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ARTICLE INFO ABSTRACT

Keywords: Despite their disabilities, top Paralympic athletes have better motor skills than able-bodied athletes. However,
Primary motor cortex the neural underpinnings of these better motor skills remain unclear. We investigated the reorganization of the
Amputee primary motor cortex (M1) in a Paralympic athlete with congenital amputation of both arms who holds the
Plasticity o world record for the farthest accurate shot in archery (Amputee Archer: AA). We recorded brain activity during
mi;?g;ﬁg;non contraction of right toe, ankle, knee, and hip joint muscles in the AA and 12 able-bodied control subjects using
Paralympic functional magnetic resonance imaging. The results revealed that M1 activation was more widespread in the AA

compared with control subjects during all tasks, and shifted towards the lateral part of the M1 during contraction
of toe and knee muscles. We also conducted a motor mapping experiment using navigated transcranial magnetic
stimulation. The M1 area receiving stimulation elicited motor-evoked potentials from the toe, lower-leg, and
thigh muscles, which were larger in the AA compared with 12 control subjects. Furthermore, the AA's motor
maps were shifted towards the lateral side of M1. These results suggest an expansion of lower-limb M1 re-
presentation towards the lateral side of M1, including the trunk and upper-limb representations, and an ex-
pansion of the area of corticomotor neurons innervating the lower limb muscles in the AA. This unique M1
reorganization could underpin the AA's excellent archery performance in the absence of upper limbs. The current
results suggest that Paralympic athletes may exhibit extreme M1 plasticity, which could arise through a com-
bination of rigorous long-term motor training and compensatory M1 reorganization for missing body parts.

1. Introduction

Performances of Paralympic athletes always surprise us, and some
are superior to those of top able-bodied athletes. The world record
holder of the farthest accurate shot in archery is a Paralympic athlete
with congenital amputation of both arms, who manipulates a bow and
an arrow with his right foot during archery. In the current study, we
hypothesized that the athlete's superior motor skills stem from a re-
organization of neural circuits in the brain. Elucidating the neural
mechanisms of their motor skills could lead to the development of new
protocols for neurorehabilitation and efficient motor training. We in-
vestigated reorganization of the primary motor cortex (M1) in a world
record holder in archery born without both arms.

Body parts have distinct representations in M1, whereby re-
presentations of the lower limb, trunk, arm, hand, and face muscles are
arranged from the medial to the lateral direction. The area of motor
representation varies with the body part and is associated with its
dexterity (e.g., the representation of the lower limbs is smaller than that
of hand) (Penfield and Boldrey, 1937). M1 representations can be
changed with motor training (Karni et al., 1995; Pascual-Leone et al.,
1995; Taubert et al, 2016) or disability such as amputation
(Raffin et al., 2016; Simoes et al., 2012; Stoeckel et al., 2009). Gen-
erally, motor training induces an expansion of the corresponding M1
area in the trained limbs or muscles (Karni et al., 1995; Pascual-
Leone et al., 1995; Taubert et al., 2016). Limb amputation induces a
reduction in the representation of the amputated body part and

* Corresponding author. Laboratory of Sports Sciences, Department of Life Sciences, Graduate School of Arts and Sciences, The University of Tokyo, Meguro-ku,

Tokyo, Japan
E-mail address: nakazawa@idaten.c.u-tokyo.ac.jp (K. Nakazawa).

https://doi.org/10.1016/j.nicl.2019.102144

Received 7 June 2019; Received in revised form 13 December 2019; Accepted 21 December 2019

Available online 24 December 2019

2213-1582/ © 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2019.102144
https://doi.org/10.1016/j.nicl.2019.102144
mailto:nakazawa@idaten.c.u-tokyo.ac.jp
https://doi.org/10.1016/j.nicl.2019.102144
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nicl.2019.102144&domain=pdf

K. Nakagawa, et al.

A

—~ 40 -

\s.wg/ —

[@)]

g 30 A o

(0]

5 <

20 4 ©

(0]

£

2 10 -

£

(0]

£, °
Con AA

Fig. 1. Amputee archer (AA) and foot dexterity test. (A) The AA manipulates a
bow and an arrow with his right foot during archery. (B) The peg-board test
using the foot (left) in the AA and the corresponding results (right). The gray
diamonds and black diamond represent individual data of the control subjects
and mean value of the control subjects, respectively. Error bar indicates stan-
dard deviation. An asterisk indicates a significant difference between the AA
and control subjects (Con).

expansions in the representation of intact body parts towards the am-
putated body part (Pascual-Leone et al., 1996; Raffin et al., 2016;
Simoes et al., 2012). This combination of reduction and expansion
suggests that the M1 representation of amputated body parts is masked
or decayed, and the representation of other intact body parts comple-
ments this loss. In addition, brain reorganization depends on the timing
of the onset of disability (Kew et al., 1994; Sadato et al., 2002). People
with an early onset of disability have been reported to exhibit more
dynamic cortical reorganization (Sadato et al., 2002).

The Paralympic athlete we investigated in the current study was a
congenital bilateral upper-limb amputee. The athlete uses his lower-
limbs to perform archery at world-level competitions, requiring dex-
terous control of whole lower-limb muscles (Fig. 1A), and also uses the
lower-limbs for all daily-life activities. Thus, we hypothesized that the
athlete's M1 representation of whole lower limb muscles had expanded
towards the lateral part of the M1 (i.e., hand representation). In addi-
tion to having congenital amputation, this Paralympic athlete under-
went intense motor training, all of which could maximally reinforce
cortical plasticity. Thus, this study can tell us about the limits of human
brain plasticity.

In the current study, we non-invasively performed mapping of the
M1 representations using functional magnetic resonance imaging
(fMRI) (Karni et al., 1995; Naito and Hirose, 2014; Raffin et al., 2016;
Simoes et al.,, 2012) and transcranial magnetic stimulation (TMS)
(Karl et al., 2001; Pascual-Leone et al., 1995, 1996). fMRI can detect
task-related changes in the blood-oxygenation-level-dependent (BOLD)
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signal, and TMS can evaluate the excitability of the existing corti-
cospinal pathway during rest. Thus, fMRI can be used to evaluate
functional aspects of neural reorganization, while TMS can be used to
evaluate anatomical aspects. Using both methods together can provide
complementary information about M1 reorganization.

2. Methods
2.1. Subjects

A 35-year-old archer born without both arms (Amputated Archer:
AA) participated in this study. The AA engages in competitive archery
using his feet (Fig. 1A), and also uses his feet for daily life activities,
such as using a knife and fork and driving a car. The AA started archery
training when he was 16 years old, and later participated in the Pa-
ralympic games twice. Furthermore, he broke the world record for the
farthest accurate shot in archery with a distance of 310 yards.

A total of 19 able-bodied subjects were recruited, and participated
in an fMRI experiment (n = 12, 11 male and one female, aged
26.7 * 3.7 years), a TMS experiment (n = 12, 11 male and one fe-
male, aged 26.6 * 3.6 years), and behavioral testing (n = 13, 11 male
and two female, aged 27.6 * 3.7 years). Four subjects participated in
all three experiments. Six subjects participated in fMRI and/or TMS but
not behavioral testing.

We confirmed that all subjects were right-handed according to the
Edinburgh Handedness Inventory (Oldfield, 1971) (score: 0.89 + 0.17;
a value 1 indicates completely right-handed, and a value of —1 in-
dicates completely left-handed). Furthermore, to determine the domi-
nant foot, subjects were asked which foot they would use to: (i) kick a
ball, (ii) stamp out a simulated fire, (iii) pick up a marble, and (iv) trace
shapes using their foot (Chapman et al., 1987; Schneiders et al., 2010).
Since none of the subjects answered that they use their left foot in these
four situations, we judged that all subjects, including the AA, were
right-footed. Furthermore, none of the able-bodied subjects had any
special experience of dexterous foot movements.

Detailed experimental procedures were explained to the subjects
before written informed consent was obtained. This study was approved
by the Ethics Committee of the Graduate School of Arts and Sciences,
The University of Tokyo (475-2).

2.2. Peg-board test

The peg-board test was conducted to measure foot dexterity. A peg-
board consisting of 25 pegs and reservoirs (Color Peg 25, Daiwa, Nara,
Japan) was located on the floor in front of subjects, who were seated in
a chair. Subjects were instructed to pick up pegs from the floor and to
insert each peg into a reservoir with their foot as quickly as possible
(Fig. 1B). The number of inserted pegs within 60 s was counted and
used to calculate the inserting time per peg. We compared the perfor-
mance between the AA and control subjects using a two-tailed Crawford
and Howell t-test (Crawford and Garthwaite, 2012; Crawford and
Howell, 1998), which is a special test designed for comparing a single
case to a control sample.

2.3. fMRI experiment

During scanning, subjects lay in the supine position inside the
scanner with full knee extension, and only their head was immobilized.
Subjects performed four motor tasks involving muscle contraction of
the right lower limb in the MRI scanner, as follows: 1) toe: cyclic toe
flexion-extension, 2) ankle: cyclic plantarflexion-dorsiflexion, 3) knee:
isometric rhythmic contraction of knee extensor muscles, and 4) hip:
isometric rhythmic contraction of hip extensor muscles. In each task,
subjects were instructed to contract at an approximately 20% effort
level to the maximum voluntary contraction. A visual stimulus re-
presenting a 1-Hz blinking yellow circle was presented to subjects to
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help them maintain the movement frequency, and the task instruction
words (e.g., “Toe”) were presented on a black background. Prior to
fMRI measurements, subjects practiced the four tasks outside the MRI
room.

During the fMRI scan, subjects completed three sessions. One ses-
sion consisted of eight trials (four types of movement X two repeti-
tions) and inter-trial intervals. The order of the tasks was counter-ba-
lanced across sessions but not participants. The task period and inter-
trial interval period each lasted for 20 s. Each session included an 8-s
dummy scan and a 20-s rest period before the first trial and after the last
trial. Thus, each session took 348 s in total.

All MRI images were acquired using a 3 T Siemens MAGNETOM
Prisma scanner with a 64-channel head coil. BOLD contrast functional
images were acquired using T2*-weighted echo planar imaging free
induction decay sequences with the following parameters: repetition
time 2000 ms, echo time 25 ms, field of view 192 mm X 192 mm
(96 x 96 pixels per slice), flip angle 90°, slice thickness 3 mm, and gap
0.75 mm. The orientation of the axial slices was parallel to the AC-PC
line.

The raw fMRI data were analyzed using Statistical Parametric
Mapping 12 (Wellcome Department of Cognitive Neurology, London,
UK) implemented in MATLAB (MathWorks, Natick, MA, USA).
Realigned images were normalized to the standard space of the
Montreal Neurological Institute (MNI) brain. Smoothing was performed
using an isotropic three-dimensional Gaussian filter with full-width at
half-maximum of 8 mm. High-pass filters (128 s) were also applied, and
low frequency noise and global changes in the signals were removed.
The voxel size after preprocessing was 2 X 2 X 2 mm.

The first-level analysis was performed for each subject using a
general linear model that included four regressors for tasks (i.e., toe,
ankle, knee and hip movement tasks). We constructed a statistical
parametric map of the t-statistic, whereby (1) toe movement > rest, (2)
ankle movement > rest, (3) knee movement > rest, (4) hip movement
> rest. To minimize the effects of head motion artifacts, we included
the six head motion parameters as regressors. The statistical threshold
for whole brain analysis was set at p < 0.05 corrected for family-wise
error (FWE).

To quantitatively compare the M1 activity between subjects, we set
three types of region of interest (ROI). To evaluate the activation size in
the whole M1, we extracted significant voxels within the left precentral
gyrus (Functional Connectivity Toolbox, Neuroimaging Informatics
Tools and Resources Clearinghouse, USA, https://www.nitrc.org/
projects/conn). We also calculated the simple mean coordinates of
the voxels in the largest cluster as the center of gravity (CoG).
Furthermore, we set ROIs in the M1 hand regions (—32, —24, 58)
(Lotze et al., 2000) to check the expansion of the foot area towards the
lateral side. Using these MNI coordinates, we additionally calculated
the percentage of BOLD signal changes during the task relative to the
rest period. In addition, we calculated the number of significantly ac-
tivated voxels within a box of 20 X 20 X 20 mm around the de-
termined MNI coordinates (Krings et al., 2000; Meister et al., 2005). We
also evaluated the expansion of the hand area in the primary somato-
sensory area (S1) by calculating the number of active voxels within a
box of 20 X 20 X 20 mm around the determined S1 ROI (—42, —35,
65) (Buckner et al., 2011). We then compared the differences in the
number of activated voxels, the percentage of BOLD signal changes, and
the MNI coordinates of the CoG between the AA and the control sub-
jects using the Crawford-Howell t-test. Statistical significance was set at
p < 0.05. The p-value was adjusted by Bonferroni correction with four
comparisons (i.e., four tasks).

To determine whether task-related head movements affected the
fMRI results, we evaluated head movements by calculating the root
mean square value of the volume-to-volume difference in six motion
parameters. We then compared the values between the AA and control
subjects using Crawford and Howell t-tests with six comparisons.
Moreover, to check for movement artifacts, we evaluated the
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percentage of BOLD signal change at the control site where sensitivity
for movement artifacts is high, and no neural activation is expected
(i.e., the ventricle: —24, —44, 8 (Abrams et al., 2013)) in each
movement condition.

2.4. TMS experiment

2.4.1. Preparation

Surface electromyography signals were recorded from the following
muscles: the ankle dorsiflexor (the tibialis anterior; TA), the ankle
plantarflexor (soleus; Sol), the toe flexor (flexor digitorum brevis; FDB),
the toe extensor (extensor digitorum brevis; EDB), and the knee ex-
tensor (rectus femoris; RF) on the right side. The electromyography
signals were amplified and bandpass filtered between 15 and 3000 Hz
(AB-611J, Nihon Kohden, Tokyo, Japan) and digitized at 4000 Hz using
an A/D converter (Powerlab, AD Instrument, Sydney, Australia).

Single-pulse monophasic TMS was delivered with a Magstim 200
stimulator (Magstim, Whitland, UK) through a 70-mm figure-eight coil.
The coil position, orientation, and tilt relative to the subject's head were
monitored throughout the experiment using TMS navigation
(Brainsight version 2.2.8, Rogue Research, Montreal, Canada). During
the experiment, subjects were seated in a chair and instructed to keep
their whole body relaxed.

2.4.2. Determination of the hotspot

At the beginning of the experiment, we identified the cortical sti-
mulation site at which coil position, orientation, and tilt relative to the
subject's head yielded the largest motor evoked potential (MEP) am-
plitudes from the TA muscle (Weiss et al., 2013). We applied the first
stimulation over the left precentral gyrus crown approx. 0.5 to 1 cm
apart from the interhemispheric fissure with the coil orientation per-
pendicular to the course of the interhemispheric fissure (mediolateral
current in the brain), the coil tilt tangential to the subject's head, and
the TMS intensity at 40% of the maximum stimulator output (MSO). At
this standard position, TMS intensity was shifted in steps of 1-5% MSO
until TMS had evoked MEPs of the right TA muscle with the averaged
peak-to-peak amplitude of >0.5 mV with the three consecutive stimuli
at a constant intensity.

Thereafter, the coil was moved 1 cm in the anterior, posterior,
medial, and lateral direction while keeping the coil orientation and
TMS intensity. The coil tilt was adjusted depending on the coil position
in order to put the coil tangential to the subject's head. We acquired
three MEPs at each site, and if TMS over one of the four tested sites
consistently evoked larger MEPs as compared to the standard position,
this site was set as the new standard position. Once we found the new
standard position, we decreased TMS intensity in steps of 1% MSO until
the average of three MEPs from the right TA muscle became smaller
than 0.5 mV. This intensity plus 1% MSO was defined as the new search
intensity of the hotspot. We continued these procedures until TMS over
the standard position evoked larger MEPs than TMS to the four
neighbor sites.

After the definition of the standard position, the coil orientation was
changed + 5° relative to the standard orientation, which was initially
perpendicular to the course of the interhemispheric fissure. We ac-
quired three MEPs at each orientation, and if TMS with either of
the + 5° showed larger averaged amplitude, this site was set as the new
standard orientation. Otherwise, we defined the present standard coil
orientation and position as the hotspot. We continued to examine the
optimal coil orientation until the hotspot had been defined. Note that
all subjects showed the optimal coil orientation ranging within + 20°
relative to the initial standard orientation.

2.4.3. Determination of the motor threshold

In the present study, we defined the resting motor threshold (RMT)
as the lowest TMS intensity that elicited more than five MEPs greater
than 50 pV in the TA muscle when 10 stimuli were delivered to the
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Fig. 2. Mapping of lower-limb representations in fMRI. (A)
Brain activity in the AA and one representative control
subject during toe movement in the coronal (y = —26:
upper) and transverse (z = 72: lower) sections. The square
with a white line represents the boundary of the hand ROI
(42 <x< —22,-34 <y < —14,48 < z < 68 in MNI
coordinates). Background images are the MNI template brain
images. (B) Number of significantly activated voxels (p <
0.05 FWE) within the region of interest (ROI) of the M1. (C)
Number of significantly activated voxels (p < 0.05 FWE)
within the ROI of M1 hand region. (D) Percent signal change
of the BOLD response within the ROI of M1 hand region. (E)
X-coordinate of the center of gravity (CoG) of the largest
cluster. The gray diamonds and black diamond represent
0 individual data of the control subjects and the mean value of
the control subjects, respectively. Error bars indicate stan-
dard deviation. Asterisks indicate a significant difference
between the AA and control subjects (Con).
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hotspot (Rossini et al., 1994). The first TMS intensity for the RMT de-
termination was set at the last intensity used for the determination of
hotspot. We decreased TMS intensity in steps of 1% MSO until less than
5 of 10 stimuli evoked MEP greater than 50 uV. This intensity plus 1%
MSO was defined as the RMT (Groppa et al., 2012).

2.4.4. Motor mapping

A motor map was created by delivering TMS with intensity at 120%
of the RMT within a rectangular grid defined on the scalp surface. The
grid consisted of 10 cm in the mediolateral direction (aligning with the
individual optimal coil orientation) and 8 cm in the anteroposterior
direction and was (spaced by 1 cm). The center of the grids was
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positioned at the hotspot of the TA muscle. Regardless of stimulating
points among the grid, the coil orientation was kept stable (according to
its orientation at the hotspot). The coil tilt was adjusted depending on
the coil position in order to put the coil tangential to the scalp.

Each point of the grid was stimulated with five successive TMS
stimuli every 6 * 0.5 s. The mapping started at the center of the grid
and proceeded forward outside of the grid. The next stimulating point
was randomly selected from one of the four neighbors of active sites
(the average amplitude of five MEPs from the TA was over 50 pVv)
which had not been stimulated. When the V) which had not been sti-
mulated. When the stimulation induced no response (the average am-
plitude of five MEPs from the TA muscle was under 50 pV), we deemed
the stimulating site as inactive. The mapping was continued until the
map was surrounded by inactive sites.

For statistical analysis, the coil positions, orientations, and tilts that
were originally determined on the scalp surface were projected to the
surface of the brain along the current trajectory. We then aligned the
individual T1-weighted image to MNI ICBM 152 average brain using
Brainsight software. This allowed us to transform coordinates from the
TMS navigation used during the TMS mapping into the common MNI
space. As the outputs of Brainsight, we obtained three-dimensional
coordinates over the gray-matter surface where the strongest effect of
the TMS was expected. The CoG of the motor map in each muscle was
calculated for x-coordinate (mediolateral direction) using the following
equation:

3 x; X MEP,

CoG, =
" X MEPR

where MEP; represents the mean MEP amplitude at one site and
x;represents the MNI normalized coil position in x-coordinates
(Fricke et al., 2017). This procedure served to account for individual
variations in head size and M1 anatomy (Lotze et al., 2003). The area of
motor representation was defined in each muscle using the number of
active stimulation sites where the average amplitude of five MEPs was
over 50 pV.

Differences in the area of motor representation, CoG, and the co-
ordinates of the hotspot between the AA and control subjects were
examined using the Crawford-Howell t-test with Bonferroni correction
with five comparisons (i.e., five muscles). The criterion for statistical
significance was set at p < 0.05.

2.5. Follow-up fMRI experiment

To examine the location and size of shoulder representation, we
asked the AA and 10 control subjects who participated in the fMRI
experiment to conduct a rhythmic abduction-flexion of their right
shoulders with a small range at 1 Hz in the MR scanner. We measured
BOLD signals during the task. Subjects completed one session consisting
of six trials (one task [shoulder movement] X six repetitions) and rest
periods. The task and rest period durations each lasted for 20 s.
Therefore, the session lasted 260 s. The MR scanner, scanning para-
meters and preprocessing methods were the same as those used for the
main fMRI experiment (the measurement of lower-limb representation).
We calculated the number of significantly activated voxels in the largest
cluster within the M1 ROI and MNI coordinates of the CoG of the
cluster. The results were shown in the supplementary materials.

3. Results
3.1. Peg-board test

The AA inserted all 25 pegs into the halls of the peg-board with his
right foot within 60 s, and the average time taken to insert a single peg
was 2.2 s (Fig. 1B, Supplementary video). This speed was more than
seven times faster than the average speed of control subjects (15.3 s; t
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[12] = 6.85, p < 0.001).
3.2. Lower-limb motor representations in fMRI mapping

Fig. 2A shows the brain activity during the right toe movements for
the AA and one representative control subject. Most of the activations in
control subjects were located around the medial-wall (foot motor re-
gions). In the AA, although the peak activation of the cluster was lo-
cated in the M1 region (—6, —36, 72 in MNI coordinates), the cluster
around M1 ranged from the medial wall to the temporal lobe. Indeed,
the number of significantly activated voxels within the M1 ROI was
larger for the AA than control subjects in the toe (t[11] = 21.56,p <
0.001) and knee tasks (t[11] = 26.52, p < 0.001], but not in the ankle
(t[11] = 2.11, p = 0.23) and hip tasks (t[11] = 0.89, p > 0.99)
(Fig. 2B). The number of significantly activated voxels in the M1 hand
ROI was also significantly larger for the AA than control subjects in the
toe (t[11] = 495.47, p < 0.001), ankle (t[11] = 34.39, p < 0.001),
and knee (t[11] = 41.90, p < 0.001) tasks (Fig. 2C), but not in the hip
task (t[11] = 0.16, p > 0.99). In addition, the task-related changes of
BOLD response in the hand ROI were significantly greater for the AA
than control subjects in all tasks (toe, t[11] = 20.15, p < 0.001; ankle,
t[11] = 9.12, p < 0.001; knee, t[11] = 15.61, p < 0.001; hip, t
[11] = 7.34, p < 0.001] (Fig. 2D).

Furthermore, we evaluated the spatial shift of lower-limb re-
presentation towards the lateral side by comparing x-coordinates of the
CoG of the largest activated cluster. The x-coordinate was significantly
lower (more lateral) for the AA than control subjects in the toe (t
[11] = 36.47, p < 0.001) and knee (t[11] = 20.24, p < 0.001) tasks
(Fig. 2E), but not in the ankle (t[11] = 0.04, p > 0.99) and hip (t
[11] = 1.57, p = 0.58) tasks.

We showed the results of S1 activity, head movements, and the
follow up fMRI experiment in the supplementary materials.

3.3. Lower-limb motor representations in TMS mapping

The TMS mapping topographically represents how anatomical
pathways from the cortex to spinal motor neurons innervate right
lower-limb muscles (Fig. 3A). The size of maps was significantly larger
for the AA than control subjects (EDB, t[11] = 8.74, p < 0.001; FDB, t
[11] = 3.52, p = 0.022; TA, t[11] = 8.58, p < 0.001; Sol, t
[11] = 6.93,p < 0.001; RF, t[11] = 4.69, p = 0.003] (Fig. 3A and B).
The x-coordinate of the CoG was significantly lower (more lateral) for
the AA than control subjects for EDB (t[11] = 8.98, p < 0.001), TA (t
[11] = 20.67, p < 0.001), Sol (t[11] = 10.27, p < 0.001), and RF
muscles (t[11] = 4.04, p = 0.009), but not for FDB muscle (t
[11] = 2.26, p = 0.23) (Fig. 3A and C).

4. Discussion

We investigated M1 reorganization in an elite Paralympic archery
athlete born without arms. As expected, the Paralympic athlete's dex-
terity of lower-limb movement was significantly greater than that of
able-bodied control subjects. Our neurophysiological experiments using
fMRI revealed a drastic expansion of the athlete's motor representation
in a variety of lower-limb muscles. This larger activation in the AA was
located not only in the precentral gyrus but also in the postcentral gyrus
at the parietal lobe (left bottom in Fig. 2A). However, this effect was
also found in control subjects (right bottom in Fig. 2A). Thus, activation
in the postcentral gyrus could reflect sensory input from the lower limb,
rather than an expansion of motor representation. Furthermore, TMS
mapping revealed that the AA had larger M1 regions with corticospinal
pathways innervating lower-limb muscles compared with control sub-
jects. In the AA, MEPs were induced from not only the grid points
around the foot area, but also those just around or beyond the hand ROI
whose x coordinate in MNI coordinates was — 32 (e.g., x coordinates of
the lateral edge of the map from the EDB: —32, TA: = —40, hand ROI:
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Fig. 3. Mapping of lower-limb motor representation by TMS. (A) Motor representation of tibialis anterior (TA) muscles. TMS motor maps for the AA and the same
control subject shown in the left figures. MEP data were normalized to the maximum amplitude in each subject. Each map is superimposed on the un-normalized
individual T1-weighted MR image. Spatial interpolation was carried using the natural neighbor interpolation method implemented in the MATLAB “griddata”
function. The number of grid points where MEP appeared from TA (the size of motor representation) and the x-coordinates of the center of gravity of the motor
presentation of TA were shown in the graphs. The gray diamonds and black diamond represent individual data of the control subjects and the mean value of the
control subjects, respectively. Error bars indicate standard deviation. Asterisks indicate a significant difference between the AA and control subjects (Con). (B) Size of
the motor representation of non-TA muscles. (C) X-coordinates of the center of the gravity of the motor representation of non-TA muscles.

—32). The present results suggest that the expanded lower-limb re-
presentation towards the lateral side of M1 in the AA subserves his

greater archery performance using the lower-limb.

The AA's M1 lower limb representation seems to take over the intact
trunk representation as well as the amputated upper limb area. Since

the follow-up experiment showed no differences in the size and location
of M1 activation during shoulder muscle contraction between the AA
and control subjects, the trunk representation in the AA would not
appear to be shifted laterally. Therefore, the trunk representation and
the expanded lower-limb representation may be overlapped in the AA.
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Fig. 4. Schema of M1 reorganization and plasticity. The
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The AA's ability to stabilize his posture when engaged in archery using
the lower-limb might require synergistic recruitment of the trunk and
lower limb muscles, leading to a unique M1 reorganization.

Similar to the AA, some control subjects demonstrated weak acti-
vation in the secondary somatosensory area (i.e., the right hemisphere
of the AA). These activations are likely to have reflected attention to
their movement (Kida and Kakigi, 2015), because they were required to
perform local muscle contraction without contracting other body parts
and to keep the same rhythm to match the guide stimulus.

4.1. Expanded M1 representation and body-part specificity

The fMRI experiment revealed that the AA showed a wide range of
M1 activations as well as S1 during toe and knee movements in com-
parison to control subjects. In addition, the AA showed a larger number
of significantly activated voxels in the pre-determined M1 hand area
during toe, ankle, and knee movements compared with control subjects.
For the ankle task, the number of activated voxels within the whole M1
did not differ between the AA and control subjects while that within the
hand ROI was larger in the AA than in control subjects. The difference
in the results of the ankle task between M1 ROI and hand ROI might
have arisen because the ankle representation in the AA showed lateral
expansion without changing the total neural activation volume.
Furthermore, task-related changes of the BOLD signal in the hand ROIL
were larger in the AA than the control subjects in all tasks. A significant
difference between the AA and control subjects in the hip task was
observed only in the percent signal change, and not in the number of
activated voxels. This difference in the hip task results could be because
the signal change in the hand ROI in the AA was relatively weaker than
in the other tasks and was not sufficient to reach the threshold for the
whole-brain analysis. These results suggest that most parts of the lower-
limb exhibited expanded motor representations in the AA. Furthermore,
the CoG results in the M1 cluster analysis showed that the toe and knee
representations, but not the ankle and hip representations, were sig-
nificantly shifted towards the lateral side compared with controls.

TMS mapping also indicated an expanded M1 lower-limb re-
presentation in multiple muscles in the AA. Motor output maps were
larger in the AA than controls for all recorded muscles, including the
toe, lower leg, and thigh muscles. Furthermore, CoGs of the motor maps
in most of the muscles were located on the lateral side in the AA
compared with controls. These results suggest that corticomotor neu-
rons connecting spinal motor neurons innervating lower-limb muscles
were more widely distributed towards the lateral part of M1 in the AA.

Although the TMS and fMRI experiments both revealed evidence for

superior

cortical plasticity in each individual.

(dexterity)

the expansion of the lower-limb M1 area, the results were not fully
consistent. The TMS experiment demonstrated that the innervated re-
gions of all the tested muscles expanded towards the lateral side,
whereas the fMRI results showed that significant lateral expansion oc-
curred in the toe and knee motor representations. This discrepancy
provides insight into the neural underpinnings of the AA's superior
performance, which might be supported by the control of the toe and
knee muscles rather than that of the hip and ankle muscles. The find-
ings that S1 expansion was also observed during the toe and knee tasks
in the AA also support this possibility. Several previous studies have
reported that cortical representations expand when a body part is fre-
quently or dexterously used (Pascual-Leone et al., 1995; Pearce et al.,
2000; Philip and Frey, 2014; Taubert et al., 2016). A larger M1 area of
upper-limb representation was found to be activated in elite able-
bodied archery athletes compared with lower-level archers or novice
archers during motor imagery (Callan and Naito, 2014; Kim et al.,
2014).

4.2. Schema of M1 reorganization and plasticity

M1 has been found to undergo reorganization after interventions
due to the nature of plasticity. Here, we propose a possible scheme of
M1 reorganization and plasticity (Fig. 4). Immobilization (e.g., putting
a fractured limb in a cast) and non-use (e.g., paralysis, acquired am-
putation) shrinks the motor representation innervating the affected
body part (Freund et al., 2011; Liepert et al., 1995). Cortical re-
presentations of intact body parts are expanded following limb ampu-
tation, probably due to compensation of missing body parts (Pascual-
Leone et al., 1996; Raffin et al., 2016; Simoes et al., 2012). In most
cases, motor representation expands towards and subsequently will
replace the presentation of amputated body parts. Similar compensa-
tion-induced M1 expansion in intact body parts has been confirmed in
other disorders such as spinal cord injury (Nardone et al., 2013) and
stroke (Jones, 2017). We have considered that the compensatory use of
an intact body part resulted in its superior dexterity (Nakanishi et al.,
2019 in press), much like the Paralympic athlete in the present study.

Furthermore, Yu et al. (2014) suggested that both amputees with
and without special skills with an intact body part also exhibit an ex-
pansion of M1 representation of the body part, though the size of cor-
tical representation seems larger in those with special skills compared
with those without special skills. Thus, motor skills in disabled people
appear to be related to the size of M1 representations. Meanwhile, for
able-bodied humans, motor training generally induces expansion of the
M1 representation of the trained body parts (Karni et al., 1995; Pascual-



K. Nakagawa, et al.

Leone et al., 1995). When motor training is continued more extensively
in the long-term, the pattern of change in M1 representations appears to
be divided into two directions, either expansion or reduction
(Callan and Naito, 2014). Some studies have suggested that a shrinking
motor representation reflects efficient neural control, as reported in
results from an elite soccer player (Naito and Hirose, 2014) and a
professional piano player (Krings et al., 2000). In contrast, expanded
representations in frequently utilized body parts have been shown for
racquetball players (Pearce et al., 2000) and professional musicians
(Bangert and Schlaug, 2006). Despite extensive research on cortical
reorganization over the last few decades, it remains unclear what fac-
tors determine the direction of cortical reorganization associated with
the motor experience for able-bodied people.

In the current study, we investigated motor reorganization in a
Paralympic athlete. The results indicated unique and drastic M1 re-
presentation, possibly greater than that reported in amputated non-
athletes in previous studies (Stoeckel et al., 2009). They demonstrated
two hotspots for foot muscles in non-athletes with congenital amputa-
tion of both arms by using TMS mapping (Stoeckel et al., 2009). In the
case of the AA, who was also born without arms, the M1 lower-limb
representations appeared to overlap with the intact trunk representa-
tion as well as the amputated upper-limb area, resulting in an extremely
large lower-limb representation with one hotspot. Taking together, al-
though we cannot directly compare the size of motor representations
between the present and previous studies, which evaluated M1 re-
presentation with different TMS intensities and lower-limb muscles,
Paralympic athletes appear to exhibit the most drastic M1 plasticity
with extreme motor skill through a combination of long-term intensive
motor training and compensatory M1 reorganization for the missing
body parts (Fig. 4).

We propose that since disabled people appear to have a wider range
of M1 plasticity than that of able-bodied people, they are able to obtain
higher motor skills in the intact body part than able-bodied people.
However, the current study evaluated M1 reorganization in a single
Paralympic athlete. Thus, we do not yet know whether other elite
athletes with sensorimotor disabilities also exhibit extensive M1 re-
organization. With our knowledge, we have conducted the only study to
reveal M1 plasticity in an elite athlete with a disability, finding that a
Paralympic long-jump champion with a below-knee amputation ex-
hibited larger bilateral M1 activation during unilateral knee muscle
contraction on the amputated side (Mizuguchi et al., 2019) compared
with control participants. This finding supported the notion that unique
M1 reorganization occurs in Paralympic athletes and underpins their
superb motor skills.

4.3. Limitations

First, neither able-bodied elite archers nor non-athletes with con-
genital amputation of both arms were included in this study.
Comparison of the results in the AA with these two groups in future
studies may dissociate the factors of M1 reorganization. Instead, we
reviewed previous findings regarding brain reorganization in able-
bodied archery athletes (Callan and Naito, 2014; Kim et al., 2014) and
amputees of both arms (Stoeckel et al., 2009; Yu et al., 2006, 2014) and
proposed a framework of M1 reorganization. However, caution is
warranted regarding comparison of the current findings with these
previous reports, because the studies used different methodologies.
Furthermore, although the present study tested the hypothesis that
motor representation in the AA is structured through cortical re-
organization and/or plasticity, we cannot exclude the possibility that
the AA lacked the M1 hand area congenitally. If so, a different scenario
may be involved in the development of the motor representation in-
volving processes other than “plastic change” or “cortical reorganiza-
tion” through experience.

Regarding the measurement methods, we did not record muscle
activities during the fMRI experiment. Thus, we cannot guarantee that
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the subjects performed the tasks as instructed. Moreover, although we
used a traditional TMS mapping method, recent studies have proposed
the use of sulcus-aligned TMS mapping, which may be more reliable
than the traditional method (Dubbioso et al., 2017; Raffin et al., 2015).
Furthermore, we delivered TMS five times at each grid point. This may
have been an insufficient number for measuring MEPs, which exhibit
trial-to-trial variability, although a previous study reported that a
minimum of two TMS stimuli per point is sufficient to obtain valid
mapping results (Cavaleri et al., 2017).

Finally, we used whether TMS evoked MEP from the TA muscle as
the stop criterion of the TMS mapping. The size of motor representa-
tions for the non-TA muscles was not optimally evaluated. One might
consider that our findings on the differences in motor representations of
EDB, FDB, Sol, and RF muscles between AA and healthy controls are
simply due to a small number of tested points. If this were the case, MEP
amplitudes of the non-TA muscles should be smaller than the TA when
stimulated the same point. Yet, only four of the thirteen subjects
showed that averaged MEP amplitudes by the hotspot stimulation were
largest for the TA muscle. Thus, significant differences in the motor
representations of non-TA muscles between AA and healthy partici-
pants should be less affected by intra-individual differences in the
number of tested points among lower-limb muscles.

5. Conclusions

An elite archery athlete with congenital amputation of both arms
showed (1) an expansion of lower-limb motor representation in M1,
especially when performing toe and knee movements, (2) an expansion
towards the lateral side of the M1 arching over the trunk and upper-
limb representations, and (3) an expanded area of corticomotor neurons
innervating the lower-limb muscles. This unique M1 reorganization
might underpin the athlete's high level of archery performance using his
feet. Furthermore, based on previous findings in non-athletes with both
arms amputated (Stoeckel et al., 2009; Yu et al., 2006, 2014) and the
present findings, we proposed a framework (Fig. 4) in which the long-
term intensive motor training combined with compensatory M1 re-
organization for missing/paralyzed body parts leads to the most drastic
M1 plasticity, as seen in Paralympic athletes. Based on this framework,
the combination of motor training of a body part (e.g., foot) and non-
invasive brain stimulation that deactivates the adjacent motor re-
presentation (e.g., trunk/hand area) could facilitate the reorganization
of non-stimulated M1 regions (e.g., foot area), leading to better neu-
rorehabilitation and motor learning.
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