercise may have the
greatest effect on motor learning when participants exercised
at high intensity immediately after motor practice (Roig

et al. 2012, 2016; Skriver et al. 2014; Thomas et al. 2016a,
b). Therefore, in the present study, high-intensity exercise
was performed shortly after practice of the novel locomo-
tor task (~15-20 min). Specifically, the goal for the exer-
cise group (EXE) was to exercise continuously at the high-
intensity target range, which was defined as 77-94% heart
rate max (HR,,, =207 — (0.7 x age) (Pescatello 2014), and
to reach post-exercise lactate levels greater than 10 mmol/l
(Roig et al. 2012; Skriver et al. 2014; Thomas et al. 2016a,
b; Lundbye-Jensen et al. 2017). Both exercise and rest bout
durations were 5 min. Exercise duration used in this study
was much shorter than previous priming studies in neuro-
logically intact adults, where exercise duration ranged from
12 to 28 min of high-intensity interval training. Given the
potential applications of this priming strategy in neurore-
habilitation (Stoykov and Madhavan 2015; Stoykov et al.
2017), we chose an exercise duration of only 5 min as this
duration would be feasible within the context of rehabilita-
tion in neurologically impaired individuals (Charalambous
et al. 2018a). We used the same total body exercise proto-
col previously used in our laboratory (Charalambous et al.
2018a, b). Briefly, participants cycled on the total body exer-
ciser (SCIFIT, Tulsa, OK, USA) using both arms and legs.
Compared to fast running (Winter et al. 2007), we found
via pilot work that using this protocol, healthy participants
can exercise at high intensities and show lactate changes
greater than 10 mmol/l within 5 min of exercise. Participants
in REST group sat quietly on a chair for 5 min. The inten-
sity during exercise and rest was quantified using HR and
peripheral concentration of blood lactate. HR was taken in
real time every 15 s (i.e., total of 17 measurements) using an
HR monitor (Polar Electro Inc., Lake Success, NY, USA),
while blood lactate was collected 1 min immediately before
and 1 min immediately after the 5 min of exercise or rest
using a finger-stick automated portable Lactate Plus analyzer
and test strips (Noval Medical, Waltham, MA, USA) (Hart
et al. 2013).

Locomotor learning task

In all three sessions, participants walked on a split-belt
treadmill in which the belts moved at the same (tied-belt
mode) or different (split-belt mode) speeds (Reisman et al.
2005) (Fig. 1). At the beginning of session 1, all partici-
pants walked for 2 min while both belts moved at 0.75 m/s
(i.e., tied-slow mode; 1:1 speed ratio). These data were
used to quantify the baseline walking pattern (i.e., step
length) of each participant. After baseline, all participants
walked in a split-belt mode (2:1 speed ratio; right belt
— 1.5 m/s, left belt: 0.75 m/s) for 5 min. To test how much
participants retained and relearned the motor patterns
practiced during split-belt treadmill walking, participants
returned to the laboratory 1 day (session 2) and 7 days
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Experimental Sessions

Session 1
Gf'OU,DS *Lactate test before & after
REST T m'nufes
Rest
EXE mm Eém'm.‘tef
xercise

Session 3
(7 days after session 1)

Session 2
(1 day after session 1)

Tied-Slow (Right leg-0.75 : Left Leg-0.75 m/s)

Fig. 1 Schematic of experimental sessions. Participants were allo-
cated either to REST or to EXE group and attended three experimen-
tal sessions, including session 1 and two sessions, which were 1 day
and 7 days after session 1. Session 1 consisted of 2 min of baseline
walking, 5 min of split-belt treadmill walking, and 5 min of either rest
or exercise. Lactate was collected immediately before and after this

(session 3) after session 1 to again walk on the treadmill
in the split-belt mode at the same 2:1 speed ratio for 5 min
(session 2) or 15 min (session 3). The duration walked in
the split-belt mode was selected due to a recent study in
which a short bout (7.5 min) of split-belt training resulted
in the same retention as a longer, 30 min, bout of training
(Day et al. 2018).

During treadmill trials in all three sessions, par-
ticipants wore a ceiling mounted harness without body
weight support and held onto the front horizontal bar.
During all walking trials, no form of demonstration, ver-
bal instructions, or augmented feedback was provided.
To prevent participants from using visual feedback of the
belts’ speeds, we instructed them to look straight ahead
and avoid looking down. We also blocked the view of
the treadmill by covering the top part of the treadmill.
Between tied-slow and split-belt mode, the treadmill was
stopped for 15-s. The onset, offset, and the speed of the
treadmill belts were controlled by a custom-written script
in Matlab (Mathworks, Inc.).

All walking trials were performed on a dual-belt tread-
mill instrumented with 2 independent 6-degree of freedom
force platforms (Bertec Corporation, Columbus, OH, USA).
Kinetic and kinematic data were continuously acquired
using Vicon Nexus (Vicon Motion Systems Ltd, Oxford,
UK) as described in our previous work (Helm et al. 2016,
2017; Charalambous et al. 2018a). Briefly, force data were
recorded by the 2 force-plates and sampled at 1000 Hz,
while the three-dimensional coordinates of a total of six ret-
roreflective markers, which were placed on bilateral heels,
lateral malleoli, and fifth metatarsals, recorded with eight
motion capture Vicon cameras (Vicon Motion Systems Ltd,
Oxford, UK) and sampled at 100 Hz.
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nmnn Split-Belt (Right leg-1.50 : Left leg-0.75 m/s)

5 min rest or exercise bout (see asterisk). On session 2, participants
repeated only the 5 min of split-belt walking. On session 3, experi-
mental procedures were the same as session 2 with the exception that
the duration of the split-belt treadmill walking was 15 min. Green
solid line and black dashed lines indicate tied-slow and split-belt
walking, respectively

Data analyses
Exercise-derived measures

Similar to our previous work (Charalambous et al. 2018a,
b), we calculated three measures. To quantify whether par-
ticipants exercised at the target high-intensity range, we
averaged the exercise intensity at the target high-intensity
range (averageHR , oeqintensiy) @nd then divided by the HR
([averageHR i, oeiintensity/ HRmax]*100; % HR,,,,). Then, to
quantify how long participants exercised at the target high-
intensity range, we calculated the time spent (minutes) at
that range. For the participants in the rest groups, a value
of 0 was assigned for both measures if the HR did not reach
the high-intensity target range. Finally, we calculated the
magnitude of blood lactate change (after exercise—before
exercise; mmol/l).

Gait events

Kinematic data were analyzed offline using Vicon Nexus
(Vicon Motion Systems Ltd, Oxford, UK) and Matlab
(Mathworks, Natick, MA). The gait events of heel strike and
toe off were calculated using an automated algorithm (Zeni
et al. 2008). To ensure the accuracy of the automated cus-
tom-written scripts, gait events were also visually inspected
for all trials across participants.

Locomotor learning parameters
To quantify the intra- and inter-session learning of locomo-

tor patterns, step length asymmetry (SLA: the difference
between the step length of the fast and slow legs normalized
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by the sum of the two step lengths) was first calculated
(Fig. 2a). As opposed using other gait-related metrics which
may indicate certain components of walking capacity, SLA
was used because numerous studies in both healthy partici-
pants and stroke survivors have demonstrated that this index
is a robust measure of intra-session (adaptation) and inter-
session (re-adaptation) learning during walking on the split-
belt treadmill (Reisman et al. 2005, 2007, 2009; Malone
and Bastian 2010, 2014; Malone et al. 2011; Vasudevan

et al. 2011; Finley et al. 2013; Charalambous et al. 2018a;
Day et al. 2018; Leech et al. 2018). To correct for between-
participant differences in baseline symmetry, the average
baseline symmetry was subtracted from each raw symmetry
value during split-belt walking trials (Fig. 2a).

Both intra- and inter-session locomotor learning was
quantified using a total of five measures. Figure 2b depicts
the calculation of locomotor learning measures using a
dataset from representative subject. During the split-belt

a Step Length Asymmetry (SLA)
Step Length (SL) SLA
((SLF- SLS) )* —  mean ((SLF- SLS) )**
' (SLF + SLS) (SLF + SLS)
* Each raw symmetry ** Last 30 strides during
value during the 2-minute
split-belt walking trials tied-slow (i.e., baseline)
(sessions 1-3). walking trial (session 1).
slow fast
belt Dbelt
(SLS) (SLF)
b Intra-Session and Inter-Session Learning Measures
01
Retention = Initial Perturbationg, - Initial Perturbation, ., OBin
Relearning = - (5 strides/bin)
0 Plateau, Plateau, Plateaug,
5
n Magnitude of
Adaptation =
Initial Perturbationg, Initial
011 - Plateaug, iy Perturbation
Initial 3
Perturbation,,
@ Initial
Perturbationg,
0.2 Session 1 Session 2 Session 3
(Adaptation) (Re-adaptation) (Re-adaptation)

Fig.2 Schematic of the calculation of SLA and locomotor learn-
ing measures. a We first calculated the step length (sagittal distance
between ipsilateral and contralateral foot at ipsilateral foot contact)
bilaterally and then calculated the SLA, which was normalized to
baseline symmetry. b Three distinct time periods from the split-belt
treadmill walking (initial perturbation: first five strides; early change:

strides 6-30; plateau: last 30 strides) were calculated during split-belt
treadmill walking within each session. Using these measures, one
intra-session and two inter-session learning measures were calculated
to quantify the amount of adaptation on session 1 and the amount of
retention and relearning on sessions 2 and 3 compared to session 1,
respectively. Data are from a representative subject
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«Fig.3 Locomotor learning curves (a), and intra-session (b) and
inter-session (c¢) locomotor learning measures of REST (N=13) and
EXE (N=13) groups. a Locomotor learning curves during split-belt
treadmill walking across sessions. Group learning curves (smoothed
by five strides) and shaded 1SD regions for SLA during split-belt
treadmill walking across sessions. Value of 0 (dashed line) denotes
baseline symmetry while any deviation from O denotes step length
asymmetry compared to baseline. Blue lines and light blue shaded
regions represent the group that simply rested after practice. Red
lines and light red shaded regions represent the group that completed
high-intensity exercise after split-belt practice on Session 1. For both
REST and EXE groups, with initial exposure to 2:1 split-belt ratio,
participants were initially perturbed, but they all returned to their
baseline symmetry. On the second (session 2) and third (session 3)
exposures, both groups were less perturbed initially and readapted
back toward baseline. b Intra-session learning on session 1. There
were no differences between REST and EXE groups on any measure,
suggesting that all groups learned the same during session 1. ¢ Inter-
session learning on sessions 2 and 3 relative to session 1. In both
REST and EXE groups, exercise had no effect on any of the inter-
session learning measures. Larger values denote greater retention
and relearning. b, ¢ Dots denote individual data while the yellow dia-
monds with the black line indicate group medians. Blue dots repre-
sent the group that simply rested after practice on session 1 (REST),
whereas the red dots represent the group that completed high inten-
sity exercise after split-belt practice on session 1 (EXE)

treadmill walking within each day, we calculated SLA over
three distinct time periods to characterize intra-session
learning: the initial perturbation (mean of the first 5 strides),
early change (mean of strides 6-30), and final adapted state
(i.e., plateau: mean of the last 30 strides) (Roemmich and
Bastian 2015; Malone and Bastian 2016). For session 1 only,
we also calculated the magnitude of adaptation (difference
between initial perturbation and plateau: mean of the first 5
strides—mean of the last 30 strides).

To test the main effect of exercise on long-term locomotor
learning, we calculated two inter-session learning measures
that reflect retention and relearning of what was remem-
bered from session 1 to session 2 (g;_g,) or session 3 (g;_g3)-
First, we calculated the difference between initial pertur-
bation; this measure reflects the amount of the sensorimo-
tor pattern retained between days (i.e., RETENTIONg, g,
RETENTIONYG,_g3) (Musselman et al. 2016; Charalambous
et al. 2018a). Second, we calculated the difference between
early change, which has been used in previous studies to
generally reflect adaptation rate (Roemmich and Bastian
2015; Day et al. 2018). The difference in early change thus
reflects the differences in the inter-session learning/relearn-
ing rate (i.e., RELEARNINGg, g,, RELEARNINGgq, ¢3).
Inter-session gains in locomotor learning are indicated by
greater values in both retention and relearning.

Statistical analyses

Given the sample size per group, we ran only non-parametric
statistical analyses and calculated the effect sizes using SPSS

v25 (IBM Corp, Armonk, NY, USA). All data are presented
as either group mean + 1SD or group median (Fig. 3b, c)
while the significance level was set at P <0.05. First, a
Mann—Whitney U test was used to examine the effect of
exercise on the exercise-derived and intra- and inter-session
locomotor learning measures in the rest and exercise groups
without washout (RESTyo wasy vS- EXExo wasy) and
the rest and exercise groups with washout (REST g Vs.
EXEasn)- That analysis showed no difference between the
rest and exercise groups within the NO_WASH and WASH
groups. For this reason, we combined the RESTyg wasy
and RESTy,sy groups and the EXEyg wasy and the
EXEw,sy groups into REST (13 participants, 10 females,
23.7+3.3 years) and EXE groups (13 participants, 10
females, 21.8 +0.5 years), respectively. Then, we again ran
the Mann—Whitney U test to determine if intra-session and
inter-session locomotor learning measures differed between
the REST and EXE groups. Therefore, as indicated earlier,
only the results from the last analysis are presented in the
following section.

Results

All participants successfully completed the experimental
procedures in all three sessions with the exception of one
female in REST, who did not return for session 3, but her
data from session 1 and 2 were still included in the analysis.
In EXE group, all participants successfully completed the
high-intensity exercise bout without asking for breaks or
any adverse events (e.g., nausea, lightheadedness, pain) with
vitals returning to baseline within a few minutes. Partici-
pants in both REST and EXE groups successfully completed
all walking trials without breaks.

Exercise-derived measures

As anticipated, the target high-intensity range (i.e., 77-94%
HR,,,) was never reached by REST group but was quickly
reached by EXE group, which exercised for the remaining
time (4.02 +£0.31 min) at relatively high intensities (88 +3%
HR,,.,). EXE group had increases in lactate that exceeded
10 mmol/l (10.83 +2.26 mmol/l). As expected REST
group had no changes in lactate that approached 10 mmol/l
(=0.19+0.69 mmol/l). The change in lactate was sig-
nificantly greater in the EXE group than the REST group
(U<0.001, z=—4.247, P<0.001, r=—0.89).

Locomotor learning

As anticipated, both REST and EXE groups adapted simi-
larly in session 1; however, contrary to our hypotheses, both
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REST and EXE groups retained and relearned similarly in
sessions 2 and 3 (Fig. 3a).

Given that either exercise or rest followed the locomo-
tor task on session 1, we expected that participants in both
groups would experience the same amount of intra-session
locomotor learning on session 1. In session 1, both REST
and EXE groups were similarly perturbed at the beginning
of split-belt walking (U =281.000, z=-0.180, P=0.858,
r=—0.04), experienced the same early change (U =78.500,
z=-—0.308, P=0.758, r=—0.06), demonstrated the
same plateau at the end of split-belt walking (U =75.000,
z=-0.487, P=0.626, r=—-0.10), and had the same mag-
nitude of adaptation (U=68.500, z=-0.821, P=0.411,
r=-0.16) (Fig. 3b).

We also expected that participants in EXE group
would show greater retention and relearning during ses-
sions 2 and 3 than participants in REST, respectively.
However, in contrast to our hypotheses, there was no
significant effect of exercise on inter-session locomo-
tor learning. Relative to session 1, participants in REST
group retained and relearned similarly as participants in
EXE group in session 2 (RETENTIONg,_g,: U=67.500,
z=—0.872, P=0.383, r=—0.17; RELEARNINGg,_g,:
U=282.00, z=—-0.128, P=0.898, r=-—0.03) and session
3 (RETENTIONg, ¢3: U=74.000, z=—-0.218, P=0.828,
r=—0.04; RELEARNINGg, ¢5: U=72.500, z=-0.299,
P=0.765, r=—0.06) (Fig. 3¢).

Discussion

Our previous study of the effect of a short bout of high-
intensity exercise on sensorimotor adaptation-based loco-
motor learning in neurologically intact participants (Helm
et al. 2017) did not find the positive effects on retention
that have been shown in upper extremity skill-based learn-
ing tasks (Roig et al. 2012; Skriver et al. 2014; Thomas
et al. 2016b, 2017; Lundbye-Jensen et al. 2017; Nepveu et al.
2017; Stavrinos and Coxon 2017; Dal Maso et al. 2018).
These conflicting findings have been suggested to be the
result of a differing effect of exercise on locomotor senso-
rimotor adaptation and/or due to the non-optimization of
exercise parameters and time points of retention testing (e.g.,
1 day vs. 7 days) (Helm et al. 2017; Charalambous et al.
2018a). In the present study, therefore, we refined the exer-
cise and retention testing parameters to investigate whether
this would result in a positive effect of exercise on locomotor
learning. In contrast to our hypotheses, in sessions 2 and 3,
both groups similarly retained and relearned the locomo-
tor patterns learned on session 1. This result suggests that
exercise may not have the same positive effect on senso-
rimotor adaptation-based locomotor learning as it does on
upper extremity skill-based learning tasks. In the following
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sections, we will present and discuss potential factors that
may explain the present findings, acknowledge methodologi-
cal considerations that may influence our results, and suggest
future directions that may advance our knowledge on the
potential approaches to probe different types of locomotor
learning.

Exercise parameters. Camulative evidence points out that
the exercise effect on motor learning in skill-based upper
extremity learning is maximized when exercise is adminis-
tered immediately after motor practice at high intensity (i.e.,
post-exercise lactate level > 10 mmol/l). Regarding the first
exercise parameter (i.e., timing), it has been speculated that
exercise may have a time-dependent effect on motor learn-
ing (Roig et al. 2016). Exercise prior to motor practice may
improve skill acquisition (i.e., motor performance during
task) (Statton et al. 2015), but exercise may increase mem-
ory formation when it is performed after the practice of the
task to be learned, therefore, improving retention (Roig et al.
2012; Thomas et al. 2016a). Because of the latter factor, both
exercise groups in this study exercised immediately after
motor practice (i.e., during the early phase of consolidation
at which memory is transformed from short-term to a long-
term form and is less susceptible to disruption) (Brashers-
Krug et al. 1996; McGaugh 2000; Dudai 2012). Intensity is
the other exercise parameter that was reported to be crucial
for maximizing motor learning gains. All exercise prim-
ing studies that reported a positive exercise effect on motor
learning aimed for post-exercise lactate levels greater than
10 mmol/1. In addition to being a proxy of exercise intensity,
lactate was suggested to be a potential linkage between exer-
cise and motor learning (Skriver et al. 2014). Therefore, to
optimize the potential effect of exercise on locomotor learn-
ing, we ensured that participants in both exercise groups had
large changes in lactate, even if exercise duration was much
shorter than the previous work (5 min vs. 12-28 min).

Despite employing the exercise parameters that have
been previously suggested to potentially maximize motor
learning gains on upper extremity task, we did not observe
a significant effect of a short high-intensity exercise bout on
locomotor learning in healthy participants. This unantici-
pated finding suggests that factors other than the parameters
of the exercise priming may have contributed to the lack of
exercise effect in this study.

Type of motor learning and motor task. Past studies dem-
onstrating a significant effect of exercise on motor learn-
ing have all used a similar type of motor task and form of
learning (Roig et al. 2012; Skriver et al. 2014; Thomas et al.
2016a, b, 2017; Lundbye-Jensen et al. 2017; Nepveu et al.
2017; Dal Maso et al. 2018). The motor task employed in
those studies was either an upper extremity visuomotor
tracking task (procedural skill) or time-on-target motor task
(motor sequence), both of which required single-joint upper
extremity movements. Furthermore, explicit instructions
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regarding how to perform the task, online feedback about
task performance, and reward-based on performance were
provided to the participants during the learning. Thus, the
form of learning employed in those studies is likely a com-
bination of explicit, strategy-based learning (Taylor and
Ivry 2012) and reinforcement learning (i.e., reward based)
(Doya 2000). On the other hand, the dominant form of learn-
ing during the split-belt treadmill walking is thought to be
implicit sensorimotor adaptation (Bastian 2008; Day et al.
2018). Recent studies using the split-belt paradigm demon-
strated that explicit instructions may not affect within and
across days locomotor learning (Malone and Bastian 2010;
Roemmich et al. 2016); thus, conscious motor strategies may
not be involved in split-belt locomotor learning as much as
in upper extremity learning (Day et al. 2018). Therefore,
both the types of motor tasks and the forms of learning in
the previous studies, which reported a significant exercise
effect on motor learning (Roig et al. 2012; Skriver et al.
2014; Thomas et al. 2016a, b, 2017; Lundbye-Jensen et al.
2017; Nepveu et al. 2017; Stavrinos and Coxon 2017; Dal
Maso et al. 2018), are likely quite different than the split-belt
treadmill walking studies.

A question that arises, then, is whether the difference in
exercise effects on motor learning between studies is due to
the type of motor task, form of learning, or both. Ferrer-Uris
et al. (2017) investigated the exercise effect on the learning
of an upper extremity visuomotor adaptation task, which
may have both explicit and implicit learning components
(Taylor et al. 2014), in healthy participants, who learned to
adapt to a 60° visual rotation of a cursor during a reaching
task. As in our previous work (Helm et al. 2017; Charalam-
bous et al. 2018a) and the present study, Ferrer-Uris et al.
also observed no significant exercise effect on the long-term
retention of learning, which measured 1 day and 7 days post-
practice. Taken together these findings, a short high-inten-
sity exercise bout may not positively influence sensorimotor
adaptation-based learning, regardless of whether the task
involves locomotion or the upper extremity.

This differential effect could be related to the different
neural bases of different forms of learning. Sensorimotor
adaptation is thought to be heavily cerebellar dependent
(Morton and Bastian 2006) while visuomotor tracking tasks
are thought to depend on cortical substrates (Sanes 2003).
Consolidation of learning in both tasks likely relies heavily
on primary motor cortex (Muellbacher et al. 2002; Luft et al.
2004); however, recent work suggested that a complex brain
network involving not just the primary motor cortex, but
also the cerebellum, is involved in the consolidation of sen-
sorimotor adaptation-based learning (Della-Maggiore et al.
2017). This is not the case for consolidation of a visuomotor
tracking task, which relies heavily on the premotor cortex
along with the primary motor cortex (Boyd and Linsdell
2009; Kantak et al. 2010; Meehan et al. 2013). Thus, a short

high-intensity exercise bout may differentially influence the
different neural pathways involved in consolidation of differ-
ent forms of motor learning. Recent work, which quantified
brain activity and connectivity using electroencephalogra-
phy, demonstrated that sensorimotor areas were involved
during the consolidation of skill-based arm task after an
acute high-intensity exercise bout (Dal Maso et al. 2018).
Future work should employ similar techniques to systemati-
cally examine the brain networks responsible for locomotor
memory consolidation and the effect of acute high-intensity
exercise bout on those networks.

Methodological considerations. We acknowledge that
the exercise duration used in this study was much shorter
(5 min vs. 12-28 min) than in the previous studies of high-
intensity exercise and upper extremity motor learning (Roig
et al. 2012; Skriver et al. 2014; Thomas et al. 2016a, b;
Nepveu et al. 2017; Stavrinos and Coxon 2017; Dal Maso
et al. 2018). Nevertheless, this specific short duration was
selected because it has been found to be feasible in neuro-
logically impaired participants with motor learning deficits
(Charalambous et al. 2018a), which is critical for future
application to neurorehabilitation. Given that high inten-
sity and high lactate levels could be reached within 5 min,
we anticipate that this short exercise duration may not have
affected our findings; however, it is possible that to have
a positive influence on motor learning, it is not only the
intensity and timing of the exercise that are important, as
previously suggested (Thomas et al. 2016a, b), but also the
duration of the high-intensity exercise. Future work should
further investigate the effect and interaction of exercise dura-
tion with exercise intensity and timing on the subsequent
gains in motor learning. This would be important to ascer-
tain because if long durations (i.e.,> 10 min) of high-inten-
sity exercise are necessary to observe the effects on motor
learning previously found in healthy participants (Roig et al.
2012; Skriver et al. 2014; Thomas et al. 20164, b); this will
limit the feasibility of implementing exercise priming in a
rehabilitation setting (Charalambous et al. 2018a), especially
for patients with severe impairment. Lastly, the sample size
in this study is similar to ones used in the previous priming
studies (12—16 participants per group) and along with the
small effects sizes (see r values in results section) observed
suggest that sample size may not be the reason for the lack
of significant findings.

Future directions. The majority of previous studies
focused on exercise parameters, while the form of motor
learning and types of motor tasks have received less investi-
gation. Therefore, given that our previous and present work
demonstrated no effect of exercise on sensorimotor-based
locomotor learning, future work should examine whether
these findings persist in other types of locomotor learning
(e.g., strategic learning using visual distorted feedback)
(French et al. 2018).

@ Springer
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Conclusion

Though our results did not support our hypotheses, our
findings, together with previous work, provide important
insights about high-intensity exercise as a “primer”” of motor
learning. Specifically, the effects of high-intensity exer-
cise on motor learning appear to differ based on the form
of learning and type of motor task. Our results, along with
previous studies, suggest that sensorimotor adaptation-based
locomotor learning does not appear to be influenced by a
short high-intensity exercise bout, even when the parameters
of exercise (i.e., timing and intensity) and retention testing
(i.e., 1 day and 7 days post-practice) are similar with the
ones used in the previous work that reported positive effect
of exercise on skill-based arm motor task.
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