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After its introduction by the seminal works of Cracco et al.
(1989) and Ilmoniemi et al. (1997), recording of TMS evoked brain
responses by EEG is increasingly gaining consideration as a power-
ful tool to investigate key physiological aspects of neuronal activity
in the human cortex.

While, in the past, this technique was extremely challenging
and its use was constrained to a few experimental laboratories,
the advent of novel advanced amplifiers with high sampling rates
and the development of TMS-compatible EEG electrodes that min-
imized the TMS-induced artifacts has made the spread of this fas-
cinating method possible for studying brain activity at numerous
clinical research centers around the world.

In this issue of Clinical Neurophysiology, a panel of experts in the
use of TMS-EEG provide an extensive overview on the recent
advances, highlighting the clinical utility of TMS-EEG (Tremblay
et al,, 2019). In particular, TMS-EEG is viewed as a reliable method
for studying neurophysiological markers of healthy brain function,
and the potential diagnostic and prognostic utility in clinical pop-
ulations is discussed.

TMS-EEG provides a unique opportunity to evaluate at the same
time various neurophysiological processes, including cortical reac-
tivity, local excitation and inhibition, oscillatory activity, effective
connectivity and neural plasticity.

One of the main advantages of using TMS-EEG in clinical popu-
lations is the possibility to assess simultaneously different neuro-
physiological properties of the cortical area examined. For
instance, the TMS-evoked potential (TEP), is a complex waveform
time-locked to the TMS pulse that can be recorded starting from
a few milliseconds after stimulation, and characterized by several
peaks lasting up to 200 ms. TEPs waveforms are different when
evoked over different areas, such as the primary motor cortex,
the dorsolateral prefrontal cortex or the posterior parietal cortex,
thus providing specific information on local neural activity. At
the same time, TMS-induced effects may be evaluated on cortical
oscillations, assessing ongoing changes of brain rhythms (Thut
and Miniussi, 2009), likely involving synchronous thalamocortical
circuits activated by TMS. In addition, the TMS pulse can probe
the propagation of the cortical signal in time and space across
interconnected brain regions (Bergmann et al., 2016). This permits
investigation of brain networks involved in different cognitive pro-
cesses and brain states, as well as the reorganization of networks in
clinical populations. Indeed, when paired-pulse TMS is applied
over non-motor areas, such as the dorsolateral prefrontal cortex,
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it is also possible to assess the integrity of local intracortical cir-
cuits, likely involving GABAergic activity (Farzan et al., 2010).
Finally, it is possible to investigate plasticity within specific cortical
circuits, for instance by applying repeatedly magnetic stimuli over
two interconnected regions and measuring the after-effects of this
paired associative stimulation (Koch et al., 2013; Casula et al,,
2016).

Clearly, from the clinical point of view, such abundance of infor-
mation can help to characterize the functional abnormalities of
certain brain areas in a given pathology. Therefore, TMS-EEG can
become useful for differential diagnosis, to predict the outcome
and the progression of a particular disease and, eventually, to ver-
ify the response to drug treatment, or to neuromodulation
protocols.

As a consequence, TMS-EEG has been recently tested in a wide
spectrum of psychiatric and neurological disorders, including
schizophrenia, major depression, bipolar disorder, addiction, aut-
ism, dementia, stroke, epilepsy, and disorders of consciousness
(Tremblay et al., 2019).

For instance, in mood disorders, TMS-EEG neurophysiological
measures have been used to predict remission following therapy
(Sun et al., 2016) and to monitor the effects of non-pharmacologi-
cal therapies such as ECT (Casarotto et al., 2013) and repetitive
TMS (Pellicciari et al., 2017).

In patients with stroke, TMS-EEG has been put forward as a
novel biomarker of response to therapy (Koch et al., 2018) and as
a novel neurophysiological index of cortical reorganization after
stroke (Pellicciari et al., 2018). Similarly, TMS-EEG has been iden-
tified as a reliable neurobiological marker in patients with disor-
ders of consciousness (Casarotto et al., 2016). These are just a
few examples of the growing interest in TMS-EEG in clinical
practice.

Despite this general enthusiasm, there are still several question
marks that remain without a clear answer. Although artifact cor-
rection has been implemented, there is still uncertainty on the
actual physiological value of the early components of TEP. More-
over, there are relevant confounding factors due to the fact that
each TMS pulse produces a loud clicking noise (100-120 dB) that
generates an auditory-evoked potential, potentially contaminating
the underlying TMS-evoked activity. In addition, the TMS pulse can
induce unwanted somatosensory-evoked potentials (Conde et al.,
2018) that could contribute to the signal. Post-processing of the
EEG signal is also an important step in the data analysis that is
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potentially biased by the lack of a gold standard approach. Artifacts
can be removed using the application of blind source separation
tools, such as independent component analysis (ICA) or principal
components analysis (PCA). Open-source analysis approaches for
TMS-EEG processing have been recently developed in the attempt
to standardize TMS-EEG analysis procedures, but still need to be
implemented and validated (Rogasch et al., 2017). Ultimately, in
the near future TMS-EEG measurements would need to be vali-
dated across different centers in order to define the clinical reliabil-
ity of these novel TMS-EEG neurophysiological markers of brain
dysfunction.

The great gold rush has started, but we are just at the beginning
of the TMS-EEG era in clinical practice.
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