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ABSTRACT

Non-invasive brain stimulation (NIBS) has been seen more common in rehabilitation settings. It can be used for the treatment of stroke,
spinal cord injury, traumatic brain injury and multiple sclerosis, as well as for some diagnostic neurophysiological measurements.
Two major modalities of NIBS are transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS). As an
add-on therapy to conventional rehabilitative treatments, the main goal of NIBS is to create neuromodulation by inhibiting or activating
neural activity in the targeted cortical region. Indications for therapeutic NIBS in neurorehabilitation are motor recovery, aphasia,
neglect, dysphagia, cognitive disorders, spasticity, and central pain. The NIBS can be regarded a safe technique with appropriate patient
selection and defined treatment parameters. This review provides an overview on NIBS modalities, specifically TMS and tDCS, the
working mechanisms, the stimulation techniques, areas of use, neuronavigation systems and safety considerations.
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Non-invasive brain stimulation (NIBS) has
recently attracted great interest in both a societal
and scientific sense. In the relevant literature, it has
been used for approximately 30 years since the first
definition of transcranial magnetic stimulation (TMS)
by Anthony Barker at Sheffield University, UK, in
1985, and the number of scientific publications has
been increasing."? The areas of use are constantly
expanding, and the use of NIBS modalities in assisting
rehabilitation has seen greater acceptance associated
with the level of increasing evidence.

The complex structure of the human nerve system
can currently be examined in more detail with new
technologies. Diffusion spectrum imaging, which is a
new magnetic resonance imaging (MRI) technique, is
able to analyze the movement of water molecules along
nerve fibers and, thus, the major neuron pathways in
the brain can be visualized. It allows the opportunity

to understand the central nervous system more
comprehensively, and for a more targeted, controlled
intervention to be made. Examination of the integrity
and dynamics of a specific neural pathway with NIBS
allows treatment by modulating this pathway. In this
respect, NIBS seems to be non-pharmacological, safe
and attractive treatment, which do not require surgery.

BASIC PRINCIPLES

The NIBS consists of neurostimulation in a target
area of the brain by applying an electrical current
directly or by creating an electrical field with magnetic
induction on the scalp. Measurable outputs (motor
evoked potential, central transmission time, cortical
silent period, intracortical inhibition, intracortical
facilitation) are obtained with neurostimulation. In
this way, it can be used for diagnostic purposes. In
repeated applications, neuromodulation is made by
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increasing or decreasing cortical excitability. Repeated
application of NIBS is used for therapeutic purposes.

The modalities used for NIBS are as follows:

« TMS
o Transcranial direct current stimulation (tDCS)

o Transcranial alternative current stimulation
(tACS)

o Transcranial random noise stimulation (tRNS)

o Laser, ultrasound, virus and other vectors

Of these, TMS and tDCS are the most widely used
and studied modalities.

Transcranial magnetic stimulation

For TMS, a coil is placed on the scalp. When
the electric current passes through this, an
electromagnetic field is formed perpendicular to the
coil. This magnetic field passes without being affected
by the electrical resistance of the scalp and skull. In
accordance with the Faraday law of electromagnetic
induction, an electrical field is formed in the cortical
area adjacent to the coil and this induces the electric
current. This induced current is a reverse current
parallel to the coil.®! The circular and figure-of-8
(butterfly) coils are most used for TMS. The circular
coil stimulates a wider parenchymal area. With
the figure-of-8 coil, which is formed by the joining
together of two circular coils, focus is on the central
mid-point and stimulation is obtained at greater
strength (Figure 1). In addition, there is a double-cone
coil which is effective at a greater depth compared
to the figure-of-8 coil and can be defined as an
angulated figure-of-8 coil. The H-coil is used for deep
brain stimulation.

Transcranial direct current stimulation

In tDCS, the electric current is applied to the
brain using electrode pads placed directly on the
scalp. Two types of electrodes are used: anode and
cathode. One of the electrodes is placed on the scalp
to be over the targeted cortex region and the other is
generally placed over the contralateral supraorbital
region (Figure 2). The direction of the electric current
is from anode to cathode. As the electric current is
exposed to impedance of the scalp and skull, the
stimulation provided may not be as strong as with
TMS, and it may create a feeling of discomfort
in the skin. However, the current penetration is
higher compared to TMS."! Comparison of electrical
stimulation and magnetic stimulation is presented in
Figure 3.
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In both TMS and tDCS, the electric current
advances toward the cell membrane that can be
stimulated and changes the transmembrane
potential. This results in membrane depolarization
and axon potential starts, which progresses along the
neural pathway with the normal nerve transmission
mechanisms.”! Ultimately, the effects of stimulation
can be seen as stimulated neural activity on
electroencephalography, as changes in blood flow
and metabolism on positron emission tomography
(PET), functional MRI, and single-photon emission
computed tomography (SPECT), and as muscle
contraction and motor evoked potential (MEP) on
electromyography.

STIMULATION TECHNIQUES

When TMS are used for diagnostic purpose,
some neurophysiological measurements are taken,
and for this, single-pulse and paired-pulse TMS is
used. With single-pulse TMS, cortical excitability,
motor threshold, pyramidal path transmission,
silent period, motor cortex mapping, and cortical

Figure 1. Transcranial magnetic stimulation stimulator with
a figure-of-8 coil.
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Figure 2. Transcranial direct current stimulation stimulator and the placement of electrodes.

plasticity can be studied. With double-pulse TMS,
intracortical inhibition and intracortical facilitation
can be examined.”” Following central nervous system
damage, the prognosis can be estimated with these
neurophysiological measurements, or the response to
therapeutic interventions can be monitored. When
NIBS is used for therapeutic purpose, the aim is to
create neuromodulation by inhibiting or activating
neural activity in the targeted cortical region. Repeated
TMS (rTMS), tDCS, theta burst stimulation (TBS),
and paired associative stimulation (PAS) are used for
neuromodulation (Figure 4).

The rTMS is applied as stimulations at the same
dose at a specific frequency in regular sequences
over the target cortical region.” Different parameters
(intensity and duration) of frequency and pattern of
the stimulus lead to changes in the cortical excitability.
One pulse per sec, 1 Hz, is defined as “low-frequency
rTMS”, and above this as “high-frequency rTMS”. In
a general sense, continuous administration of low-
frequency rTMS reduces cortical excitability, whereas
rTMS given as bursts (sudden sequences) at high-
frequency of =5 Hz increases cortical excitability.
This inhibition and facilitation in cortical excitability
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Figure 3. The effect on cortical excitability of NIBS.
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tDCS: Transcranial direct current stimulation; rTMS: Repeated transcranial magnetic stimulation; NIBS: Non-invasive brain stimulation.
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Figure 4. Types of NIBS.

NIBS: Non-invasive brain stimulation; TMS: Transcranial magnetic
stimulation; TBS: Theta burst stimulation; PAS: Paired associative
stimulation; tDCS: Transcranial direct current stimulation.

can be seen as a decrease or increase in peripherally
recorded MEP amplitude. The rTMS treatment is given
in sessions lasting an average of 20 to 30 min.

The neuromodulation effect in tDCS varies
according to the placement of the electrodes.®
The current is from anode to cathode. In anodal
stimulation, the anode electrode is placed on the
motor cortex to be stimulated or on another cortical
target region, and the cathode electrode is placed
over the contralateral supraorbital region. Anodal
stimulation has a facilitation effect on cortical activity.
In cathodal stimulation, the electrode placement and
neuromodulation effect are reversed. It is applied as
low currents of 1 to 2 mA for durations of 10 to 30 min.

The TBS is a new TMS application formed from a
series of stimulations given in a specific pattern.”’ It
was originally developed in an animal model to create
modulation in cortical activity by mimicking the
tetanic stimulus used in the stimulation of synaptic
plasticity. The TBS is formed of three 50 Hz bursts of
stimulation repeated every 200 msec. Continuous TBS
is applied as a total of 600 pulses without interruption
in 40 sec and it has an inhibitor effect on cortical
excitability. Intermittent TBS is an application lasting
for a total of 190 sec, applied as a series of 2 sec
every 10 sec, formed of a total of 600 pulses, and it
has a facilitator effect. The main advantage of TBS
compared to rTMS is that it allows more pulses in a
shorter time.

The PAS is formed of repeated peripheral
and central stimulus pairs.'” There is electrical
stimulation of the median nerve followed by TMS
stimulus of the contralateral motor cortex after
a certain time. The time between the two stimuli
determines the modulation. The PAS-10, applied
at intervals of 10 msec has an inhibitor effect, and
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Figure 5. The effect on cortical excitability of NIBS.

rTMS: Repeated transcranial magnetic stimulation; iTBS: Intermittent theta
burst stimulation; PAS: Paired associative stimulation; tDCS: Transcranial
direct current stimulation; cTBS: Continuous theta burst stimulation; NIBS:
Non-invasive brain stimulation.

PAS-25 at intervals of 25 msec, a facilitator effect. A
30-min protocol can be applied formed of 180 paired
stimuli applied every 10 sec.

To summarize, high-frequency rTMS, intermittent
TBS, PAS-25, and anodal tDCS have a facilitation
effect on cortical excitability, and low-frequency rTMS,
continuous TBS, PAS-10, and cathodal tDCS have an
inhibition effect on cortical excitability (Figure 5).
The effect of rTMS on cortical excitability has been
shown to continue after the end of stimulation, which
is called as “after effect”.™ The observation of this
phenomenon has been associated with functional
reorganization and plasticity. It has been suggested that
a series of mechanisms occur at the cellular, synaptic,
and regional level for this “after effect”. The most
focused on subject is the long-term potentiation and
depression-like effect, which is one of the important
arguments of synaptic plasticity.

NON-INVASIVE BRAIN STIMULATION
INDICATIONS

The indications for therapeutic NIBS can be
gathered under four main headings as shown in
Table 1. One of the most important areas of use is
for neurorehabilitation. For each disease, different
cortical region is targeted for stimulation. Also, the
stimulation protocol is determined according to target
cortical region. When stroke is considered, the basic
mechanism of motor dysfunction is a decrease in
cortical excitability in the affected hemisphere and a
compensatory increase in the unaffected hemisphere.
This increased activity in the healthy hemisphere
increases transcallosal inhibition and further
suppresses activity in the affected hemisphere. When
this is taken into consideration, treatment in respect
of neuromodulation may be in two forms. These are
to increase excitability in the affected hemisphere
with techniques providing facilitation and to decrease
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TABLE 1
Indications for therapeutic NIBS

1. Psychiatric diseases

2. Neurological diseases

3. Chronic pain

4. Neurorehabilitation (stroke, traumatic brain injury, spinal cord injury, multiple sclerosis) r Dysphagia

Depression

Anxiety

Obsessive-compulsive disorders
Post-traumatic stress disorder
Sleep disorder

Stopping smoking

Obesity

Migraine
Parkinson’s disease
Alzheimer’s disease
| Epilepsy
Complex regional pain syndrome
r Fibromyalgia
Phantom pain

Motor recovery
Aphasia
Neglect

Cognitive disorders
Spasticity
Central pain

NIBS: Non-invasive brain stimulation.

excitability in the healthy hemisphere with inhibitor
techniques.

Stroke is the most studied condition in which
NIBS modalities are used for neurorehabilitation.
Positive results have been reported in motor
functional recovery. An increase in grip strength
has been reported with low-frequency rTMS applied
to the healthy hemisphere after stroke.'?! Similarly,
rTMS has been shown to be useful in lower extremity
motor recovery and to provide improvements in
walking speed and the Fugl-Meyer assessment
scale.'>M Following motor recovery in stroke,
aphasia is the second most studied area. In a
recent meta-analysis, low-frequency rTMS applied
combined with speech therapy was shown to be of
benefit in naming, recall, understanding, written
language, and functional communication.’!

The treatment of neglect after stroke is another
condition where rTMS is effective. With rTMS applied
adjuvant to conventional treatments, decrease in
neglect and improved daily living activities have been
determined."®”) Those NIBS modalities, particularly
rTMS, are useful in the treatment of dysphagia
after stroke according to meta-analyses.'®”! There
has also been an increase in studies of the effect of
rTMS on cognitive function disorder in patients with

traumatic brain injuries. However, the number of
studies in this area is limited and a definitive effect
has not been shown.?"

It is thought that rTMS can be effective in spinal
cord injury (SCI) using the corticospinal pathway. The
rITMS studies after SCI have mostly been conducted
on spasticity, pain, and motor recovery. In studies
investigating the role of NIBS in spasticity, no benefit
has been seen on the spasticity occurring after
stroke.?"?2l However, it has been reported that rTMS is
effective in the spasticity seen associated with lesions
at the level of the spinal cord and the brain stem (SCI,
multiple sclerosis).?? In the treatment of resistant
central pain seen after SCI, rTMS has been shown
to have pain-relieving effect in the short term.?+2%
In studies on motor recovery,?*?”! high-frequency
rTMS lead to an increase in lower extremity motor
scores and functional improvements in patients with
incomplete SCI.

NEURONAVIGATION

One of the important points to make the procedure
effective in TMS is the correct localization of the
coil on the target cortex region. Neuronavigation
can be of assistance for the correct application. The
brain coordinates obtained from MRI slices of the
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patient are used in the neuronavigation system. The
coordinates of the coil and the head coordinates
determined using the coil tracer, patient tracer and
optic camera of the infrared position sensor are
transferred to a common three-dimensional reference
system (Figure 6).%% In this way, target stimulation
area of the brain can be monitored on a computer
screen during the application (Figure 7).

SAFETY

From a safety point of view, the peak magnetic
field strength formed with TMS is <2 Tesla. When
it is considered that the MRI devices currently
used have electromagnetic strength of >3 Tesla, the
electromagnetic field that occurs with TMS is at an
acceptable level. Moreover, compared to MRI, the
magnetic field of TMS is more focal and only affects
the targeted brain region. The strength of the magnetic
field created by TMS within the tissue decreases
exponentially with distance from the source. In other
words, tissue at a distance of a few centimeters from the
coilis notaffected by the magnetic field. In experimental
studies, it has been shown that electromagnetic tissue
damage can occur with continuous stimulation at
50 Hz for 7 h. The most feared side-effect of TMS

Figure 6. Neuronavigation system. is the triggering of epileptic seizures. However,
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Figure 7. The co-ordinates of the brain cortex of the patient seen three-dimensionally on the
computer screen with the neuronavigation system.
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studies with large samples have concluded that, in a
population with no risk of epileptic attack, there is
no greater risk than normal of the development of a
new attack.” Other than epilepsy, temporary effects
may be seen such as headache (20 to 25%), neck pain
(10 to 15%), tinnitus, cognitive effects (temporary
concentration and memory disorders), acute mood
changes (irritability), and neurocardiogenic syncope.
According to the international safety guidelines, with
appropriate patient selection and defined treatment
parameters, TMS can be a safe technique.?
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