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Abstract

Several protocols of non-invasive transcranial
magnetic stimulation have been developed in the
past decades. Single-and paired-pulse transcranial
magnetic stimulation are painless, and non-
invasive tools to evaluate cortical and corticospinal
excitability in cerebral cortex compared with
transcranial electric stimulation. Motor evoked
potential induced by paired-pulse transcranial
magnetic stimulation can particularly assess
changes of the cortical excitability after motor
learning, such as motor skill and motor practice in
sports and functional recovery in rehabilitation.
However, the effect of electric current in
transcranial magnetic stimulation on pyramidal
neuron and interneuron in gray and white matters
is not actually understood well yet in the field of
sports and rehabilitation sciences. Here, we show
the important basic knowledge of neurophysiology
and transcranial magnetic stimulation and
introduce some studies of cortical plasticity and
motor learning by using transcranial magnetic
stimulation.

Introduction
In recent years, human brain science has gathered

cumulative findings in non-invasive transcranial
brain stimulation (NIBS). These findings have
benefited several areas, such as physical education,
sports, and rehabilitation, dedicated to the use of
motor learning to enhance motor skills, motor control,
and functional recovery. The NIBS methods are
typically transcranial magnetic stimulation (TMS),
repetitive transcranial magnetic stimulation (rTMS),
transcranial direct current stimulation (tDCS), and
transcranial electrical stimulation (TES) in brain
function research.

TMS is particularly useful to evaluate changes
in cortical and corticospinal excitability in the
cerebral cortex for basic studies of dynamic and
static movement, muscle contraction, motor skill,
and motor practice. This article focuses on the
neurophysiological mechanisms of cortical and
corticospinal excitability, evoked by single-and
paired-pulse TMS.

Here we introduce TMS characteristics, the basic
terminology related to TMS technology, the
mechanisms of intracortical excitability and paired-
pulse TMS, motor learning and cortical plasticity
and reduced short-interval intracortical inhibition
(SICI) induced by paired-pulse TMS, and three
case studies of motor learning and SICI.
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TMS characteristics

Baker et al. [1] presented the first basic and
clinical studies using TMS. Since then, the use of
this technique has spread to the fields of
neurophysiology, neurology, neurosurgery, and
rehabilitation medicine, mostly because it is a
painless, non-invasive method, which can be used
in conscious humans, allowing brain stimulation
through the scalp. Recently, TMS has also been
applied to the fields of motor learning and motor
skills, physical education, and sports science.

In a relaxed condition, motor evoked potential
(MEP) occurs to stimulate the motor cortex by TMS.
According to Faraday’s law of electromagnetic
induction, currents can only be induced by a
changing or time-varying magnetic field. In a
primary circuit, the coil current generates a
magnetic field, through which the stimulator
drives current pulses that stimulate the body,
which in turn generates the electric current of the
secondary circuit in the brain (Eddy’s current) and
records MEP in some muscles (Figure 1A). The
current produced by TMS flows parallel to the
superficial layer of the gray matter and trans-
synaptical to interneurons. Some authors have
provided detailed description of the relation
between the current strength in the coil and in the
stimulated brain sites. Hess et al. [2] indicated
that the magnetic field falls off rapidly with
increasing distance from the coil; with a typical
12-cm diameter round coil, the strength falls by
half at 4-5 cm from the coil surface. Rothwell [3]
explained that because the cerebral cortex can be
1-2 cm from the scalp surface and because the
central sulcus itself can be 2-cm deep in humans,
the stimulation is severely attenuated at deep sites,
such as the basal ganglia or the thalamus. In an
extensive study of the relationship between the
electric direction of TMS and stimulation of
pyramidal neurons and interneurons in gray
matter, Laakso et al. [4] illustrated that the
component directions are approximated based on
the anatomy of the white and gray matters, as

ec (2)

Figure 1.

A: Schemas of coil current of primary circuit
(blue solid line), magnetic field (red dash
line), and the electric current (green solid line)
of secondary circuit in brain through TMS
stimulator.

B:lllustration of whole (1) and expanded (2)
flowlines of the current and the absolute value
(red color in high value) of the electric field on
the white matter and grey matter boundary in
the vicinity of the target region by TMS [4].

shown in Figure 1B. The horizontal component of
the electric field is defined as being perpendicular
to the vertical directions. The cortex is the most
sensitive to fields oriented perpendicular to the
cortical layers, whereas it is relatively insensitive
to fields parallel to them (Figure 2). Apparently,
inducing TMS through gray area’s anatomical
area 4 is favorable to excite pyramidal neurons
(Betz cell) and interneurons, although the high
intensity of TMS may also excite some neurons in
the white matter. Following TMS, the occurrence
of MEP, as recorded by electromyography (EMG),
corresponds to the sum of the excitation states of
many pyramidal cells and synapses. For example,
when recording the amplitude of MEP in distal
muscles (finger, hand or leg, foot muscles), the
recorded MEP reflects the total excitation status of
the corresponding sites of pyramidal cells and
synapses.
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Figure 2. Definition of the ‘vertical’ and ‘horizontal’
component directions of the electric
field. Note that the horizontal directions
also included the directions towards
and away from the reader [4].

Basic terminology related to TMS technology

When performing and reporting TMS studies,
being familiar with the relevant terminology is
crucial. This section describes the most important
terms.

The target of TMS refers to the neural network
connected to the large corticomotor neurons that
aremonosynaptically linked to spinal motoneurons.
Threshold may reflect an anatomical feature, such
as the number of corticomotor neurons, the density
of the network targeting the corticomotor neurons,
or a physiological feature such as the excitability
level of the corticospinal system. Motor Threshold
refers to the measure of cortical excitability in the
motor cortex as well as the lowest intensity of the
TMS stimulator. The motor threshold may present
two conditions: resting or active. The resting motor
threshold (RMT) is defined as the minimum
stimulation intensity over the motor hotspot,
required to evoke a MEP >50 pV in five of 10
trials performed in a relaxed sitting condition [5].
The active motor threshold (AMT) is defined as
the lowest intensity required to evoke a MEP of
200 pV in more than five of 10 consecutive trials,
while the subjects maintain approximately 5%
maximum voluntary contraction (MVC) of the
target muscle in the same conditions as RMT [6].

It is important to understand the definition of
D(direct)-wave and I(indirect)-wave of the pyramidal
tract. Patton and Amassian [7] indicated that TES
applied at threshold to the skull recruited a single
descending volley in the pyramidal tract, identified
as a D-wave. At higher intensities of stimulation,
this volley was followed by others, with a
periodicity of approximately 1.5 ms. These volleys
were termed I-waves (Figure 3). It suggested that
the initial volley was produced by direct
stimulation of the pyramidal tract axons (D-wave),
whereas the later volleys were produced by
synaptic activation of the same pyramidal tract
neurons, as I-waves. The I-wave comprised Ii-,
I2-, and I3-waves, with a periodicity of 1.5-2.0 ms;
it is likely that the mechanism underlying the I3-or
later waves was different from that of li-wave [8-
10] and that it was related to SICI by paired-pulse
TMS [6] and TMS and drugs [11]. As will be

5ms

Figure 3. Single-sweep recording of volleys was
excited by figure of eight coil TMS in
squirrel monkey. Recording made from
the surface of dorsolateral funiculus at
C8-Th1 segment. After D-wave, the
later volleys, I-wave made up |1, |2, and
I>-waves etc. periodicity by 1.5-2.0ms,
D; direct wave, |; indirect wave, M; TMS
stimulation time [8].
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discussed below, later [-wave components have a
deep relationship with motor leaning and synaptic
plasticity.

Intracortical excitability and paired-pulse TMS
The paired-pulse TMS was first developed by
the Kujirai and Rothwell group [6]. The method
involves the use of two TMS apparatuses and a
figure of eight shaped coil that generates stimulus
pulses through the TMS apparatuses. Stimulus
intensities in paired-pulse TMS were set with a
supra-threshold evoked at 1-1.5mV of MEP
amplitude for the test stimulus (TS) and a sub-
threshold of either 70%—-90% RMT or 80%—-90%
AMT for the conditioning stimulus (CS). Inter-
stimulus intervals (ISIs) were set to 1-15 ms. For
example, for an ISIs of 2, 3, 7, and 10 ms, each
block of 10 trials consisted of five different
conditions: TS alone and TS + CSs at four different
ISIs. Test and conditioning stimuli at different
intervals were randomly intermixed and presented
at intervals of 4-5ms. Kujirai et al. [6] and
Ziemann et al. [12] indicated that very short
intervals in the range of 1-5ms resulted in the
inhibition of CS MEP (/MEPtest) and that CS
MEP turned from inhibition to facilitation at
longer ISIs (10-20 ms). These terms represented
the percent ratio to control MEP size (MEPTest)
(Figure4). Intracortical excitability induced by
paired-pulse TMS resulted in SICI and facilitation
(ICF) in the motor cortex. There were three reasons
evidencing that the effect of the sub-threshold CS
on the size of control MEP originated at the motor
cortical level and that there was no significant
contribution of subcortical or spinal mechanisms
[6] : 1) the effect of CS on the excitability of the
spinal motoneuron pool, probed by H-reflex
testing, showed no change in H-reflex size for
inhibitory and facilitatory ISIs, 2) if control MEP
was elicited by a small electrical TS in an active
hand muscle, the inhibition disappeared. That is,
the failure to inhibit an MEP elicited by TES
pointed toward an intracortical mechanism with
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Figure 4. At each interstimulus interval (ISl), the
size of the conditioned responses is
expressed as a percentage of the control
response (MEP+est). The CS had an
inhibitory effect at ISls of 1-5 ms and a
facilitatory effect at ISI of 10—-15 ms [6].

paired-pulse TMS, and 3) in the previous
experiment of producing corticospinal volleys
with cervical epidural electrodes, CS intensity
below AMT produced no recognizable descending
volley in the spinal cord, whereas a supra-threshold
TS evoked indirect (I) waves. At ISIs of 1-4 ms,
CS induced a significant inhibition of MEP and all
I-waves, except the li-wave. Taken together, these
findings indicated that the inhibition took place in
the motor cortex, upstream of the corticospinal
neurons. The selective effect of CS on later
I-waves, but not the Ii-wave, was confirmed
independently [13,14]. Ilic et al. [15] clarified that
paired TMS has
understanding of the underlying mechanisms of
excitability in the human motor cortex. They
tested the effects of CS and TS intensities on the
interaction between CS and TS at short ISIs of 2—5
ms, using surface EMG, single motor unit

greatly advanced our

recordings, and an oral dose of the GABAa
receptor agonist diazepam (DZP). SICI was
mediated through a threshold GABAa receptor-
dependent inhibitory pathway, and the sum of the
CS’s inhibitory postsynaptic potentials (IPSP) and
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the TS’s excitatory postsynaptic potentials (EPSPs)
at the corticospinal neurons.

These findings suggested that neurophysiological
mechanisms of SICI and ICF induced by paired-
pulse TMS involved intracortical (cortico-cortical)
excitability within the motor cortex, without spinal
motoneurons. SICI indicated that the excitability
of inhibitory interneurons evoked by 80%—-90%
AMT at a low intensity of CS and ISIs of 25 ms
stimulates the neurotransmitter of cortical GABAa
receptors.

Motor learning and cortical plasticity in reduced
SICI

In this section, we present a summary of motor
learning acquisition through practice and report
three case studies that involve motor learning: 1)
typing practice and cortical plasticity, 2)
neuroplasticity and grip touch in a racket player,
3) observing the actions of an expert baseball
player and mirror neurons through TMS.

1) Typing practice and cortical plasticity. Motor
programs are refined continuously by motor
learning. There are changes in cortical motor
output of programs as motor behavior progresses
from being novel to being automatic. Proficiency
in motor behavior may require modulation of the
cortical motor output to accommodate the new
skill. Acquiring new skills is therefore associated
with learning-induced cortical plasticity. The
synaptic strength of cortical horizontal connections
was improved by long-term potentiation (LTP)
and long-term depression (LTD). Strong evidence
gathered from rodent models showed that motor
learning reduced subsequent LTP, but increased
LTD, in the primary motor cortex [16,17].
Bounomano and Merzenich [18] reviewed the
mechanisms of synaptic plasticity in excitatory
pathways, clarifying that LTP and LTD of EPSPs
underlined the balance between excitatory and
inhibitory inputs. This plasticity might be observed
in EPSPs from an excitatory cell onto an inhibitory
cell and / or in IPSPs between an inhibitory cell

and an excitatory cell. In studies with macaque
models, the activity-dependent modifications of
the visual cortex were accompanied by a significant
reduction of cortical GABAx receptors and GABA,
indicating that sensory experiences can produce
activity-dependent long-term modifications in
inhibitory transmission [19]. Motor learning and
cortical excitability in the human brain have been
studied using techniques of functional magnetic
resonance imaging (fMRI), positron emission
topography (PET), and TMS. Studies of fMRI
and PET were suitable to detect changes of cortical
excitability before, during, and after motor skill
learning, and presented the enhancements of brain
activity / network under different conditions, such
as the complex motor task of finger movement,
short- and long-term experience, dominant and
non-dominant hand movements for asymmetry,
motor learning-related changes in piano players,
and changes in the sensorimotor area during
bimanual skill acquisition [20-25].

There are previous studies of human motor skill
learning and the related cortical plasticity. SICI
by paired-pulse TMS is a functional and suitable
measure of excitability of the motor cortex
GABAergic interneurons, which are involved in
processes of LTP and LTD of cortical synapses.
We examined how SICI was affected by periods of
short-term practice (SP), long-term practice (LP),
and no practice (NP) using a keyboard finger task
[26]. The participants had little previous experience
of typing on a keyboard; hence, they were at the
beginner level of the skill. SICI was measured in
the dominant FDI and ADM of 10 non-typists
using paired-pulse TMS with a CS of 90% AMT
and ISIs 2, 3 (SICI), and 10-15 ms (ICF). The
typing performance was assessed based on the
typing speed and the number of missed characters
per session. Subjects were considered as LP after
30 days of practice. After LP, SP was assessed
again and repeated after a NP interval of 30 days.
Results were presented in Figure 5. As expected,
training improved skill performance. SP led to an
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Figure 5. Effect of typing motor learning of short period (SP) for an hour (green filled square in control,
green slash square after SP), long term practice (LP) for 10 days (30 min typing practice /
day, red filled square in control, red slash square after SP in LP) and no practice(NP) for 30
days (blue filled square in control, blue slash square after SP in NP) on SIClI in FDI and ADM
muscles each period. Symbols** represents significant differences between control and after
practice in SP, LP and NP (P<0.01 or P<0.05) and Symbols # does significant differences
between control in SP and control in LP and between control in LP and control in NP(P<0.05).

immediate post-practice decrease in the effectiveness
of SICI in FDI, but not in ADM. After LP, control
SICI remained decreased in FDI and unchanged
from baseline in ADM. Subsequent SP further
decreased SICI in FDI, but had no effect on ADM.
Although the enhancement of typing speed and
reduced missed characters were maintained, 30-
days NP resulted in a return of SICI to baseline
values in FDI.

2) Neuroplasticity and grip touch in a racket
player. Sports players, such as tennis, baseball,
and golf players make use of their specific sport-
related tools, most likely receiving a considerable
amount of tool-related information into the brain.
We investigated the changes that occurred in the
motor and sensory cortices of a racket player,
specifically a tennis player who practices daily.
The player’s grip of the racket’s handle provided
an enormous amount of sensory information from
the cutaneous receptor and tactile sensation, which
was relevant to successful performance.

We tested whether the sensation of touching the
racket loosely in the hand could itself change to
SICI and ICF as well as compared the sensory-
motor excitability of short afferent inhibition
(SAJ) and long afferent inhibition (LAI) in skilled
players with a non-player control group. In
addition, we compared these effects with those of
an imagined touch of the racket and imagined
tennis playing [27]. The subjects were nine tennis
players with 6-10 years of experience, who play
tennis every day, and the control group included
eight non-player subjects. Sensory-motor excitability
was assessed by measuring the amplitude of
single-pulse MEPs, SICI at ISIs of 2 and 3 ms, and
ICF at ISIs of 10 and 15 ms in CS intensity of 80%
AMT, and SAI at ISIs of 20 ms and LAI at ISIs of
200ms in median nerve electric stimulation
(MNES) at motor threshold in three different
conditions, with subjects at rest: (1) control, (2)
with the handle of the racket placed in the palm of
the hand, (3) with an aluminum baton of the same
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diameter as the racket placed in the palm of the
hand. In a second set of experiments, expert players
were asked to do nothing, imagine touching a racket,
or imagine playing with the racket. TS alone
elicited MEPs of 1-1.2 mV. Results (see Figure 6
that) indicated that 1) touching the racket, but not
the aluminum baton, increased MEPs significantly
in racket players but not in controls. It also
significantly reduced SICI, SAI, and LAI, but not
ICF (Figure 6A); 2) For expert players, to imagine
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touching the racket did not affect MEP or other
parameters, whereas to imagine playing increased
MEPs and reduced SICI, but did not affect SAI or
LAI (Figure 6B). From these results, we concluded
that long-term tennis practice changes the effect
exerted by the sensory inputs of the hand on
sensory-motor excitability. We speculated that in
expert players, the input evokes changes in the
system that mimic those required during actual
play. Interestingly, imagined playing only evoked

control

Percent ratio to MEPs (%)

SICI ICF

B .

Tennis players n=6
160 -~ play
140 -

M racket
M baton H#i * %
* % )
T T
T T
SAl LAI
control

M touch image

M play image

120 - L
100 *x

80 - $$
60 -

40 { i

20

0 l

SICl ICF

n
1
SAl

LAI

Figure 6. Effect of touch of control (no touch, light yellow), racket (Ocher) and baton (dark yellow)
in A and control (light green), touch imagery (TI, green) and play imagery (PI, dark green)
in B on SICI, ICF, SAlI and LAl in FDI muscle by combination of a paired pulse TMS and
NMES in tennis players. Symbol*or** represents significant differences between control and
racket (P<0.01 or P<0.05), Symbol ## does significant differences between racket and baton
(P<0.01) and Symbols $$ does significant differences between control and baton (P<0.01)
in A. Symbol** represents significant differences between Tl and Pl (P<0.01) and Symbol $$
does significant differences between control and PI (P<0.01) in B.
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a subset of these changes (SICI, but not LAI and
SAI), whereas imagined touching exerted no
effect. Therefore, well-learned sensory input from
the handle of a familiar object produces more
widespread changes in sensory-motor organization
than pure imagination.

3) Observing the actions of an expert baseball
player and mirror neurons through two coils and
paired-pulse TMS. The process of learning more
advanced motor skills generally starts with
observation of actions and progresses to imitation
of the observed movements and repeated motor
practice. Consequently, motor consolidation of the
acquired skill occurs in the neural networks,
generating neural plasticity for a specific skill and
a whole movement. Action observation is a big
step for novices to acquire motor skills. Novices
are unfamiliar with the skilled motions; hence,
their motor and premotor cortices do not possess
the neural coding for the new motion or technique.
The primary point of the procedure consists of
watching the new motion and then copying it. This
observation is the beginning of motor learning.
Rizzollati et al. [28] indicated that insights into the
neural mechanisms of motion understanding came
from the discovery of neurons activated during
observation of action in the monkey premotor
cortex. These neurons were called mirror neurons.
Animal and human experiments have shown that
the mirror neurons of the ventral premotor cortex
(PMv) played a part in understanding as well as
learning visually performed movement. Koch et
al. [29] suggested that observation also modulated
the excitability of the connections between the left
PMv and left M1, in a way similar to that observed
during self-performed grasping. Importantly,
observation of inappropriate grasping movements
exerted a reduced effect. It was worth mentioning
that because observation controlled self-movement
for the enhancement of motor skills, careful
observation of some motion or movement pattern
might produce the different proficiency in specific
sport skills. However, it was unclear how the

cortical excitabilities of mirror neurons (PMv)
and motor cortex change when a skilled expert
sportsman observes some motion or movement on
a screen.

To test whether observation of a movement had
different effects in skilled and non-skilled subjects,
we examined how observing a throwing motion
affected motor cortical excitability in skilled
baseball players versus non-expert throwers [30].
The subjects were seven expert baseball players
(all males), all right-handed, who played baseball
almost every day for 8-10 years. The control
group included seven non-experts, right-handed
subjects (four males and three females). Subjects
observed repeated slow-motion videos of right
throwing on a 27-inch monitor during TMS
measures of motor cortical excitability in the FDI
muscle. The data were compared with those
obtained at rest, with no screen display. In the first
experiment, paired-pulse TMS was used to assess
corticospinal excitability, SICI, and ICF [6], with
TS alone of 1-1.2 mV and CS intensity of 80%
AMT at ISIs of 3 ms for SICI and 10 ms for ICF.
In the second experiment of PMv-M1 connection
(included six experts and six non-experts in the
first experiment), the intensity of CS was
individually adjusted to 90% RMT, as evaluated
using paired-pulse TMS protocol of Bédumer et al.
[31], with TS alone of 1-1.5 mV and a CS intensity
0f 90% RMT at ISIs of 4 and 6 ms for PMv-MI1. In
both experiments, the order of presentation of the
conditions was randomized by computer. Results
indicated that for the TS alone, MEP amplitudes
increased during visual observation, in both expert
and non-expert players. Furthermore, as shown in
Figure 7A and 7B, in both experiments, both SICI
and PMv-M1 were reduced during observation in
experts, but not in non-experts. However, no
changes in ICF were observed in either group. In
conclusion, visual observation of a task by expert
performers leaded to more pronounced changes in
cortical excitability than in the case of non-experts.
Particularly, PMv-M1 excitability reduced in
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expert performers, because the increased activation
of mirror neurons modulated motor cortex
excitability from PMv-M1. We suggested that
elite sports athletes, who acquired neural
consolidation to a proficient movement, most
likely possessed enhanced observation skills.
Finally, we introduce the studies of cortical
plasticity estimated by paired-pulse TMS and
motor learning acquired through various sport
practices. However, the application of paired-
pulse TMS for the assessment of motor skills,
motor control, and functional recovery relies on
careful planning of certain crucial aspects, such
as, for example, how the stimulation condition is
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the course of some task, in which situations do
paired-pulse TMS or peripheral electric stimulation
stimulate the motor and sensory cortices, and what
paired-pulse TMS cortical excitability derives
from motor skill proficiency. Paired-pulse TMS is
a convenient and noninvasive technique, but it is
difficult to get precise, reliable data regarding
cortical excitability in the cerebral cortex. To
achieve a successful use of TMS, it is therefore
recommended to ensure adequate knowledge of
neurophysiology and electrophysiology of the
central nerves and acquiring deep observations of
MEP and good TMS skills.
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Figure 7. Effect of control (no observation; light blue) and observation (blue) of throwing slow motion
in 27- inch monitor on SICI (A) and PMv-M1 (B) in no expert subjects and expert baseball
players. Symbol** represents significant differences between control and observation in SIC

and PMv-M1 (P<0.01).
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