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Abstract. Transcranial magnetic stimulation (TMS) combined with electroencephalography (EEG) is a powerful
technique for non-invasively studying cortical excitability and connectivity. The combination of TMS and EEG has
widely been used to perform basic research and recently has gained importance in different clinical applications. In this
paper, we will describe the physical and biological principles of TMS—EEG and different applications in basic research
and clinical applications. We will present methods based on independent component analysis (ICA) for studying the
TMS-evoked EEG responses. These methods have the capability to remove and suppress large artifacts, making it
feasible, for instance, to study language areas with TMS—EEG. We will discuss the different applications and limitations
of TMS and TMS-EEG in clinical applications. Potential applications of TMS are presented, for instance in
neurosurgical planning, depression and other neurological disorders. Advantages and disadvantages of TMS—EEG and its
variants such as repetitive TMS (rTMS) are discussed in comparison to other brain stimulation and neuroimaging
techniques. Finally, challenges that researchers face when using this technique will be summarized.

INTRODUCTION

Transcranial magnetic stimulation (TMS) has been used for more than 25 years to non-invasively stimulate the
human brain. TMS is a method for stimulating the brain through the intact scalp with a strong magnetic field in
order to produce neuronal activity [1]. When TMS is combined with electroencephalography (EEG), one can study
cortical excitability and functional connectivity between different areas of the brain [2]. There are different
modalities of TMS: single-pulse TMS, rTMS, paired-pulse TMS, etc. When a TMS pulse is delivered, it does not
only affect the neuronal activity in the stimulated area but activates/modulates also the excitability of interconnected
distant cortical areas [3]. TMS activates neurons in the cortex, rather than deep parts of the corticospinal tract. When
TMS is delivered to the primary motor cortex (M1), cortico-spinal motorneurons are activated inducing muscle
evoked potentials (MEP).

The causality produced by TMS opens up unique possibilities to map the human brain, which can be done at the
system level of sensory, cognitive, and motor brain networks. Therefore, combining TMS with various
neuroimaging techniques allows one to investigate human brain functions. The different neuroimaging techniques
offer complementary information and have different methodological strengths and weaknesses.

In the first part of this paper, we describe the basics of TMS. In the second part, we present the combination of
TMS and neuroimaging techniques; we will focus on TMS combined with EEG. We will discuss some methods to
study TMS-evoked EEG data. Finally, we discuss the potential application of TMS in clinical applications.
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PHYSICAL AND BIOLOGICAL PRINCIPLES OF TMS

The idea of TMS is based on electromagnetic induction, described by Faraday’s law, where an electric current in
a primary circuit (coil) produces a magnetic field B, and the time-varying magnetic field induces an electric field E
and therefore, a current flow (eddy currents) in nearby conductors (brain). The chain of events in TMS is described
in Fig. 1. Consequently, E produces neuronal activation. When B changes slowly or is static, no neuronal excitation
occurs. The strength of B in TMS is of the order of 2 T. The spatial resolution varies from several mm up to
centimeters, depending on the coil, TMS intensity and target area. TMS stimulates superficial areas more strongly
than deep areas. The temporal resolution of TMS is sub-milliseconds, which allows for real-time modulation of the
brain. The electric field strength for brain stimulation should usually be of the order of 30-100 V/m to elicit
significant neuronal activation [4].

Time-varying magnetic field =) Electric field === Neuronal activation

FIGURE 1. Diagram of events during TMS. The time-varying magnetic field B induces an electric field E on the brain. The
electric field produces movement of ions in pyramidal neurons, leading to depolarization of membranes and subsequent neuronal
activation.

The distribution of the electric field induced in the brain depends on the shape of the coil, the location and
orientation of the coil with respect to the tissue and the electrical conductivity of the tissue. At the microscopic level,
TMS forces free charges in intra and extracellular volumes to move by the electric field. The magnetic field B has no
essential direct effect on ions; the effect is produced by the electric field E, which affects the drift on ions and orients
dipoles.

When one stimulus is applied at a time, it refers to single-pulse TMS. The rate of these pulses is lower than 1 Hz.
Most knowledge about the effects of TMS on the human cortex comes from studies performed on the primary motor
cortex. Stimulation of this area evokes activity in muscles on the opposite side of the body, which can be measured
by using electrophysiological methods such as electromyography (EMG). In contrast, stimulation of most other parts
of the cortex (at least with single pulses) has no obvious effects. One exception is the stimulation of visual cortex,
which can elicit phosphenes.

TMS of the motor cortex exhibits two effects that are likely to happen when stimulating other cortical areas. The
size of the response depends, first, on the level of activity in the cortex at the time the stimulus is given and, second,
on the orientation of the TMS coil on the head [5]. The orientation of the coil plays an important role in the response
since neurons on the cortex are oriented either perpendicular or parallel to the surface. Depending on the folding of
the cortex, the neurons have specific orientations with respect to the TMS-induced currents that will favor one or
another population. As a consequence of this fact, the activation of the hand area of the motor cortex occurs at the
lowest threshold when the stimulus induces posterior-to-anterior currents in the brain along a line perpendicular to
the length of the central sulcus.

When a train of pulses is delivered, the TMS technique is called repetitive TMS or rTMS. Low-frequency rTMS
refers to a train of pulses at frequencies of f<1 Hz that tends to have an inhibitory effect, whereas high-frequency
'TMS refers to a train of pulses delivered at frequencies £>5 Hz and usually has been found to have an excitatory
effect [6]. Due to the outlasting effects of rTMS, this technique has generated a lot of interest in studying cognitive
processes and as a potential therapeutic tool for the treatment of conditions such as stroke (motor recovery,
dysphagia, aphasia), Parkinson's disease (bradykinesia, dyskinesia), Alzheimer's disease, schizophrenia, depression,
and pain [6,7].



TMS COMBINED WITH NEUROIMAGING TECHNIQUES

In recent years, the use of TMS combined with a variety of different neuroimaging techniques has greatly
increased. The spatio-temporal responses produced by TMS can be mapped by using different neuroimaging
techniques. TMS has been used with computed tomography (CT) and magnetic resonance imaging (MRI) to relate
its effect to the structural properties of the brain, whereas the hemodynamic responses have been studied with
functional magnetic resonance imaging (fMRI), near infrared spectroscopy (NIRS) and positron emission
tomography (PET); electromagnetic responses have been assessed by using EEG and magnetoencephalography
(MEG), see [8] for a review.

In general, TMS can be combined with other techniques in two ways; online (when TMS is applied while
neuroimaging is being performed) or offline (when TMS is applied before or after neuroimaging). The first approach
allows studying the immediate effects of TMS on neuronal activity, while the second one allows studying the lasting
functional effects of TMS. Undoubtedly, it is more demanding to perform studies online; the degree of difficulty
depends on the neuroimaging technique. So far, major progress has been made in combining TMS with fMRI, NIRS
and EEG. TMS combined with EEG is the only combination that allows getting millisecond time resolution, which
allows one to measure the immediate cortical responses to TMS. TMS with EEG can be combined in both ways, i.e.,
online and offline. However, it is more beneficial to perform studies online.

TMS combined with EEG allows one to non-invasively study functional connectivity, and cortical excitability of
different areas of the brain [9]. The first study on TMS—EEG was reported in 1997 [2]. Nevertheless, to combine
TMS with simultaneous EEG is challenging, the main problem being that the strong magnetic field induces currents
in the electrode leads, which produces saturation of the amplifiers and creates artifacts. This problem can be
addressed by using gain-control and sample-and-hold circuits to block the artifacts induced by TMS in the leads
[10]. Besides that, during the application of the TMS pulse, some current can pass through the electrode—clectrolyte
interface, causing polarization, which produces an EEG baseline shift that can last for hundreds of milliseconds.
Overheating of the electrodes is another problem that may occur, particularly when long trains of pulses are
delivered. Those problems can be effectively solved by using special electrodes, such as small Ag/AgCl electrodes
[10, 11].

Despite the fact that the current TMS—-EEG systems have been technically improved to avoid the problems
previously described, there are still some difficulties in stimulating certain regions of the brain. If TMS is applied
over facial nerves or lateral areas close to cranial muscles, large biological muscle artifacts lasting for tens of
milliseconds are activated, which mask the evoked EEG signals [12].

TMS-EVOKED EEG DATA

TMS evokes different electrical responses according to the stimulation site. Figure 2 shows the averaged
response in a single channel near the stimulation of the left M1. The EEG response to a single TMS pulse is
composed of several deflections, which are named according to their polarity and latency. For example; N15
(negative deflection about 15 ms post-stimulus) is related with the activation of the premotor cortex and N100
(negative deflection about 100 ms) is associated with inhibitory responses. However, those responses vary slightly
between subjects, experimental setup, and stimulation conditions.

Figure 3 shows typical EEG recordings after stimulating the motor cortex (M1), dorsal premotor cortex (dAPMC),
and Broca's area (BA). Those signals correspond to the responses recorded with electrodes near the respective
stimulation sites. When BA and dPMC are stimulated with TMS, the amplitude of the EEG recordings is much
larger than the brain signals. The brain signals represent neurophysiological activity and have amplitude smaller
than £30 pV, see Fig. 2. The amplitude of the artifacts in BA is about 2500 puV. As a consequence, the artifacts that
arise after stimulating lateral brain areas mask the brain signals because they can be orders of magnitude larger than
the brain signals and last for tens of milliseconds [12].
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FIGURE 2. Typical averaged TMS-evoked EEG response from the motor cortex (M1) in a single channel near the
stimulation site. The deflections are named according to their polarities and latencies.
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FIGURE 3. Typical waveforms after stimulating the motor cortex (M1), dorsal premotor cortex (dIPMC), and Broca's
area (BA) in a representative subject. The artifacts in both dPMC, and BA are much larger than the brain signals,
which have amplitudes that are much smaller than the size of the artifacts; see the response of M1.

It is evident when lateral areas are stimulated with TMS, it is not possible to extract useful neurophysiological
information from the recorded responses because of the large artifacts. This makes it impossible to either study the
spread of neuronal activity and connectivity in lateral areas of the brain. Hence, effective methods should be found
to solve this problem.



A good technique to remove the muscle artifacts from the TMS-evoked EEG data is to use methods based on
independent component analysis (ICA). For instance, stimulation of BA evokes strong muscle artifacts that
contaminate the EEG recordings. In fact, the responses recorded by the electrodes are composed of mixed signals,
i.e., brain signals and muscle artifacts. ICA is a powerful method to separate the EEG signals into artifactual and
brain components. ICA has been extensively used in removing artifacts in EEG and MEG recordings [13]. Figure 4
shows the results after removing the artifactual components by ICA. The highest amplitude of the artifacts was 3000
puV while the highest brain signal amplitude was about 25 pV. The artifactual signals presented different deflections,
one of them between 2 and 10 ms and other at about 15-30 ms; with ICA the data was free of artifacts after 60 ms.
For more details of the methods, see [12, 14].
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FIGURE 4. BA data before and after removing the artifactual components with ICA.

CLINICAL APPLICATIONS OF TMS-EEG

It has been a big effort to use TMS in clinical applications. Nevertheless, TMS is under active study in the
treatment of a range of psychiatric and neurological disorders. The mechanisms by which TMS could exert lasting
effects in illnesses subserved by distributed neuronal networks are at present largely unknown. In this section, we
list only some examples where TMS has been used for clinical purposes. Treatment of depression was the first major
therapeutic goal set for TMS. Trains of rTMS at 5-20 Hz are usually delivered to the dorsolateral prefrontal cortex
(DLPFC) to treat depression and the use of TMS for treating depression was approved by the Food and Drug
Administration (FDA) in 2008 [15,16]. In addition, there is new evidence that stimulation of other areas such as
dorsomedial prefrontal cortex (DMPFC), frontopolar cortex (FPC), ventromedial prefrontal cortex (VMPFC), and
ventrolateral prefrontal cortex (VLPFC) may improve the treatment of depression [17]. However, much more
research is needed, particularly with issues such as the TMS coil location, stimulation intensity and frequency, and
dosing strategy.

One of the earliest and most successful applications of inhibitory, low-frequency rTMS was to treat
schizophrenia-related auditory hallucinations. Functional neuroimaging shows activity in the temporal cortex during
auditory hallucinations, providing an accessible target and a compelling physiological rationale for a treatment
producing local neural depression [18]. It has been shown that rTMS at 1 Hz targeted to the left temporoparietal area
suppressed auditory hallucinations [19]. Similarly to schizophrenic auditory hallucinations, tinnitus is associated
with activity in temporoparietal cortex in functional imaging studies, providing a similar target and rationale for
intervention [18].

In the case of Parkinson disease (PD), neurophysiological models indicate decreased excitatory drive on the
motor cortex from the basal ganglia, via thalamic relays. Consequently, this has led to the rationale for directing
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high-frequency rTMS to the motor cortex in PD patients [18]. It is important to keep in mind that even though TMS
is a promising tool for therapeutic purposes, there are many scientific gaps that restrict its use in clinical
applications, therefore more studies should be carried out.

CONCLUSIONS

In the last 28 years, during which TMS has been available, the number of studies on basic research and clinical
applications has increased considerably. TMS has been used to study basic neuroscience, obtain diagnostic
information, perform presurgical evaluation, treat different disorders of the brain, and map the brain. Nevertheless,
there are many open questions basically when TMS is used in clinical studies. TMS combined with EEG represents
a powerful technique for directly and non-invasively assessing cortical excitability and connectivity in humans. In
this paper, we have described different studies where TMS—EEG has been used in basic research and clinical
conditions. Nevertheless, more studies with TMS—EEG should be carried out to explain functional and effective
connectivity, to describe the state of the cortex, and map the brain. In addition, methods for analyzing TMS-evoked
EEG data and source analysis should be implemented. The knowledge generated from basic research will help to
apply TMS in clinical applications (Fig. 5).

Clinical applications

Basic research

FIGURE 5. Diagram that shows the relation between basic research and clinical application of TMS-EEG.
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