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Introduction

The primary motor cortex (M1) is identified as
Brodmann area 4 (Fig.1), and located in dorsal part
of the precentral gyrus and anterior bank of the cen-
tral sulcus,  M1 is thicker and with lower cell densi-
ty than other cortical area. The main output cells are
the large pyramidal cells in lamina V and smaller
cells in lamina III. M1 contains large corticospinal
neurons which send long axons down the spinal
cord to synapse onto alpha motor neurons which
connect to the target muscle. 

Among the numerous non-invasive techniques
and tools to explore and investigate the human cor-
tical cortex, transcranial magnetic stimulation
(TMS) contributed to understand how brain net-
works build and optimize the motor programs

responsible for motor performance(1-14). TMS is a
method for noninvasive focal brain stimulation,
where localized intracranial  electrical currents,
large enough to depolarize a small population of
neurons, are generated by rapidly changing
extracranial magnetic fields. TMS can be applied in
single pulses, pairs of pulses, or repeated trains of
pulses (rTMS). Following standardized guidelines
and procedures, human studies with adults and
children have demonstrated TMS procedures to be
safe and well tolerated. When single pulse TMS is
applied in primary motor cortex (M1) at
suprathreshold  intensities, it activates corticospinal
outputs, producing a twitch in a peripheral muscle
(a motor evoked potential (MEP), which can be
used as an index of corticospinal excitability. Trains
of repeated TMS pulses (rTMS) at various stimula-
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tion frequencies and patterns can induce a lasting
modification of activity in the targeted brain region,
which can outlast the effects of the stimulation
itself.

The after effects of rTMS are thought to relate
to activity-dependent changes in the effectiveness
of synaptic connections between cortical neurons,
reflecting cortical plasticity mechanisms. Single
and paired pulse TMS protocols are exclusively
used for investigational purposes, while rTMS pro-
tocols can be used both in investigational and thera-
peutic applications. Repetitive physical training is
generally considered as a principal strategy for
acquiring a motor skill, and this process can elicit
cortical motor representational changes referred to
as use-dependent plasticity. In training settings,
physical practice combined with the observation of
target movements can enhance cortical excitability
and facilitate the process of learning(15-30). 

TMS has been used to study intracortical, cor-
tico-cortical, and cortico-subcortical interactions(15-

30). Peripheral nerve stimulation can depolarize neu-
ronal membranes similarly to stimulation parame-
ters in central nervous system: short pulses with a
duration of less than 1 ms and with an amplitude of
few milliamperes. Transcranial methods for brain
stimulation face the problem of delivering such a
stimulus across the high resistance barrier of the
periencephalic layers, including scalp, skull,
meninges and cerebrospinal fluid. TMS has been

used to study the human nervous system within
clinical populations; mechanisms of fatigue in
small, isolated muscle groups; corticospinal contri-
butions during human gait  and acute neural adapta-
tions following strength training. Transcranial brain
stimulation, at present primarily with several forms
of noninvasive electrical cortical stimulation, is
under active investigation in child neurology and
psychiatry, particularly in disorders where focal
cortical over- or under-activation is presumed to be
part of the pathophysiology(31-35). While a number of
transcranial neurostimulation techniques have been
developed, two are undergoing the most active
investigation: TMS and transcranial direct current
stimulation (tDCS).

In TMS, intracranial electrical currents are
induced in the cortex by a fluctuating extracranial
magnetic field, whereas in tDCS constant electrical
currents are conducted to the brain via scalp elec-
trodes. Both techniques share a capacity to modu-
late regional cortical excitability, and both are well-
tolerated by children and adults(36-40). TMS in partic-
ular stands out among noninvasive brain stimula-
tion techniques in that it has experimental, diagnos-
tic, and therapeutic potential. With TMS, an opera-
tor may either measure or modulate cortical
excitability. A rapidly growing body of research
attests to the utility of TMS as a valuable tool for
the study of normal neurophysiology, and to the
safety and efficacy of TMS in clinical conditions
where repetitive TMS (rTMS) is applied to either
enhance or depress regional cortical excitability and
distributed activity in specific brain networks(41-50).

In classic TMS experiments, stimulation is
delivered to the primary motor cortex (M1), and
motor evoked potentials (MEPs) from a muscle or
set of muscles are recorded with surface elec-
tromyography (EMG) electrodes. The intensity of
TMS is typically given as a multiple or percentage
of the threshold intensity for evoking MEPs of a
certain amplitude in a specified fraction of a series
of consecutive trials in a hand muscle (Fig 2).

Studies show that in human the resting motor
threshold varies greatly, thus are critical the mea-
sures of intensity that take into account the biologi-
cal efficacy of the stimulus in the individual sub-
ject. The threshold for eliciting MEPs in a muscle is
most often used as the unit of stimulus intensity,
and subsequently is usually to stimulate the brain
over the trheshold (110%-120% of motor threshold)
to investigate MEPs response(28). 
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Figure 1: In this figure it is possible to observe the diffe-
rent Brodmann areas. The human primary motor cortex
(M1), usually identified as Brodmann area 4, is located
in dorsal part of the precentral gyrus and anterior bank of
the central sulcus.



TMS induces electrical currents in the brain
via Faraday’s principle of electromagnetic induc-
tion(29). Put simply, Faraday discovered that a pulse
of electric current sent through a wire coil generates
a magnetic field. The rate of changes of this mag-
netic field determines the induction of a secondary
current in a nearby conductor. With regard to TMS,
an electric pulse, which grows to peak strength and
diminishes back to zero in a short period of time
(<1 ms), is sent through the conductive wiring with-
in the TMS coil. The rapid fluctuation of this cur-
rent produces a magnetic field perpendicular to the
plane of the coil that similarly rise (up to about 2.5
T) and falls rapidly in time. This rapidly fluctuating
magnetic field passes unimpeded through the sub-
ject’s scalp and skull and induces a current in the
brain in the opposite direction of the original cur-
rent(30-33).  

In general, TMS is unique among the neu-
rostimulation methods in its roles as a therapeutic
intervention as well as an experimental and diag-
nostic tool. Three TMS protocols have been used
extensively to study, measure, and modulate corti-
cal excitability using Single Pulse TMS (the cortex
is stimulated once to elicit an evoked response),
Paired-Pulse TMS (paradigms provide measures of
intracortical inhibition and facilitation, thought to
be mediated by gamma-aminobutyric acid
(GABA)-ergic and glutamatergic activity, respec-
tively) and more over(51-67).

Facilitation
When TMS is performed with the target mus-

cle steadily contracting, it shows different results
than when the muscle is relaxed. Muscle contrac-
tion has three main effects(34): the threshold for
evoking the motor response is reduced, the latency
of the MEP is shortened, and the amplitude of the

MEP is markedly increased(35). These facilitatory
effects can also be induced simply by the subject’s
thinking about the maneuver or contraction of
another muscle (either on the same or opposite
side), but the extent of facilitation is less than that
induced by contraction of the target muscle(36).

The underlying mechanisms for facilitation are
not entirely understood but likely include
increased cortical and spinal excitability(37). With
voluntary contraction, the resting potential of the
anterior horn cell (AHC) is closer to threshold,
requiring less temporal summation of descending

volleys, which means that the discharge can occur
at an earlier I or D wave, thus shortening the onset
latency. Furthermore, with increasing force, accord-
ing to the Henneman size principle, larger and
faster conducting spinal motoneurons will be
recruited, thus shortening the onset latency. The
increase of the compound muscle action potential
amplitude indicates recruitment of a greater number
of spinal motoneurons. This could also be due to
increased spinal excitability, increased synchroniza-
tion of spinal motoneuron firing, or an increasing
number of I waves bringing more AHCs to thresh-
old.

TMS as a tool to investigate cortical
excitability in athletes 

As a non-invasive technique, TMS and neu-
roimaging techniques have been largely used to
investigate adaptive changes in human motor cor-
tex, contributing to understand how brain networks
can optimize motor programs responsible for coor-
dination of muscle activity involved in complex
motor learning(31,59).

Currents used by TMS cause activity in specif-
ic parts of the brain, with minimal discomfort also
in children, allowing the study of neural functions,
interconnections and dysfunctions. TMS  can stim-
ulate deep neural structures such as motor cortex,
and allows to investigate the brain integrity to mus-
cle pathway and functionality of cortical network.
In this light, motor evoked potential (MEP) from
peripheral muscles and motor cortex excitability
become relevant in TMS studies.

The repetitive practice of simple movements
such as fingers ballistic movements  highlighted
motor cortex adaptations with similarity to motor
learning processes. The improvement in task per-
formance was accompanied by an immediate
increase in MEP response, and cross-sectional stud-
ies have revealed comparable changes among indi-
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Figure 2: Motor evoked potential (MEP).



viduals with varying degrees of motor skills. TMS
could be suitable for investigating the effect of
acute exercise, considering the augmented ampli-
tudes of MEP as result of acute exercise bouts, sub-
stantiating the increased neuronal excitability dur-
ing fatigue(60-80). 

In sport competition, the fatigue has large
influence in performance, while fatigue refers to
any exercise inducing loss of ability to exert force
or power with a muscle or a muscle group(46-50), due
to changes in the excitability of the motor pathway
both at central and peripheral levels(51-53). When sub-
ject performs the maximal voluntary contraction,
component fatigue is ascribed not only to peripheral
factors but also to central factors that play a role in
the decline in force which results from a sub opti-
mal output from the primary motor cortex, which
ultimately leads to sub-optimal firing rates of motor
neurons. When a subject performs an incremental
exhaustive exercise, there is a rapidly decrease in
muscle phosphocreatine and ATP, as well as an
accumulation of metabolites like pyruvate and lac-
tate(54-60).

TMS study in sports-specific motor activities
are still scarce, although TMS may open new win-
dows in many different research areas in sport sci-
ence disciplines. Kinesiology-related research
issues for which TMS has already been, or could
potentially be applied, include: (i) post-exercise
facilitation, (ii) central fatigue, (iii) sensorimotor
integration and co-ordination, and (iv) neuronal
plasticity. When a subject performs a weak volun-
tary contraction of a muscle, the corticospinal path-
way to that muscle is facilitated(74).

As already mentioned, most facilitatory effects
occur at low contraction forces. Additionally, higher
MEP potentiation has been reported for precision
movements as compared to general grip tasks, pre-
sumably because of the larger involvement of pyra-
midal tract neurons in such tasks(75). A spread of
facilitatory effects has also been shown during a
voluntary contraction of neighbouring ipsilateral or
homonymous contralateral muscles, but other
reports give opposing(40). Besides the immediate
influence of the voluntary motor activity, there are
also prolonged postexercise MEP potentiation
effects(76). 

TMS has also been used to assess supraspinal
fatigue of isolated working small muscle groups
quantifying the contribution of central processes to
fatigue of limb locomotor muscles.

Moreover, TMS can be used to investigate
physiological states other than fatigue, as showed
by the fact that neuromuscular adaptation readily
occurs as a result of resistance exercise training(15).
The primary motor cortex (M1) is heavily involved
in voluntary contraction of skeletal muscle and
shows a high degree of plasticity, or capacity to
change quickly, with motor practice(38,41), and classi-
cally 20 min practice of a ballistic pinching task can
elicit a significant improvement in task perfor-
mance. The improvement in task performance was
accompanied by an immediate increase in corti-
cospinal response (MEP), demonstrating that M1
has an adaptive role in the consolidation of motor
tasks.

Therefore, TMS enables a greater understand-
ing of the behaviour of the corticospinal tract in
‘top-down’ paradigms, where the effect of motor
skills on corticospinal plasticity and neuromuscular
adaptation can be examined.
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