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History and basic principles of transcranial magnetic stimulation
Luis Lopez Chau* 22b; Michael Kabar *<
ABSTRACT

Transcranial magnetic stimulation (TMS) is a noninvasive technique that uses magnetic fields to stimulate neurons in the
cerebral cortex.

While electricity has previously been intended to be used in the medical field, the history of TMS dates back to the discovery
of electromagnetic induction by Faraday in the 19th century. However, it was not until the 1980s when Anthony Barker
developed the first TMS device at the University of Sheffield.

TMS works by means of a coil placed against the scalp, thereby producing a magnetic field. This magnetic field can pass
through the skull and stimulate cortical neurons. The intensity and frequency of the magnetic field can be adjusted to target
specific areas of the brain and produce excitatory and inhibitory effects.

The principles of TMS are based on the concept of neuroplasticity, which refers to the brain’s ability to change and adapt
in response to new experiences and stimuli. By stimulating neurons in the brain with TMS, it is possible to cause changes in
neuronal activity and connectivity, which in turn can lead to cognitive and mood changes.
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Historia y principios basicos de la estimulacion magnética transcraneal
RESUMEN

La estimulacion magnética transcraneal (EMT) es una técnica no invasiva que consiste en la utilizacion de campos
magnéticos para estimular a las neuronas de la corteza cerebral.

Si bien la electricidad se ha pretendido emplear previamente en el campo de la medicina, la historia de la EMT se remonta
al descubrimiento de la induccion electromagnética, por Faraday, en el siglo XIX. Sin embargo, no fue hasta la década de
1980 cuando Anthony Barker, en la Universidad de Sheffield, desarrollo el primer dispositivo de EMT.

La EMT funciona mediante una bobina colocada en el cuero cabelludo, la cual produce un campo magnético que puede
atravesar el craneo y estimular las neuronas corticales. La intensidad y la frecuencia del campo magnético pueden
ajustarse para dirigirse a zonas especificas del cerebro y producir efectos excitatorios e inhibitorios.

Los principios de la EMT se basan en el concepto de neuroplasticidad, que se refiere a la capacidad del cerebro para
cambiar y adaptarse en respuesta a nuevas experiencias y estimulos. Al estimular las neuronas del cerebro con la EMT, es
posible inducir cambios en la actividad neuronal y la conectividad, lo que a su vez puede provocar cambios cognitivos y
en el estado de animo.
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1 Instituto de Neuroestimulacion de Lima (Lima Neurostimulation Institute). Lima, Peru.
2 Universidad de San Martin de Porres, School of Human Medicine. Lima, Peru.

a Doctor of Medicine.

b Master in Neuroscience and Mental Health.

c Doctor of Medicine, psychiatrist.

*Corresponding author.

Horiz Med (Lima) 2023; 23(3): e2237



INTRODUCTION

Transcranial magnetic stimulation (TMS) is a noninvasive
brain stimulation technique that uses alternating magnetic
fields to produce electric pulses capable of stimulating or
inhibiting cortical activity. These stimuli can be recorded
by electromyography and/or electroencephalography to
evidence their physiological activity ™.

Though noninvasive brain stimulation is a relatively new
medical procedure, the concept of using a magnetic field
or a power supply to stimulate the brain with medical
purposes has a long history. The oldest ways of electrical
stimulation are very different from modern noninvasive
brain stimulation @. Electrical stimulation was first
mentioned in medical practice in 46 AD, when Scribonius
Largus, a physician at the court of Emperor Claudius,
described that the electric eel (Electrophorus electricus)
(Figure 1A) was used to relieve pain caused by gout ©).

In the 17th century, Englishman William Gilbert coined the
term “electricity” aimed to explain the attractive property
of amber stone. In 1743, German physician Johann
Gottlob Kriiger told his students, “All things must have a
usefulness... Since electricity must have a usefulness, and
we have seen that it cannot be looked for either in theology
or in jurisprudence, there is obviously nothing left but
medicine.” ¥

At the end of the 18th century, at the University of Bologna
in Italy, Luigi Galvani described that electrical stimulation
caused twitching of muscles from a frog’s leg. Later,
Alessandro Volta demonstrated that this effect (referred
to as “galvanic”) did not require direct contact with the
animal specimen ¢:9,

This historical review is aimed to go over the TMS biophysical
principles and to mention some proven clinical applications
to date and others that are still under research. For this
purpose, we conducted a literature search for publications
in English from the beginning of the 20th century until
present.
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The science of transcranial magnetic stimulation

In 1820, Danish physicist Hans Christian Oersted empirically
demonstrated the relationship between electricity and
magnetism . Later, in 1831, Michael Faraday first
described the relationship between a the magnetic field
and electricity. According to Faraday, an electric current
may be induced in a circuit by changing the magnetic
field, e.g., brief current pulses in the primary circuit or
moving it relative to the secondary one. Faraday could
observe that this effect was caused by the magnetic flux
created by an alternating circuit and that these changes
in the magnetic flux induced an electric field ®. This is
called “electromotive force,” which is responsible for the
current flow induced by an electromagnetic field. The
magnitude of this effect may be mathematically quantified
and expressed by the Faraday’s law formula, which states
that “the magnitude of the electromotive force in a circuit
is directly proportional to the rate of transient variation of
magnetic flux passing through any surface at the rim of the
circuit.” @

Some years later, Nikola Tesla researched the physiological
changes produced by high-frequency current flows using
big coils, which produced air ionization between them
and were described by the patients between the coils as a
“bombardment of miniature hail stones.” (1%

Jacques-Arsene d'Arsonval, in 1896, was the first to
develop a device similar to a modern magnetic stimulator.
It consisted of a very big coil that generated 110 volts at
42 Hz and 30 amperes, which was applied to human beings
in different experiments. The physiological responses and
sensations reported by d'Arsonval were diverse, including
vasodilation, vertigo and the presence of phosphenes.
Phosphenes (perception of flashes of light without stimuli)
are produced by modern TMS devices when the occipital
visual cortex is stimulated. It is possible that the area
had been stimulated during d'Arsonval’s experiments but,
based on the technological capability of that time, it seems
more likely that they were the result of direct retinal
stimulation ©).
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Figure 1. History and principles of TMS. (A) South American electric eel, an electric fish that can be up to 2 m long, which uses electricity
in different ways: low voltages (Sach’s organ) as a sensorial organ for its environment and high voltages to detect a prey and stun it; it can
also generate electricity from about 10 V at 25 Hz up to 480 V and several hundred Hz. (B) English physicist Anthony Barker with his first
TMS device, with which he produced contractions of hand muscles by stimulating the motor cortex. (C) Transcranial magnetic stimulator
with a double-cone coil placed on the right dorsolateral prefrontal cortex of a patient with treatment-resistant major depression, one
of the indications approved by the Food and Drug Administration (FDA). (D) Neurosoft DCC-02-125 double-cone coil, 125 mm, with liquid
cooling system. (E) Neurosoft FEC-03-100 figure-of-eight coil, 100 mm, with liquid cooling system. (F) Tower with Neurosoft Neuro-MSX
neurostimulation biphasic device with liquid cooling system and double power supply capable of producing stimulation frequencies of
up to 100 Hz and up to 2,000 Hz in theta waves. (G) TMS coil placed on the scalp covering specific cortical localizations where we want
to induce a current moving from the posterior to anterior direction, perpendicular to descending pyramidal neurons and parallel to

interneurons which modulate pyramidal cell activation.

Some years later, in 1902, a device designed and patented
by Beer (" in Vienna to treat depression and other neuroses
was used by Thompson 2 thereby producing sight and
taste sensations. Magnusson and Stevens, using two elliptic
coils, produced visual flickering and luminous horizontal
bars . The interest in this area decreased during the first
half of the 20th century because of the use of other tools
to study and stimulate the central nervous system as a
potential treatment for psychiatric diseases.

A new attempt to directly stimulate the brain activity
was carried out in the 1950s. Direct electrical stimulation
through the scalp was applied in awake human subjects.
However, its use was limited due to the high degree of
discomfort of the procedure (. Different types of low-
intensity electrical stimulation were used during these
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years, but with limited knowledge about the effects of
these forms of stimulation on the brain tissue. At the
beginning of the 1980s, it was demonstrated that a brief
high-voltage electric pulse applied on the scalp could
noninvasively stimulate the motor cortex. Nevertheless,
this procedure was painful and therefore, it had little
practical usefulness (3.

Modern magnetic stimulation

In 1985, Anthony Barker (Sheffield, England) (Figure 1B)
developed a device that could generate a sufficiently
powerful magnetic field to stimulate the cortical activity in
the human brain through the scalp. This was the beginning
of modern application of TMS (. This stimulator drew
the attention of neurophysiologists and neurologists since



the device allowed studying nerve conduction from the
pyramidal neurons in the cortex to the periphery. A very
important breakthrough in TMS was the development
of stimulators capable of emitting repetitive pulses at
frequencies of 1 Hz or greater. Subsequent studies soon
demonstrated that repetitive stimulation with such pulses
could potentially modulate the excitability of the cortex,
either increasing or reducing the cortical activity. As
expected, this drew more interest because of the potential
therapeutic use of these devices.

The first therapeutic application of these stimulators was
for the modulation of mood in patients with depressive
disorders. Studies among healthy subjects demonstrated
that mood might be positively changed; also, preliminary
clinical studies among patients with depression showed
encouraging results in the mid-1990s (7. Since then,
randomized clinical trials have researched the use of
TMS in a variety of neuropsychiatric disorders, thereby
underpinning the science used to develop research
protocols.

Basic principles

TMS is based on Michael Faraday’s law of magnetic
induction, which demonstrates that current can be induced
in another circuit when it is brought near a circuit in which
a time-varying current is flowing. This change in the initial
electric current produces a magnetic field that induces a
secondary current in the adjacent conducting material ('®.

An electric charge of very high intensity (several thousand
amperes) is stored in capacitors in the TMS device and
discharged rapidly so that current flows through the
stimulator coil and is switched on at high speed (100
microseconds). This process of charge and discharge of
capacitors is controlled by a thyristor-type semiconductor
that can manage high amounts of voltage as well as current.
This varying electric field produces a significant magnetic
field (of approximately 2 tesla) capable of inducing an
electric field in the superficial layers of the cerebral
cortex (Figure 1C). If this electric field is of sufficient
strength, it can cause depolarization of pyramidal neurons;
therefore, it directly or indirectly activates dendrites and
interneurons ©.

This process occurs efficiently because there is no effective
resistance to the passage of the magnetic field from the
scalp to skull. Thus, TMS works as a way of inducing electric
current in the brain without requiring direct stimulation to
the scalp. However, the distance between the stimulation
coil and brain tissue involves a rapid decrease in the
strength of the magnetic field based on the distance ).

The stimulator circuitry determines the type of pulse
emitted by the TMS device. The biphasic type is sinusoidal,
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of shorter duration and can produce TMS at high frequencies
for therapeutic use. The monophasic type has a rapid rise
followed by a slow decay back to the baseline and has been
typically used in research. Monophasic and biphasic pulses
may have different effects on neuronal activity and cannot
be used indiscriminately and interchangeably ?9.

There is a variety of coils used for TMS (Figure 1D). Initially,
circular coils were used, and the windings of the coils were
concentrated in a band on the outside of a circle, usually
between 7 and 10 cm in diameter. This type of coil had
reduced stimulation focus as the peak stimulation area
was under the ring. One of the most frequently used types
of coils—both in research and as therapeutic tools—is the
“figure-of-eight” coil” @, It consists of two circular coils
that are arranged in parallel (Figure 1E). This produces
a better stimulation focus, where the central point of
stimulation is located under the joint of both circular coils.
Figure-of-eight coils produce an area of cortical activation
of approximately 2-3 cm? and a depth of about 2 cm.
These coils are held over the cortex at 45 degrees from
the midline and perpendicular to the central sulcus. This
induces a current in the posterior to the anterior direction
that is perpendicular to the descending pyramidal neurons
and parallel to interneurons that regulate pyramidal cell
activation @?. Figure-of-eight coils may be made with an
air core (space between the windings of the coil) or with
an iron core, and they have the advantage of requiring
less power to produce more potent magnetic fields and
generating less heat. Heat generation may be managed
with cooling systems using air or liquid to dissipate the heat
generated inside the coils (Figure 1F).

In addition, there are novel coils where figure-of-eight
coils may be angled (double-cone coils) in order to
stimulate deeper brain areas ®). As example we can
mention H-coils, consisting of multiple coil windings to
generate stimulation areas at a depth of up to 6 cm below
the cerebral cortex @9, Manufacturers are still developing
devices for different coils; hence, new options are very
likely to be available in the next few years.

Repetitive transcranial magnetic stimulation

TMS devices were initially developed to evoke transient
cortical activity through the emission of a single pulse.
Nevertheless, technological development allowed
generating repetitive pulses, usually between 1 and 20 Hz.
Repetitive TMS (rTMS) has enabled noninvasive stimulation
aimed to modulate the brain activity. Most of the devices
could achieve higher frequencies of stimulation by using
bipolar stimulus pulses which, in contrast to unipolar
stimulating devices used at present, were shorter in duration
and required less energy to produce neuronal excitability.
Thus, capacitors can charge and discharge rapidly, which
allows higher stimulation rates @ (Figure 1G).
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Repetitive stimulation may either activate orinhibit cortical
activity, depending on the stimulation frequency. Low-
frequency (-1 Hz) stimulation for 15 minutes may induce
a transient inhibition or reduce cortical activity ?. The
mechanisms of such inhibition are still unclear, although
they are similar to long-term depression (LTD), in which low-
frequency stimulation reduces synaptic activity in cellular
experiments. In contrast, stimulation at frequencies
over 1 Hz increases cortical activation, analogous to the
process of long-term potentiation (LTP) @), This may be
due to a transient increase in the efficacy of excitatory
synapses. The improvement of neuronal plasticity may also
be a mechanism by which rTMS changes the brain activity.
Cortical plasticity involves adaptative neo-synapse as
a response to environmental inputs. Synaptic plasticity
has been conceptualized as the cellular mechanism of
learning and memory. According to Hebb, this plasticity is
represented by changes in the synaptic strength in response
to the coordinated activation of cells, which manifest as
LTD and LTP @), LTP depends, in part, upon the activation
of double-gated N-methyl-D-aspartic acid (NMDA) receptor
that operates as a molecular “coincidence” detector.
These calcium-permeable glutamate receptors are able to
contribute to the long-term augmentation of post-synaptic
signal once activated by an input sufficient to depolarize
the membrane and relieve magnesium (Mg2+)-dependent
inhibition. rTMS may cause cortical neurons to generate a
constant and repeated activation of coactive cells, thereby
producing plasticity in the cortex 829,

Currently, TMS is approved by the FDA for the treatment
of refractory depression and obsessive-compulsive
disorder ©0. Different stimulation paradigms are studied
with encouraging results for the management of pain,
tinnitus, movement disorders, post-stroke rehabilitation,
schizophrenia, addictions, autism spectrum disorder,
epilepsy, multiple sclerosis, Parkinson’s disease,
Alzheimer’s disease and others ©':32),

CONCLUSIONS

We still lack knowledge about how these concepts
underpin the effects of TMS when applied to cortical
circuits, especially when used to treat pathologies such
as depression. Its therapeutic effects may be related
to local changes in cortical excitability resulting from
changes in the capacity of the stimulated brain region
(e.g., the dorsolateral prefrontal cortex) to regulate other
disease-related brain regions, or changes in the strength
of connections between important brain regions driven by
repeated stimulation, or changes in the activity of distal
brain regions altered through transsynaptic activation.
Furthermore, as these mechanisms play a role, they
may be specific for each disease or type of stimulation.
Therefore, the rTMS mechanism may be different in diverse
pathologies.
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Despite all these still unanswered questions, rTMS has
become a valuable tool to research the role of cortical
areas in the brain function as well as a safe and effective
therapeutic tool. Its use will continue to expand with
the progress of clinical applications of rTMS and the
development of new experimental methods allowing to
combine it with others that assess the brain activity, such
as functional magnetic imaging or electroencephalography
in real time.
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