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ABSTRACT

UETA, K., N. MIZUGUCHI, T. SUGIYAMA, T. ISAKA, and S. OTOMO. The Motor Engram of Functional Connectivity Generated by

Acute Whole-Body Dynamic Balance Training.Med. Sci. Sports Exerc., Vol. 54, No. 4, pp. 598-608, 2022. Purpose:Whole-body dynamic

balance is necessary for both athletic activities and activities of daily living. This study aimed to investigate the effect of acute dynamic balance

training on neural networks. Methods: We evaluated resting-state functional connectivity (rs-FC), white matter fiber density, fiber-bundle

cross-section, and graymatter volume in 28 healthy young adults (14women) before and after 30min of slackline training using a randomized,

counterbalanced crossover design. Results: The rs-FC between the left lateral prefrontal cortex (PFC) and the foot area of the primary senso-

rimotor (SM1) cortex increased significantly after slackline training compared with that after a control condition involving ergometer-based

aerobic exercise. In addition, changes in rs-FC between the left lateral PFC and the primary sensorimotor were correlated with performance

changes after training (i.e., offline process) rather than online learning. We also observed a main effect of time between the hippocampus and

the cingulate cortex, including the anterior areas, and between the bilateral lateral PFC. Although we observed no structural changes, fiber

density in the commissural fiber pathway before the first balance assessment was correlated with initial balance capability. Conclusions:

Our findings demonstrate that acute whole-body dynamic balance training alters specific rs-FC, and that this change is associated with perfor-

mance changes after training. In addition, rs-FC changes in cognitive regions were modulated by both acute dynamic balance training and

aerobic exercise. These findings have the potential to influence various fields (e.g., sports neuroscience, neurorehabilitation) and may aid

in the development of methods that can improve motor and cognitive performance. Key Words: MOTOR LEARNING,

COORDINATION, POSTURAL CONTROL, MULTIMODAL MRI, FIXEL-BASED ANALYSIS
Whole-body dynamic balance, defined as adaptive
postural control to the external environment, is es-
sential for sports activities (1). Balance capability

is also related to various everyday performances, and loss of
dynamic balance function can lead to a slip, trip, or stumble.
As whole-body motor tasks require several elements, such as
interlimb coordination and postural control, the neural network
associated with whole-body balance tasks is more complex than
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that associated with simple hand movements. A previous study
indicated that the neural basis of simple motor skills cannot be
generalized to more complex motor skills (2). However, given
that it is methodologically more difficult to measure brain ac-
tivity during whole-body motor tasks than during hand motor
tasks, the neural network associated with whole-body dy-
namic balance training remains unclear.

Previous studies using positron emission tomography or
single photon emission tomography have demonstrated that
regional cerebral blood flow increases in widespread regions
during walking or standing, including motor-related cortical
areas, the basal ganglia, and the cerebellum (3,4). Studies
using noninvasive functional near-infrared spectroscopy
(fNIRS) have also reported that the lateral prefrontal cortex
(PFC), premotor cortex, supplementary motor cortex, and pri-
mary motor cortex (M1) are activated during whole-body bal-
ance tasks, although fNIRS cannot provide information re-
garding activity in subcortical regions (5,6). In addition, gray
matter volume (GMV) in several regions such as the frontal
lobe, parietal lobe, basal ganglia, thalamus, and cerebellum
has been associated with balance performance (7,8). These
findings support the notion that several brain regions cooper-
ate to control whole-body posture and limb coordination.
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Elucidating the neural mechanisms of dynamic balance train-
ing can provide useful information for improving sports training
and neurorehabilitation. Previous studies have demonstrated
that repeated bouts of dynamic balance training induce func-
tional and structural plasticity in the brain (9,10). For example,
one study reported that functional connectivity in motor-related
regions, including the premotor area, M1, basal ganglia, and
cerebellum, increased after 6 wk of slackline balance training
(10), while another reported that the GMV in the lateral prefron-
tal region increased after 6 wk of dynamic balance training (11).
However, accumulating evidence regarding motor learning
suggests that neuronal plasticity induced by motor learning
is dependent on the learning phase (i.e., early or late phase)
(12). Therefore, the neural substrate of the early phase of mo-
tor learning balance training remains unclear.

Taubert and colleagues (13) have demonstrated that GMV
of the foot areas in M1 increases after 1 h of dynamic balance
training. Other previous studies have suggested that functional
connectivity of the motor-related regions, including M1,
changes in a task-dependent manner after motor learning
(14,15). Such activity changes are called as the motor engram
or motor memory trace. Therefore, acute whole-body balance
training may alter the functional connectivity of brain regions
associated with dynamic postural control. However, changes
in functional connectivity at the whole-brain network level
caused by acute whole-body balance training cannot be evalu-
ated using voxel-based morphometry (VBM), positron emis-
sion tomography, fNIRS, or conventional task–functional
magnetic resonance imaging (fMRI).

Recently, we evaluated changes in resting-state functional
connectivity (rs-FC) before and after sequential motor skill
learning requiring use of the whole body (16). Then we ob-
served rs-FC of specific regions altered by motor skill learn-
ing. Therefore, in the present study, we compared rs-FC re-
corded immediately before 30 min of acute dynamic balance
training with that recorded after training to clarify the neural
mechanisms underlying acute learning in whole-body dy-
namic balance tasks. We used slacklining as the whole-body
dynamic balance task, as previously reported (6). We also ana-
lyzed the gray and white matter microstructure related to each par-
ticipant’s initial balance capability with VBM using T1-weighted
FIGURE 1—Experimental design. A total of 28 right-handed, right-footed volu
multimodal MRI scans, including resting-state functional MRI, T1-weighted im
SL and AE sessions (pre- and post-SL or AE). Balance performance assessmen
after the postsession MRI (Post-2).
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images and a newly developed fixel-based analysis (FBA)
using diffusion-weighted images (17,18). Furthermore, as pre-
vious studies have indicated that 1–2 h of acute motor practice
may induce structural changes in the white and gray matter,
we investigated whether 30 min of dynamic balance training
could induce structural changes (13,19).
METHODS

Participants. Twenty-eight right-handed, right-footed vol-
unteers (14 women; mean age = 22 ± 1 yr, range = 19–24 yr;
mean weight = 61 ± 11 kg, range = 43–88 kg; mean
height = 1.66 ± 0.09 m, range = 1.51–1.80 m) were included
in this study. All participants reported no history of neurolog-
ical or psychological disorders and had no or little slackline
experiences. Four women had past experience with classical
ballet, one woman with gymnastic, and one woman with fig-
ure skating. Because handedness and footedness might influ-
ence brain structure, we included only right-handed and
right-footed participants in the present study. Handedness
was evaluated using the Edinburgh Handedness Inventory
(mean laterality quotient = 0.9 ± 0.1, range = 0.7–1) (20).
Footedness was evaluated using the 11-item Chapman’s foot
preference test (mean score = 14 ± 3, range = 11–21) (21).
All participants had received a detailed explanation of the ex-
perimental procedures before the experiment and gave written
informed consent. This study was conducted in accordance
with the Declaration of Helsinki, and the experimental proce-
dures were approved by the Ethics Committee of Ritsumeikan
University (BKC-IRB-2020-070).

Experimental design. In this randomized, counterbalanced
crossover study, all participants completed two experimental ses-
sions that were conducted at least 4 wk apart (mean inter-
val = 29 ± 4 d, range = 28–47 d) (Fig. 1). In one session, partic-
ipants underwent slackline training (SL), which requires dynamic
balance and postural control. In the other session, participants
performed aerobic exercises (AE) as a control motor task. Each
session lasted 30min. To compare the intensity of exercise be-
tween sessions, we measured the participants’ heart rates (HR)
during each session using an HR monitor (WHS-3; UNION
TOOL CO, Tokyo, Japan).
nteers completed the two experimental sessions at least 4 wk apart. Two
ages, and diffusion-weighted images, were obtained before and after the
ts were conducted immediately before and after the sessions (Post-1) and
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Seven women and seven men participated in the SL session
first, and the remaining participants participated in the AE ses-
sion first (Fig. 1). For each participant, the two sessions were
performed at the same time of day tominimize the effect of cir-
cadian variation (mean time difference = 21 ± 30 min,
range = 0–150 min) (22). Eight participants performed the ses-
sions in the morning, whereas the remaining participants per-
formed the sessions in the afternoon.

We acquired multimodal MRI, including resting-state func-
tional images, T1-weighted images, T2-weighted images, and
diffusion-weighted images (DWI), before and after each train-
ing session using a harmonization protocol (HARP) (Fig. 1)
(23). Assessments of balance performance were conducted im-
mediately before and after the sessions and after the postsession
MRI, as described below (Fig. 1).

Slackline training. SL was performed using four proto-
cols using a slackline with the following characteristics:
length, 4 m; height, 0.3 m; width, 0.05m (Fitness Line, Gibbon,
Stuttgart, Germany). First, the participants were asked to stand
with one leg in the middle of the slackline for as long as possi-
ble. The standing leg was changed with every fall. This part of
the session lasted 5 min. Then the participants were asked to at-
tempt to walk five steps forward from a standing position with
both legs on the slackline while maintaining their balance. This
part of the SL session lasted 10 min. During the next 5 min, the
participants bent both knees and held still for 5 s then extended
both knees again and returned to the original standing position
with both legs on the slackline. During the last 10 min of the
session, the participants were asked to attempt to walk five steps
in the forward direction while maintaining their balance, then
to turn 180° on the spot, walk five steps, and return to the orig-
inal position. All training sessions were repeated as many
times as possible within the time limits.

Aerobic exercise. AE sessions were performed using an
ergometer (Ergomedic 828E; Monark, Varberg, Sweden), the
saddle height of which was set such that the participant’s knees
were mildly flexed with the lower legs in the most extended
position when sitting on the saddle with the upper body in a
mild forward bending position. The starting load was 20 W,
and the load was adjusted by the experimenter to maintain
the participant’s HR between 100 bpm (easy) and 130 bpm
(slightly difficult) for 30 min. The participants were asked to
maintain their rotation speed at 60 rpm according to the pitch
sound (i.e., 60 bpm). The rotation speed was displayed in front
of the participants.

Assessments of balance performance. Five balance
performance assessments were conducted for each leg. The to-
tal time required for these assessments was approximately
5 min. Each balance test was performed twice, and the better
score of the two trials was used to calculate the mean score
of both legs, which was used in the analyses.

The slackline standing (SLstand) balance assessment
consisted of the participants attempting to stand with one leg
on the slackline for as long as possible. The SLstand assessment
was conducted on each leg. We measured the time spent bal-
anced on one leg before falling. Participants were stopped after
600 Official Journal of the American College of Sports Medicine
60 s of balancing to prevent fatigue. The slackline walking
(SLwalk) balance assessment included participants attempting
to walk on the slackline for as long as possible. We evaluated
the distance walked before falling, with a maximum distance
of 4 m. During the third balance performance assessment,
the participants attempted to stand with one leg on the floor
with their eyes closed for as long as possible without moving
the sole of the foot on the standing leg (STfloor). We measured
the time until any other part of the body touched the floor, with
a maximum time of 60 s to prevent fatigue. The STfloor assess-
ment was conducted on each leg. Next, the participants were
asked to stand on a balance disc (TR balance cushion; Japana,
Aichi, Japan) on one leg with their eyes closed for as long as pos-
sible (STdisc). We measured the time until any other part of the
body touched the floor, with a maximum time of 60 s to prevent
fatigue. The STdisc assessment was conducted on each leg.

The final balance performance assessment was the star ex-
cursion balance test (SEBT), during which the participants
stood on a single leg on the center of a platform and performed
maximal reaches in several directions with the opposite leg be-
fore returning to the original position without touching the
platform with the reaching leg. The participants were not per-
mitted to lift the heel of the standing leg from the floor. If the
reaching leg touched the platform or the heel of the standing
leg was lifted, the trial was discarded and an additional trial
was performed. A maximal of five trials in each direction were
performed for each assessment. The SEBT assessment was
conducted on each leg. The distances of the reach in eight
directions at 45° angles to each other were measured to a
precision of 0.01 m. The mean distance reached in all direc-
tions was calculated and normalized for the length of the
lower extremity. The normalized mean distance was used
in the analyses.

Behavioral analyses. The effect of SL on balance capa-
bility (i.e., learning effect) was evaluated based on differences
in the pre- and postsession balance performance assessments,
which were determined using paired t-tests for normally dis-
tributed data or Wilcoxon signed-rank tests for nonnormally
distributed data. To check whether data fitted a normal distri-
bution, one-sample Kolmogorov–Smirnov tests were per-
formed. P values were corrected using the Bonferroni method
for multiple comparisons (i.e., 5 indices � 2 conditions � 2
periods, corrected P = 0.05 corresponds to uncorrected
P = 0.0025). For comparisons of learning effects and
prebalance performance between SL and AE, P values were
corrected using the Bonferroni method, respectively (i.e., 5 in-
dices, corrected P = 0.05 corresponds to uncorrected
P = 0.01). The effect of the session order on the amount of im-
provement was determined using two-sample t-tests or
Wilcoxon signed-rank tests. To evaluate carryover effects
from the first to the second session, we calculated differences
between the first and the second prebalance assessments. Then
we compared them using one-sample t-tests for general effects
(combined SL and AE) and applied Mann–WhitneyU-tests to
both participant subgroups (i.e., n = 14 per session order). P
values were corrected using the Bonferroni method (i.e., 5
http://www.acsm-msse.org
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indices, corrected P = 0.05 corresponds to uncorrected P = 0.01).
The mean and the maximum HR values during the SL and AE
were calculated and compared using paired t-tests. The one-
sample Kolmogorov–Smirnov test, the t-test, the Wilcoxon
signed-rank test, and the Mann–Whitney U-test were per-
formed using MATLAB.

To evaluate the relationship between balance performance
and MRI outcomes, we selected STdisc as the representative
balance capability measure because some participants reached
the upper limit of measurement in the SLstand, SLwalk, and
STfloor assessments (see results and Fig. 2). Therefore, these
variables were not suitable to calculate correlation coefficients.
As SEBT results are influenced by the range of motion of the
lower extremity (24), we did not perform correlation analysis
using SEBT results.

Acquisition of MRI data. The participants were scanned
using a 3-T Siemens Magnetom Skyra fit scanner (Siemens,
Munich, Germany) equipped with a 32-channel head coil.
Blood oxygenation level–dependent contrast functional im-
ages were acquired during the resting-state using multiband
FIGURE 2—Balance assessments. The results of SLstand (A), SLwalk (B), STfloor (
are presented as mean ± SD. Black plots indicate individual values of each parti
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T2*-weighted echo-planar imaging (EPI) free induction decay
sequences with the following parameters: field of view (FOV),
204 � 204 mm; voxel size, 2.4 mm isotropic, no gap; repeti-
tion time (TR), 800 ms; echo time (TE), 34.4 ms; and flip an-
gle, 52°. All participants were instructed to keep their eyes
open and focus on the fixation cross during the scan and to
think about nothing in particular. Two 5-min resting-state
fMRI scans were performed.

T1-weighted images were acquired using a magnetization-
prepared rapid acquisition gradient echo (MPRAGE) se-
quence (224 sagittal slices; FOV, 240 � 256 mm; voxel size,
0.8 mm isotropic; TR, 2500 ms; TE, 2.18 ms; inversion time,
1000 ms; flip angle, 8°; GRAPPA acceleration factor, 2). The
acquisition time was approximately 5 min.

T2-weighted images were acquired in accordance with the
HARP based on the human connectome project (23), although
these images were not analyzed in the present study. The ac-
quisition time was approximately 5 min.

Two DWI were acquired with a double spin-echo sequence
in 67 directions using AP phase encoding and 68 directions
C), STdisc (D), and SEBT (E) in Pre, Post-1, and Post-2, respectively. Data
cipant. *P < 0.05 as compared with Pre values.
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using PA phase encoding (b values, 0, 700, and 2000 s·mm−2;
84 slices; FOV, 204� 204 mm; voxel size, 1.7 mm isotropic,
no gap; TR, 3600ms; TE, 89ms; flip angle, 90°; GRAPPA accel-
eration factor, 2) using a multiband acceleration factor of 3.
The acquisition times for the AP and PA scans were approxi-
mately 5min each. The total scan timewas approximately 35min.

Functional image processing. We performed a seed
region of interest (ROI)–based analysis to evaluate rs-FC
using the CONN toolbox (Functional Connectivity Toolbox;
Neuroimaging Informatics Tools and Resources Clearinghouse,
USA; https://www.nitrc.org/projects/conn) implemented in
SPM12 (Wellcome Trust Centre for Neuroimaging, Univer-
sity College London, London, UK, https://www.fil.ion.ucl.
ac.uk/spm/software/spm12/) running on MATLAB (The
MathWorks Inc., Natick, MA). EPI images were processed
using the default preprocessing pipeline (realignment, normal-
ization, segmentation, outlier detection, and smoothing with a
full width at half maximum of 8 mm). Denoising was then per-
formed using a component-based noise correction method,
motion regression, and band-pass filtering (0.008–0.09 Hz).
A previous study demonstrated that volume changes in M1
can be observed after 1 h of dynamic balance training (13).
Therefore, the paracentral gyrus was used as the ROI. Another
study demonstrated that the lateral PFC is associated with dy-
namic balance training (11,25), and other motor learning stud-
ies have highlighted the involvement of subcortical regions
such as the striatum, hippocampus, and cerebellum (12,26).
Therefore, we conducted 10 seed-based analyses (five re-
gions � two hemispheres). These ROI values were defined
in the CONN toolbox, which was created based on the FSL
Harvard-Oxford Atlas as a typical anatomical region (https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases).

Interactions [(SLpost > SLpre) > (AEpost > AEpre)] were ana-
lyzed to evaluate whether changes in rs-FC after SL differ
from those after AE. Post hoc correlation analysis was per-
formed to determinewhether changes in rs-FC before and after
SL were associated with learning. For this analysis, we
depicted the individual values of changes in rs-FC in the SL.
Post hoc correlation analysis using mean HR or maximum
HR was also conducted to determine whether changes in rs-
FC were associated with exercise intensity. In addition, the ef-
fects of the motor task before and after the training sessions
were evaluated, and the SLpre and the AEpre were comparable.

All contrasts were analyzed using threshold-free cluster en-
hancement with 5000 permutations. The statistical threshold
was set to P < 0.05 after family-wise error (FWE) correction
for multiple comparisons.

T1 image processing. We performed VBM analysis
using the Computational Anatomy Toolbox (CAT, Jena Uni-
versity Hospital, Departments of Psychiatry and Neurology,
Germany; http://www.neuro.uni-jena.de/cat/), a toolbox for
SPM12 used with MATLAB. T1-weighted images were mod-
ulated and normalized to the Montreal Neurological Institute
standard space and segmented into gray matter, white matter,
and cerebrospinal fluid using the default approach of com-
bined affine and nonlinear registration. Then the segmented
602 Official Journal of the American College of Sports Medicine
gray matter maps were smoothed with a Gaussian kernel of
8 mm full width at half maximum.

To evaluate changes in GMV, contrasts [(SLpost > SLpre) >
(AEpost > AEpre)] were analyzed using a full-factorial design.
Brain regions associated with initial balance capability were
identified by calculating the correlation between GMV be-
fore the task and initial balance performance. The total intra-
cranial volume, age, and sex were included as covariates of
no interest.

All contrasts were analyzed using threshold-free cluster
enhancement with 5000 permutations. The statistical thresh-
old was set to P < 0.05 after FWE correction for multiple
comparisons.

Diffusion image processing.We performed FBA using
MRtrix3 (http://www.mrtrix.org/), as previously described (18).
Standard preprocessing was performed. First, two images
were combined into one image using themrcat function. Then
denoising, unringing, motion, distortion, and bias field corrections
were performed using the dwidenoise,mrdegibbs, dwifslpreproc,
and dwibiascorrect functions, respectively. The group-average
white matter response function was then computed for subse-
quent analyses. The DWI data were upsampled to a voxel size
of 1.25 mm (isotropic), as this has been shown to improve ana-
tomical details. The fiber orientation distribution (FOD) functions
were calculated using constrained spherical deconvolution.
Then a global intensity normalization was conducted for all
participants using a groupwise registration and the median
b = 0 white matter value as a reference.

To create a study-specific FOD template, we used all FOD
images from the pre-MRI scan on day 1. Spatial correspon-
dence was obtained by registering all FOD to the FOD template.
Then FOD functions in the template space were segmented to
estimate fiber density (FD), fiber-bundle cross-section (FDC),
and a combination of both FD and FDC. FCwas log-transformed
before the statistical analyses. Finally, the fixed data were
smoothed based on the sparse fixel-fixel connectivity matrix
using the fixelfilter function.

Postsession changes in rs-FC were compared by analyzing
the interactions of [(SLpost > SLpre) > (AEpost > AEpre)] using
different images of FD, log-FC, and FDC computed for each
participant and paired t-tests.

Associations of white matter microstructure and initial bal-
ance capability were identified by calculating the correlation
between the initial balance performance (calculated using the
STdisc results) and FD, log-FC, or FDC. Age and sex were
used as covariates of no interest.

These analyses were performed using connectivity-based
fixel enhancement with 5000 permutations. The statistical
threshold was set toP < 0.05 after FWE correction for multiple
comparisons.
RESULTS

Balance performance.All five balance assessments, in-
cluding individual data and statistical values in Pre, Post-1,
and Post-2, are shown in Figure 2 and Table 1. Some
http://www.acsm-msse.org
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participants reached the upper limit of measurement in the
SLstand, SLwalk, and STfloor assessments conducted after SL
(Fig. 2). Before SL, 16 participants reached the maximum time
during the STfloor assessment; therefore, no improvement in
STfloor was observed because of the ceiling effect, suggesting
that this task was not suitable for evaluating learning. Scores
for the remaining balance performance assessments improved
significantly after SL training (Fig. 2, Table 1). Performance
improvements after SL training tended to be greater than after
AE (SLstand: z = 2.37, P = 0.09, d = 0.78; SLwalk: z = 3.26,
P = 0.006, d = 1.18; STfloor: z = 0.37, P = 1, d = 0.06; STdisc:
z = 1.66, P = 0.48, d = 0.57; SEBT: z = 1.57, P = 0.58,
d = 0.47) (Fig. 3).

The balance performance assessment scores obtained be-
fore SL training did not significantly differ from those ob-
tained before AE (SLstand: z = 0.52, P = 1, d = 0.02; SLwalk:
z = 1.18, P = 1, d = 0.19; STfloor: z = 0.07, P = 1, d = 0.06;
STdisc: z = 1.32, P = 0.93, d = 0.11; SEBT: z = 1.18, P = 1,
d = 0.18). The amount of learning during SL was not influ-
enced by task order (SLstand: z = 1.22, P = 1, d = 0.43; SLwalk:
z = 1.85, P = 0.32, d = 0.77; STfloor: z = 0.36, P = 1, d = 0.18;
STdisc: z = 0.53, P = 1, d = 0.47; SEBT: z = 1.10, P = 1,
d = 0.32). Carryover effects were observed in SLstand and
SLwalk [SLstand: t(27) = 4.50, P = 5.80 � 10−4, d = 0.81;
SLwalk: t(27) = 5.95, P = 1.19 � 10−5, d = 0.84; STfloor:
t(27) = 1.40, P = 0.87, d = 0.21; STdisc: t(27) = 1.78,
P = 0.43, d = 0.25; SEBT: t(27) = 2.22, P = 0.17, d = 0.27].
However, we did not find any difference in carryover effects be-
tween SL and AE (SLstand: z = 0.53, P = 1, d = 0.04; SLwalk:
z=1.82,P=0.35,d=0.56; STfloor: z=0.36,P=1,d=0.15; STdisc:
z = 1.22, P = 1, d = 0.28; SEBT: z = 1.54, P = 0.62, d = 0.55).

The mean HR during SL (128 ± 17 bpm) was significantly
greater than that during AE (116 ± 8 bpm) [t(27) = 4.33,
P = 1.84 � 10−4, d = 0.89]. The maximum HR during SL
(153 ± 16 bpm) was also significantly greater than that during
AE (142 ± 5 bpm) [t(27) = 4.41, P = 1.47 � 10−4, d = 0.97].

Functional connectivity. Seed-based analyses with two-
way ANOVA revealed a significant interaction in rs-FC be-
tween the left lateral PFC and the medial areas in the primary
sensorimotor (SM1) area, indicating that this change was
greater during SL than during AE (P < 0.05) (Fig. 4). How-
ever, we did not find any significant interaction in the right lat-
eral PFC ROI or M1, striatum, hippocampus, or cerebellum.
The strength of rs-FC before the motor task did not differ be-
tween the two training sessions.

Post hoc correlation analysis revealed that changes in rs-FC
between the left lateral PFC and the medial areas in SM1 due
to SL training were associated with the offline process of balance
training (Post-2–Post-1) (r = 0.40, P = 0.036) (Fig. 4) rather than
with online improvement (Post-1–Pre) (r = −0.32, P = 0.10), al-
though the amount of online learning was strongly correlated
with performance changes after balance training (Post-2–Post-1)
(r = −0.66, P = 0.0001). In addition, changes in rs-FC between
the left lateral PFC and the medial areas in SM1 due to SL
were not associated with the mean HR (r = 0.25, P = 0.20)
or maximum HR (r = 0.25, P = 0.20) during SL.
Medicine & Science in Sports & Exercise® 603



FIGURE 3—Learning effects. The learning effects of SLstand (A), SLwalk (B), STfloor (C), STdisc (D), and SEBT (E), respectively. Results were calculated as
(Post-1 value) − (Pre value). Data are presented as mean ± SD. Black plots indicate individual values for each participant. *Comparison between SL andAE
is statistically significant (corrected P < 0.05).

A
PP

LI
ED

SC
IE
N
C
ES
The rs-FC between the hippocampus and the cingulate cor-
tex increased after both sessions (Fig. 5). In addition, rs-FC be-
tween the bilateral lateral PFC decreased after the sessions.

Graymatter volume.We observed no main effects or in-
teractions in the VBM analysis, indicating that GMV did not
change during SL or AE. In addition, we observed no correlation
between GMVbefore the first balance assessment in the first ses-
sion and balance capability at the first assessment. Furthermore,
GMV before the first balance assessment in the SL session was
not correlated with the amount of learning during the SL session.

White matter microstructure. We observed no main
effects or interactions in the FBA, which indicates that the
white matter microstructure did not change during SL or AE.
Correlation analyses revealed a positive correlation between
FD and FDC in the commissural fiber pathway before the first
balance assessment in the first session and balance capability
at the first assessment. This trend was observed near the me-
dial areas in SM1, although the values were not significant
(Fig. 6). The results of the FBA before the first balance assess-
ment in the SL session and the amount of learning during the
SL session were not correlated.
DISCUSSION

We conducted this counterbalanced, crossover study to in-
vestigate the acute effect of whole-body dynamic balance
training on rs-FC, GMV, and white matter microstructure.
FIGURE 4—Seed-based analysis for resting-state fMRI. The seed is the left la
[(SLpost > SLpre) > (AEpost > AEpre)]. Statistical significance was set at P < 0.05 af
hancement with 5000 permutations. The scatter plot on the right shows relations
[calculated as (Post-2 value) − (Post-1 value)] and changes in rs-FC between the

604 Official Journal of the American College of Sports Medicine
Here, we revealed, for the first time, that acute whole-body dy-
namic balance training increased rs-FC between the left lateral
PFC and the bilateral SM1 foot area. In addition, this increase
in rs-FC was associated with offline process of balance learn-
ing. Furthermore, initial dynamic balance capability was asso-
ciated with initial FD and FDC in the commissural fiber path-
way, which was extended to the SM1 foot area.

Previous studies have suggested that the lateral PFC and
M1 are associated with the early phase of dynamic balance
learning (11,13,25). Therefore, the brain regions in which
changes in rs-FC were identified in this study are consistent
with those reported in previous studies. The change in rs-FC
between the lateral PFC and the SM1 was not correlated with
HR during dynamic balance training, although HR during dy-
namic balance training was significantly greater than that dur-
ing AE. Therefore, this change is unlikely to originate from in-
dividual differences in intensity of exercise during dynamic
balance training. As changes in functional connectivity in-
volving M1 after motor learning reflect offline learning, con-
solidation, or motor engram (e.g., memory trace) (15,27–29),
changes in rs-FC between the lateral PFC and the SM1 are as-
sociated with motor learning rather than residual brain activa-
tion during a motor task. Indeed, post hoc correlation analysis
suggested that changes in rs-FC are related to offline process
of balance learning. Such evidence may allow for the develop-
ment of methods that can improve motor performance using
noninvasive brain stimulation. For example, transcranial
teral PFC. The images indicate the interactions between tasks and times
ter FWE correction for multiple comparisons of threshold-free cluster en-
hip between offline process of balance learning in STdisc in the SL sessions
left lateral PFC and the primary motor cortex.
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FIGURE 5—Themain effect of time (post vs pre) in the seed-based analysis of resting-state fMRI. In the left upper panel, the seed is the right hippocampus.
In the right upper panel, the seed is the right lateral PFC (green region). The blue regions indicate a decrease in rs-FC. The statistical threshold was set at
P < 0.05 after FWE correction for multiple comparisons of threshold-free cluster enhancement with 5000 permutations. The lower panels show mean
and SD values of correlation coefficient of the upper regions, respectively. Black plots indicate individual values of each participant.

A
PPLIED

SC
IEN

C
ES
alternating current stimulation for the lateral PFC and SM1
might augment the effect of dynamic balance training. How-
ever, in the present study, we observed no significant struc-
tural changes using VBM, which may be due to the amount
of balance training. In a previous study, participants were
trained 1.5 times longer (i.e., 45 min) than in this study (13).
A weak trend of increases in the bilateral M1 of the foot area
was observed in this study (data not shown). Our previous
study also identified no structural changes, although signifi-
cant changes in rs-FC were observed after 20 min of motor
skill learning (16). These findings suggest that the sensitivity
for the detection of rapid learning-induced changes is higher
for rs-FC than for VBM, although it may depend on the spe-
cific task, acquisition parameters, as well as scan time.

In this study, initial balance capability was associated with
initial FD and FDC in the commissural fiber pathway, which
MOTOR ENGRAM OF ACUTE BALANCE TRAINING
was extended to the SM1 foot area. Previous studies have sug-
gested that individual differences in specific FD in healthy
adults are associated with a specific capability (30). There
may be a relationship between motor performance and the
white matter microstructure connecting the motor-related re-
gions. Individual differences in motor performance and brain
structure are likely the result of interactions between genetic
and environmental factors, including motor experiences (31).
Thus, future studies should aim to clarify whether participants
with higher motor-related FD are more capable of other lower
extremity motor skills, such as juggling a football.

We observed changes in rs-FC between the hippocampus
and the cingulate cortex, including the anterior area (ACC),
and between the bilateral lateral PFC after dynamic balance
training and the AE. Several previous studies have demon-
strated that chronic and acute AE improve memory, mood,
Medicine & Science in Sports & Exercise® 605



FIGURE 6—Fixel-based analysis. The upper panels show P values (after FWE correction formultiple comparisons of threshold-free fixel enhancement with
5000 permutations) for the combined index of both FD and FDC before the SL in association with the initial balance capability on a study-specific fixel tem-
plate. The lower central and left panels indicate significant fixels of correspondent the upper panels. The lower right panel shows the relationship between
initial balance capability and FDC.
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and cognitive function (32–34). The hippocampus is impor-
tant for memory formation (35), which is improved by acute
mild exercise (36). Changes in rs-FC involving the hippocam-
pus are consistent with the results of previous studies. The cin-
gulate cortex has various functions, including mood regula-
tion, emotion, cognition, attention, and social function, and
is involved in motor tasks. Furthermore, the cingulate cortex
is a hub region for different neural networks because it con-
nects with widespread brain regions both functionally and an-
atomically (37,38). In addition, 12 wk of moderate-intensity
AE has been shown to induce structural changes in the ACC
(39). Thus, a change in rs-FC involving the cingulate cortex,
including the ACC, after acute exercise is not unexpected.
The lateral PFC plays an important role in executive function
and cognitive tasks (40). These changes in rs-FC after acute
dynamic balance training and AE might be associated with
the positive effects of exercise on various functions, although
cognitive function, memory, and mood were not measured in
this study. Such changes might be associated with dopamine
or dopaminergic activity because systematic review reported
that physical exercise would influence dopamine system
(41). However, in the present study, we did not conduct a
nontask control condition. Thus, we cannot exclude possible
confounders, such as the effect of accustomedness on MRI
scans and/or elapsed time. In addition, participants conducted
not only main motor tasks (SL and AE) but also balance assess-
ments between pre- and post-MRI scans. Therefore, changes in
rs-FC might be affected by assessments, during which the par-
ticipants lost their balance (e.g., error-based learning).

As previous studies have evaluated changes in rs-FC within
intrinsic networks identified by model-free independent com-
ponent analysis (27,42), the seed-based analysis conducted in
the present study provides evidence of changes in rs-FC
606 Official Journal of the American College of Sports Medicine
between regions that belong to distinct networks. Indeed,
the lateral PFC belongs to the executive control network,
and SM1 belongs to the sensorimotor network (43). Previous
studies using independent component analysis have demon-
strated that intrinsic networks are altered by acute AE (42,44).
By contrast, seed-based analysis can be used to identify changes
in rs-FC between distinct networks. However, seed-based anal-
ysis is a hypothesis-driven approach. Therefore, we might over-
look significant changes in the association of the outside of the
hypothesis or ROI. In addition, we used the same anatomically
defined ROI for all participants in the present study. Previous
studies parcellated brain areas in more detail using multimodal
images (23), and some studies used participant-specific ROI
(45,46). Therefore, this study’s statistical power may be im-
proved if individual focal ROI values are used during the
seed-based analysis.

A previous study suggested that spinal cord excitability is
modulated by short-term balance training (47). Namely, excit-
ability in the spinal cord or connectivity between cortical areas
and the spinal cord might also be altered by acute whole-body
dynamic balance training. The analysis of the relationship be-
tween changes in spinal reflexes and changes in rs-FC could
provide interesting results for a comprehensive understanding
of the effect of acute whole-body dynamic balance training on
the central nervous system (48,49).

This study has several limitations. First, only healthy young
adults participated in the current study. Therefore, results are
relative to this group, and further research needs to investigate
changes in rs-FC induced by balance training in different pop-
ulation groups, as brain activity duringmotor tasks may be dif-
ferent in older adults and patients with motor disorders (50).
Second, we did not evaluate consolidation effect for next day
or several days. We observed 4-wk carryover effects in two
http://www.acsm-msse.org
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balance assessments (i.e., SLstand and SLwalk), whereas no dif-
ference between conditions was detected after 4-wk of the first
session. Research investigating consolidation or retention for
one or several days would provide useful information for re-
lated fields such as rehabilitation and sports training. Finally,
in the present study, the ceiling effect occurred in some trials.
Therefore, future studies should target task difficulty in the ex-
perimental design to obtain more accurate results.

CONCLUSIONS

In conclusion, we demonstrated that rs-FC were altered by
acute whole-body dynamic balance training and aerobic exer-
cise. Changes in rs-FC between the left lateral PFC and the
foot area in SM1 tended to be correlated with the offline pro-
cess of balance learning rather than with online improvement.
These results also suggest that fixation on the participants’
heads during the motor task is not necessary to evaluate rs-
FC before and after a motor task. Therefore, researchers can
MOTOR ENGRAM OF ACUTE BALANCE TRAINING
evaluate the neural mechanisms of motor learning in various
natural tasks such as gymnastic movements, swimming, and
physical therapy with robotic devices without constraints. In
addition, rs-FC changes in cognitive regions were modulated
by both acute dynamic balance training and aerobic exercise.
These findings would be useful in various fields, including
sports neuroscience and neural rehabilitation, in order to further
develop effective assessments, training methods, and treatments.
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