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1. Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation technique that
allows for in vivo examination of cortical processes. In 1985, Barker et al. introduced TMS as
a tool for investigating the functional state of the motor pathways in patients with
neurological disorders as well as in healthy human subjects (Barker et al., 1985). It was
shown that a single TMS pulse applied to the motor cortex could activate cortical tissues
associated with the hand or leg muscles and this activation could elicit a motor evoked
potential (MEP) at the periphery captured through electromyography (EMG) recordings.
The amplitude, area, latency and duration of this TMS induced MEP could then be used to
investigate the integrity of the corticospinal pathways and the activation threshold of
human motor cortex. Since this discovery, the combination of single and multi-pulse TMS
with peripheral EMG recordings has allowed for examining various other processes in the
human motor cortex such as excitability, plasticity, cortico-cortical connectivity, as well as
the interaction between excitatory and inhibitory cortical processes. The integration of EMG
with TMS has, therefore, offered a valuable tool for assessment of pathological processes
that underlie neurological and psychiatric disorders such as Parkinson’s disease, dystonia,
stroke, Alzheimer’s disease, schizophrenia, and depression.

The combination of paired pulse TMS with EMG recordings, for example, permits altering
the excitability of the motor cortex and observing the effect of this alteration on subsequent
stimulation. In paired pulse TMS, the first TMS pulse (conditioning stimulus) inhibits or
facilitates the MEP response to the second TMS pulse (test stimulus). The nature and the
strength of this modulatory effect depend on the intensity of the conditioning stimulus and
the latency (i.e. interstimulus interval (ISI)) at which it is delivered with respect to the test
stimulus. It has been demonstrated that the TMS induced modulation of MEPs are
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selectivity impaired in several neurological conditions (e.g. schizophrenia, Alzheimer’s
disease) when compared to the measures obtained in the age- and sex-matched healthy
subjects. In this regard, the TMS induced MEP modulation has been associated with the
activation and interaction between specific inhibitory and excitatory mechanisms at the
cortical level, which provides insight on the specific cortical processes that may underlie the
neuropsychopathology of such disorders. However, evidence for the cortical origin of MEP
modulation is relatively scarce and has often been collected from rather invasive procedures
such as epidural recordings in patients with implanted electrodes and by demonstrating
that MEP modulation is not due to the refractoriness of the corticospinal tract.

In recent years, it has become possible to combine TMS-EMG with simultaneous
electroencephalography (EEG) recordings. The combination of TMS with EEG, however, has
not been easy. Simultaneous EEG recording during TMS stimulation was previously
unattainable because of the technological shortcomings of EEG amplifiers that would
saturate for a long duration due to the large artifact produced by the magnetic stimulation.
For example, application of a single TMS pulse would result in artifact lasting for several
seconds after the pulse. Such long lasting artifact blocked the window of time during which
neurophysiological processes such as cortical inhibition occur. Through advances in EEG
amplifier technology, researchers have conducted series of studies to examine TMS
paradigms in the motor cortex through simultaneous EEG and EMG recordings and in non-
motor regions of the cortex through EEG recordings.

The integration of EEG recordings with TMS-EMG will generate important
neurophysiological leads in both the healthy and diseased states. First, it allows for non-
invasive examination of the origin and the mechanisms through which MEPs are
modulated. For example, using the TMS-EEG technology we have recently examined the
EEG substrate of the MEP modulation induced by the paired pulse paradigm long interval
cortical inhibition (LICI). In LICI, a conditioning stimulus precedes the test stimulus by 100
ms and suppresses the amplitude of the MEP response to the test stimulus by about 50%
(Daskalakis et al., 2002a; Valls-Sole et al., 1992), a processes which is thought to be mediated
by the activity of cortical GABAergic inhibitory interneurons and more specifically the
activation of GABAg receptors (McDonnell et al., 2006; Sanger et al., 2001). Through
concurrently recording MEP and EEG responses, we were able to show that the LICI
induced suppression of MEPs at the periphery is positively correlated with the suppression
of cortical evoked potentials at the site of TMS stimulation, therefore, providing further
evidence for the cortical origin of the MEP modulation in the LICI paradigm (Daskalakis et
al., 2008).

A second advantage of online EEG recording is the possibility to evaluate the effects of
electromagnetic induction on cortical oscillatory activity in order to identify the cortical
oscillations that more closely underlie the TMS induced MEP generation and modulation.
Indeed, we have recently demonstrated that following LICI application to the motor cortex,
cortical oscillations in the frequency range of 1 Hz to 30 Hz are significantly suppressed,
while higher frequencies (e.g. gamma oscillations (30-50 Hz)) are not affected (Farzan et al.,
2009). Identifying the cortical oscillatory activities that underlie TMS induced MEP
modulation may provide further insight into the neurophysiology of the human motor
cortex and would be valuable in improving the diagnostic and therapeutic strategies in
several neuropsychiatric disorders.

Furthermore, a major advantage of combined TMS-EMG and EEG is the possibility to
evaluate the cortico-cortical connectivity between motor cortices. Functional connectivity
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between cortical regions (e.g. left and right motor cortices) can be more easily probed
through measuring the propagation of TMS induced cortical responses across cortical
mantles, as opposed to evaluating the modulation of the peripheral activity. In this regard,
we have recently demonstrated that by monitoring the propagation of TMS induced cortical
evoked potentials from the site of stimulation to the contralateral motor area, it may be
possible to evaluate the extent of cross talk between the left and right motor areas in healthy
subjects at rest (Voineskos et al., 2010). The propagation of TMS induced cortical activity can
be also investigated during various motor tasks. Such cortical indices would be of great
value in several clinical populations, first for understanding the underlying pathology, for
example by comparing the topographical map of signal propagation in stroke patients
compared to healthy subjects, and second for optimizing more individually tailored
treatment approaches.

One of the most important features of the TMS-EEG combination, however, is the ability to
study the neurophysiology of non-motor regions of the cortex where a peripheral response
may not be available. For example, examining the modulatory effect of LICI in the
prefrontal cortex would enhance our understanding of the inhibitory mechanisms in a
cortical area that is more closely associated with the pathophysiology of psychiatric
disorders such as schizophrenia and depression. Indeed, using TMS-EEG technology, we
have been able to demonstrate selective differences between the modulations of gamma
oscillations in the dorsolateral prefrontal (DLPFC) of patients with schizophrenia in
comparison to both healthy subjects and patients with bipolar disorder (Farzan et al., 2010a).
This is while no deficits were observed in the MEP modulation or modulation of the cortical
oscillations in the motor cortex. Therefore, TMS-EEG-EMG combination offers the
possibility to monitor subtle changes in the non-motor regions of the cortex which
previously were not available through examinations of the peripheral responses.

In this chapter, we provide a brief overview of the past, present and the future status of the
TMS-EMG-EEG research. First, we provide a description of the working principle of TMS.
We proceed by introducing commonly used TMS-EMG paradigms while providing
evidence for the cortical mechanisms that are thought to be involved in the generation and
modulation of the TMS evoked MEPs in each TMS paradigm. Then, the way in which TMS-
EMG and EEG can be integrated are described along with examples of recent findings which
illustrate the validity, reliability and thus the power of combined measurements. Finally, we
highlight the application of these techniques in healthy and diseased states, and conclude by
briefly discussing the future directions for the TMS-EMG-EEG research.

2. Examining motor pathways through cortical stimulation

2.1 In vitro and animal studies

In vivo examination of the mammalian motor pathways can be traced back to electrical
stimulation of the motor cortex of cats under anesthesia (Adrian & Moruzzi, 1939). In these
studies, electric shocks were delivered to an exposed area of the cat motor cortex and the
potential changes in the pyramidal tracts were recorded through thin wire electrodes
inserted into the dorsal surface of the medulla (Adrian & Moruzzi, 1939). Such direct
recordings from the pyramidal tracts demonstrated that the stimulation of the motor area
results in an excitatory response followed by a period of complete inactivity of the
pyramidal tract (Adrian & Moruzzi, 1939). In subsequent experiments, it was further shown
that the excitatory response lasted up to 20 ms which was succeeded by a silent period that
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would last about 200 ms (Krnjevic et al.,, 1964). It was also shown that the repetitive
application of electrical stimulation with a frequency of 5 to 10 pulses per second (i.e. 5-10
Hz) would prolong the duration of the inhibitory period (Adrian & Moruzzi, 1939), while at
higher stimulation frequencies (e.g. 20-50 Hz) convulsive firing would be generated
followed by even a longer period of inhibition. This long lasting inhibitory phase, which
was unlikely to be a result of the refractory period that lasts only about 4 ms, was associated
with activation of cortical GABAergic inhibitory interneurons (Krnjevic et al.,, 1964).
Similarly, later in vitro stimulation of human neocortical slices demonstrated similar
findings (McCormick, 1989). In this regard, the intracellular recordings from the human
temporal lobe slices showed three distinct response phases: an initial fast excitatory post
synaptic potential (EPSP) followed by a fast inhibitory post synaptic potential (IPSP) and
finally a slow IPSP (McCormick, 1989). It has been suggested that glutamate may underlie
the initial EPSP and pharmacological assessments have associated the fast inhibitory
response with activation of GABA, receptors and the second slow acting response with
activation of GABAg receptors (McCormick, 1989).

2.2 Cortical stimulation in humans

Transcranial electrical stimulation (TES) can be regarded as the first technique that
permitted the focal stimulation of the human motor cortex by the placement of external
electrodes on the scalp (Merton & Morton, 1980). In TES, the electrical stimulation is
delivered through a set of two electrodes, one positioned over the motor cortex, and the
other 4 cm anterior to the first electrode. Merton and Morton demonstrated that TES applied
to the motor cortex through these electrodes could generate a MEP at the periphery that
could be captured through EMG recordings. It has been suggested that the activation of
cortex through TES is similar to the direct electrical stimulation of the exposed motor cortex
of non-human primates (for a review see (Day et al., 1989)). However, TES is a painful
procedure, owing to the dissipation of a significant amount of current over the skin before it
reaches the brain tissue. For example, to evoke a peripheral response a capacitor that is
charged up to 2000 V has to be discharged within a very short time of about 10 ps. As such,
TES is mostly used to examine motor pathways in patients with spinal cord injuries and it is
often administered during anesthesia. Since the introduction of TMS in 1985, it has now
become possible to non-invasively examine the excitability of the motor pathways in awake
healthy humans.

2.2.1 Working principles of TMS

Activation of neurons through TMS technique is based on the Faraday’s law of induction of
electric current via a time-varying magnetic field (Hallett, 2000). In TMS, a magnetic coil is
placed tangential to the subject’s scalp over the motor area, and intense time-varying current
pulses of about 8 kA run though the coil. The time-varying current in the coil induces a
time-varying magnetic field perpendicular to the plane of the coil, and hence the surface of
brain tissue, which in turn induces an electric field parallel to the plane of the coil in the
brain tissue. The duration of a single pulse TMS is typically within a range of 200 to 600 ps.
Unlike TES, the induced magnetic field passes through skin, scalp and skull unimpeded,
and as such, TMS is less painful than TES. The maximum magnetic field induced by a
magnetic stimulator is about 2.5 Tesla which can induce electric field and tissue current of
magnitude 500 volt/m and 15 mA/cm?, respectively. Furthermore, the strength of the

www.intechopen.com



Combination of Transcranial Magnetic Stimulation with Electromyography and
Electroencephalography: Application in Diagnosis of Neuropsychiatric Disorders 345

induced magnetic field falls exponentially with increasing distance from the surface. Thus,
TMS activates the brain tissue in the outer most 2-2.5 cm.

Due to the horizontal orientation of TMS induced current in the cortex, TMS activates
horizontally-oriented interneurons with a higher probability compared to the vertically-
oriented pyramidal neurons. Therefore, focal TMS activates pyramidal neurons
transynaptically, rather than at the axon of pyramidal tract neurons (Rothwell, 1997). For
example, when the handle of the magnetic coil is pointed backward, approximately 45° to
the mid-sagittal line, the induced current in the brain is perpendicular to the presumed
direction of the central sulcus (Day et al.,, 1989). The indirect activation of pyramidal
neurons by TMS is supported by epidural recordings of descending volleys following
application of TMS and TES in patients who have spinal stimulators implanted in the
epidural space. The results of epidural recordings have demonstrated that TES produces an
early descending volley (referred to as direct wave or D-wave) which at a high intensity of
stimulation is followed by indirect multiple waves (I-waves) that peak with a delay period
of 1.5 ms from one another. By contrast, focal monophasic TMS results primarily in I-waves,
and the number of these I-waves and their amplitude increase with the intensity of
stimulation. It is reported that TMS may also generate a D-wave at very high intensities (Di
Lazzaro et al., 1999b). D-wave and I-waves were originally observed following electrical
stimulation of pyramidal tracts of cats. I-waves have been associated with the synaptic
activation of pyramidal neurons through excitatory interneurons while D-waves are
associated with a direct activation at the axon of pyramidal neurons (reviewed in (Ziemann
& Rothwell, 2000)).

2.2.2 Factors affecting the TMS induced current

Several factors affect the depth and pattern of tissue activation and shape of the TMS
induced MEP at the periphery. The geometry of the coil (e.g. circular, figure-8, double-
cone, H-coil), the shape of the magnetic pulse generated by the coil (e.g. monophasic or
biphasic pulse), and the type of material used to construct the core (e.g. solid-core or air-
core) affect the characteristics of the induced current. In regards to the coil geometry, a
figure-of-8 coil has a greater focality than a circular coil while the newer generations of
deep coils, such as H-coil, have the greatest depth of stimulation. The shape of the
induced current also varies between each coil type. For example, the induced electrical
field is maximal under the rim of the circular coil, and the strength reduces in the centre,
while in the figure-eight coil, the maximum field is in the centre of the coil at the junction
of the two circular wings. In addition, biphasic TMS pulses are suggested to be more
powerful than monophasic pulses and they generate a more complex pattern of neural
activation (Di Lazzaro et al., 2001). Finally, solid-core coil are more efficient than air-core
coils in transferring the electrical energy to magnetic field and as a result dissipate less
heat. In addition to these parameters, the intensity of the pulse and the positioning of the
coil affect the induced current and consequently the activation pattern. Consequently, by
changing the intensity and the orientation of the coil different populations of neurons can
be activated.

3. TMS combined with electromyography

TMS has been used for both therapeutic and diagnostic purposes (Rossini & Rossi, 2007). In
relation to its diagnostic application, TMS-EMG provides a tool to assess the timing of
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cortical processes, cortico-cortical connectivity, cortical inhibition and facilitation, and the
interaction between cortical processes (Anand & Hotson, 2002; Chen, 2004; Daskalakis et al.,
2004; Di Lazzaro et al., 2004; Pascual-Leone et al., 2000; Sanger et al., 2001). In this section,
several of these TMS paradigms will be discussed in more details, and wherever applicable,
evidence supporting their neurophysiological mechanisms will be provided.

3.1 Motor threshold

Motor threshold is often determined by applying single pulse TMS to the motor cortex while
the coil is placed at the optimal position for eliciting MEPs from a target muscle. The two
muscles which are more easily accessible by TMS stimulation are the abductor pollicis
brevis (APB) and the first dorsal interosseous (FDI) muscles. Resting motor threshold (RMT)
for a target muscle can be determined through applying single pulse TMS to an area of the
motor cortex that generates the largest MEP amplitude for the target muscle, and it is
defined as the minimum stimulus intensity that can elicit an MEP of more than 50 pV in at
least five out of ten trials in the target muscle (Rossini et al., 1994). It has been demonstrated
that NMDA antagonists such as ketamine reduce motor threshold, the block of voltage-
gated sodium channels increases motor threshold, and GABA has no influence on motor
threshold (for a review refer to (Ziemann, 2004)).

3.2 Short interval cortical inhibition

In short interval cortical inhibition (SICI), a subthreshold conditioning stimulus delivered 1
to 5 ms prior to a suprathreshold test stimulus suppresses the MEP response to the test
stimulus compared to the MEP response to a test stimulus delivered alone (Kujirai et al.,
1993). It has been suggested that suppression of MEP occurs at the cortical level and is not
due to the refractoriness of corticospinal tract (Di Lazzaro et al., 1998; Kujirai et al., 1993).
For example, epidural recordings have shown that a preceding subthreshold stimulus that
does not produce an I-wave by itself, suppresses the late I-waves of a suprathreshold
stimulus that is delivered after 1 to 5 ms (Di Lazzaro et al., 1998). In addition, it was shown
that magnetic conditioning stimulus did not suppress the response to an electrical test
stimulus which activates the axon of the corticospinal tract (Kujirai et al., 1993). Finally, an
electrical conditioning stimulus was less effective in suppressing the response to a magnetic
test stimulus suggesting that the inhibition observed in SICI is not due to the refractoriness
of corticospinal tract (Kujirai et al., 1993). SICI has been associated with the activity of
GABAjA receptor mediated inhibitory neurotransmission, as GABAa agonists such as
lorazepam have been shown to enhance SICI as well as the suppression of the late I-waves
(Di Lazzaro et al., 2000).

3.3 Intracortical facilitation

In this paradigm, a subthreshold conditioning stimulus delivered 7 to 20 ms prior to a test
stimulus, facilitates the MEP response to the test stimulus (Kujirai et al., 1993). It has been
suggested that intracortical facilitation (ICF) is an index of the excitability of the excitatory
circuits in motor cortex (Ziemann et al., 1996). Pharmacological studies by Ziemann et al.
demonstrated that some NMDA antagonists (such as dextrometorphan) and GABAa
agonists (such as lorazepam) reduce ICF, while GABAg agonists (such as baclofen) increase
ICF (Ziemann, 2004). The reduction of ICF by NMDA antagonist suggests that glutamate
may play a role in mediating the cortical response observed in ICF.
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3.4 Long interval cortical inhibition

In long interval cortical inhibition (LICI), a suprathreshold conditioning stimulus, delivered
within 50 to 200 ms prior to a suprathreshold test stimulus, suppresses the response to the
test stimulus compared to the response to the test stimulus delivered alone (Valls-Sole et al.,
1992). Epidural recordings suggest that this suppression has a cortical origin at ISI of 100 to
200 ms (Chen et al., 1999; Di Lazzaro et al., 2002a; Nakamura et al., 1997). For example, it
was shown that LICI at ISI of 100, 150 and 200 ms resulted in suppression of descending
volleys, in particular the late I-waves (Chen et al., 1999; Di Lazzaro et al., 2002a; Nakamura
et al.,, 1997). Several lines of evidence suggest that the LICI induced suppression of MEP
responses is related to the activity of GABAp receptor mediated inhibitory
neurotransmission ((McDonnell et al., 2006; Sanger et al., 2001); also reviewed in
(Kapogiannis & Wassermann, 2008)). It has been suggested that in LICI, activation of the
GABAGB receptors by the conditioning stimulus, inhibits excitation of the motor cortex to the
test stimulus that would have otherwise excited the cortex if delivered alone. The GABAg
receptor activation is suggested to peak around 150 to 200 ms post stimulus (McCormick,
1989), and interestingly LICI is optimal when conditioning stimulus precedes the test
stimulus by 100 to 150 ms (Sanger et al., 2001).

3.5 Cortical silent period

Cortical silent period (CSP) involves a transient suppression of EMG activity following
delivery of a single suprathreshold TMS pulse to the motor cortex during voluntary
contraction of the target muscle. Previous studies suggest that early part (i.e. first 50 ms) of
CSP is due to spinal mechanism, while the later part is mediated by cortical inhibition (Chen
et al.,, 1999; Inghilleri et al., 1993). Similar to LICI, CSP is also associated with GABAg
receptor mediated inhibitory neurotransmission (Chen et al., 1999; Nakamura et al., 1997;
Siebner et al., 1998; Werhahn et al., 1999). For example, Siebner et al. reported a significant
prolongation of the CSP duration following a continuous intrathecal administration of
baclofen in a patient with generalized dystonia (Siebner et al., 1998). Also, tiagabine, a
GABA uptake inhibitor, was shown to enhance LICI and prolong CSP duration (Werhahn et
al., 1999). Furthermore, administration of vigabatrin, a selective GABAergic drug that
increases the availability of GABA in the brain, has also been shown to enhance LICI and
CSP (Pierantozzi et al., 2004). In addition, we have recently shown a significant positive
relationship between the suppression of MEP amplitudes in LICI (with an ISI of 100 ms),
and the duration of the silent period in the CSP paradigm in healthy subjects (Farzan et al.,
2010b).

3.6 Interhemispheric inhibition

Interhemispheric inhibition (IHI), also known as transcallosal inhibition, refers to a
phenomenon in which a suprathreshold TMS pulse delivered to one hemisphere can inhibit
the MEP response to a suprathreshold TMS pulse that is delivered within 6 to 50 ms to the
opposite hemisphere (Ferbert et al., 1992; Gerloff et al., 1998). IHI is conventionally
measured at an ISI of 6 to 12 ms, however MEP modulation at an ISI of 40 ms has also been
demonstrated but suggested to be mediated by different mechanisms (Chen et al., 2003; Ni
et al., 2009). By demonstrating the suppression of the late I-waves, epidural recordings have
confirmed that IHI is mediated cortically and most likely through transcallosal pathways (Di
Lazzaro et al., 1999a). Furthermore, it was shown that the magnetic conditioning stimulation
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of contralateral hemisphere did not significantly inhibit the response to an electrical test
stimulus (Ferbert et al., 1992). Moreover, triple pulse TMS studies have demonstrated that
IHI modulates the MEP response to SICI and LICI which, as previously described, are
cortically mediated phenomenon, providing further evidence that IHI itself has a cortical
origin (Daskalakis et al., 2002b). Moreover, recently a positive association was found
between IHI and the integrity of callosal motor fibers (Wahl et al., 2007). The integrity of
callosal motor fiber was examined through diffusion tensor imaging and by measuring the
fractional anisotropy, a measure of white matter tract integrity. The results of this study
suggest that TMS-EMG combination may also provide useful information about the
integrity of the callosal motor fibers.

3.7 Sensory afferent inhibition

Sensory afferent inhibition (SAI) involves the modulation of motor cortex excitability by
means of an afferent input produced by the electrical stimulation of digital or medial nerve
at the wrist (Tokimura et al., 2000). In SAI, a preceding electrical stimulation of the
peripheral nerve suppresses the MEP amplitude elicited by the application of a single pulse
TMS to the contralateral motor cortex. There are two forms of SAls that are suggested to be
mediated by slightly different mechanisms: short latency SAI, and long latency SAI Short
SAI, which is investigated more thoroughly, occurs when the peripheral stimulation is
delivered about 25 ms prior to the TMS pulse, while long SAI is observed when the sensory
input is delivered about 200 ms prior to the TMS pulse. Comparison of TMS and TES and
recordings of descending volleys suggest that SAI occurs at the cortical level (Tokimura et
al., 2000). The molecular underpinnings of SAI are complex and SAI likely relates to an
interaction between several neurotransmitter systems with the possible involvement of the
cholinergic neurotransmission (Di Lazzaro et al., 2005; Di Lazzaro et al., 2007; Di Lazzaro et
al., 1999c¢).

3.8 Repetitive TMS

It has been demonstrated that repetitive delivery of TMS pulses (rTMS) as well as repetitive
application of TMS pulses paired with electrical peripheral nerve stimulation results in an
MEP modulation which would outlast the duration of TMS delivery. Conventionally, rTMS
is administered through application of TMS pulses at a frequency of 0.5 Hz (ISI of 2 s) to 50
Hz (ISI of 20 ms). It is thought that the repetitive administration of TMS pulses results in
summation of TMS induced alteration of cortical activity, thereby causing an effect which
may outlast the stimulation period (Chen et al.,, 1997; Pascual-Leone et al., 1994). The
alteration of cortical activity by rTMS has been typically indexed as a suppression or
potentiation of MEP responses to the standard single pulse TMS paradigm before and after
an active rTMS session or sometimes by comparing the after effects of active versus sham
rTMS. A few studies have also evaluated the effect of rTMS on intracortical inhibition by
measuring the changes in CSP and MEP modulation by paired pulse TMS before and after
rTMS administration (Daskalakis et al., 2006; Fitzgerald et al., 2004). The results of these
studies have demonstrated that on average low frequency rTMS (< 5 Hz) applied to the
motor cortex suppresses the MEP amplitudes for about 30 min following the end of the
rTMS administration ((Chen et al., 1997); reviewed in (Fitzgerald et al., 2006)). The effect of
fast frequency rTMS (> 5 Hz) has been shown to be the facilitation of the MEP amplitudes,
however results have been somewhat inconsistent across laboratories (Daskalakis et al.,
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2006; Fitzgerald et al., 2006; Maeda et al., 2000), perhaps suggestive of a biphasic effect of
fast rTMS with a short period of increased excitability followed by a phase of increased
inhibition.

It has been suggested that rTMS combined with EMG may be an effective tool for probing
and modifying cortical plasticity. Neural plasticity, a mechanism thought to be critical for
learning and memory, represents synaptic strength and the degree of signal transmission
between coactive cells which can be weakened (long term depression, LTD) or strengthened
(long term potentiation, LTP) in response to the presentation of a strong or weak
synchronous synaptic stimulation. The lasting effect of rTMS, reflected through suppression
and facilitation of TMS induced MEPs, has been suggestive of the potential value of TMS in
probing and inducing LTP and LTD like plasticity in the cortex (reviewed in (Pell et al.,
2010)). Owing to this lasting effect, application of rTMS to different brain regions may cause
behavioural changes that would outlast the duration of rTMS stimulation (For a review refer
to (Ridding & Rothwell, 2007)). This aspect of rTMS has been used to improve and restore
functional impairments in several disorders such as stroke, movement disorders, addiction,
cognitive as well as psychiatric disorders, with the most promising outcomes observed in
the treatment of depression (for a review see (Slotema et al., 2010; Wassermann & Lisanby,
2001)).

Plasticity may also be induced through repeated presentation of a pair of somatosensory
afferent stimulation and cortical simulation. This can be achieved through the TMS
paradigm paired associative stimulation (PAS) which involves pairing of the peripheral
electrical nerve stimulation and single pulse TMS of the contralateral motor cortex repeated
at a frequency of 0.1 Hz (Classen et al., 2004; Stefan et al., 2002; Stefan et al., 2000). Choosing
an appropriate ISI between peripheral and cortical stimulation (e.g. 25 ms), PAS has been
shown to induce a potentiation of MEPs in the target muscle which would last about 40 min
following the end of the stimulation (Tsuji & Rothwell, 2002). Moreover, pharmacological
studies showed that NMDA antagonists suppressed the PAS induced MEP facilitation,
while GABA4 receptor antagonist had no effect (Stefan et al., 2002). Some experimental
findings suggest that PAS induced effects have a cortical origin. First, following the PAS
intervention and in the presence of facilitated MEPs, the F waves recorded from the median
nerve stimulation reflected no change in the excitability of a- motor neurons of the median
nerve (Stefan et al., 2002). Second, the MEPs evoked by the electrical stimulation of the
brainstem remained unchanged following PAS intervention, while the MEP responses to
single pulse TMS were increased compared to the baseline MEP responses (Stefan et al.,
2000). These findings along with the transynaptic activation of pyramidal neurons by TMS
suggest that PAS-induced MEP potentiation is likely mediated through transynaptic
mechanisms in the motor cortex (Stefan et al., 2000), seemingly related to the associative (i.e.
Hebbian) LTP of synaptic efficacy (Stefan et al., 2002). According to animal studies and in
vitro recordings from neocortical slices, associative LTP occurs at an input to a postsynaptic
cell which is conditioned by a synchronous activation of another input to that same cell
(Buonomano & Merzenich, 1998). Given that PAS induced MEP potentiation is ISI-
dependant, it is inferred that the PAS induced plasticity is likely due to the synchronous
arrival of the somatosensory afferent input and the TMS induced activation of horizontally
oriented interneurons in the sensorimotor cortex (Classen et al., 2004; Stefan et al., 2002;
Stefan et al., 2000).

Recently, it was shown that the delivery of repetitive TMS through a protocol named theta
burst stimulation (TBS) may be a more efficient way of altering cortical excitability and
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probing LTP and LTD like cortical responses (Huang et al., 2005). Theta burst stimulation
involves application of 3 bursts of 50 Hz rTMS repeated every 200 ms either continuously
for a total of 40 s, or intermittently (every 8 s) for a total of 3 min. The continuous (cTBS)
and intermittent delivery of TBS (iTBS) have been shown to result in suppression and
facilitation of cortical excitability, respectively, as indexed through suppression and
facilitation of MEPs at the periphery (Huang et al., 2005). More importantly, it has been
shown that despite the relatively short duration of TBS administration (40 s in ¢TBS and ~
3 min in iTBS) compared to the conventional rTMS (~ 25 min), the alteration of cortical
excitability by TBS can last for about 70 min which is more than twice as long as the
duration of the after effects reported in the conventional rTMS approaches (Di Lazzaro et
al., 2011; Thut & Pascual-Leone, 2010).

While the combination of TMS with EMG has been instrumental in assessment of several
cortical processes, measuring the effect of cortical stimulation at the periphery has several
limitations. First, and foremost and as the motor cortex is concerned, the exact mechanism
underlying the generation and modulation of the TMS evoked MEPs remains unclear. While
TMS-EMG studies in combination with epidural recordings and electrical stimulation can to
some extent confirm the cortical origin of MEP responses, such recordings are invasive and
only possible in specific subgroups of patients suffering from neurological disorders. To
examine the cortical mechanisms involved in the generation of MEPs in healthy human
subjects, therefore, a reliable non-invasive recording from the intact brain is desirable. In the
next two sections, we will address how a direct but non-invasive recording of cortical
activity would complement the conventional TMS-EMG measures.

4. Recording cortical activity in humans through electroencephalography

Recording electrical activity from the intact surface of mammalian cortex dates back to
recordings from the dog’s skull in 1870s and to the works of Richard Caton and Vladimir
Pravdich-Neminski. Later in 1920s, Hans Berger recorded brain waves from the surface of
human scalp and named the technique electroencephalography (EEG) (Buzsaki, 2006;
Swartz & Goldensohn, 1998). To date, EEG is still the cheapest and the most widely used
neurophysiological technique for measuring cortical local field potentials (Buzsaki, 2006). In
EEG, electrical activity of the cerebral cortex is monitored by placing multiple electrodes on
the scalp. While TMS induced MEPs, for example, are an outcome of an action potential
generated by the activation of pyramidal neurons, cortical potentials recorded from the
scalp are not a measure of action potential but they represent the activity of slow and fact
acting EPSPs and IPSPs mostly originating from the surface of the cortex (Buzsaki, 2006).
Cortical potentials recorded through EEG, therefore, represent the oscillatory activity of the
underlying brain tissue. Comparison between monozygotic and dizygotic twins has
revealed a high heritability for the temporal structure of amplitude fluctuations in EEG
oscillations, implying that EEG may be a reliable neurophysiological technique (Linkenkaer-
Hansen et al., 2007).

4.1 Generation and function role of cortical oscillations

While the typical firing rate of a motor unit does not exceed the frequency range of 6-35 Hz,
neuronal tissues are capable of oscillating within a wide frequency band ranging from less
than 1 Hz to as high as 600 Hz. The results of in vivo and in vitro recordings suggest that the
brain generates finite number of discrete frequency bands which are conventionally
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categorized as delta (1-4 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta (12-28 Hz) and gamma
(30-50 Hz) oscillations (Buzsaki, 2006), with some recent experimental findings suggestive
of the presence of slower (0.02 Hz to 1 Hz) and faster oscillations (up to 600 Hz) (Buzséki,
2006). Several factors can affect the frequency of cortical oscillations in humans. In
particular, the amplitude and frequency of cortical oscillations have been shown to vary
between the mental states of sleep, resting, wakefulness, movement or engagement in
complex cognitive functioning. Furthermore, it has been shown that each cortical region
may have a specific frequency, with slower alpha oscillations observed more prominently
over the posterior and parietal lobes and higher gamma frequencies predominant in the
anterior region of the brain (i.e. prefrontal cortex)(Rosanova et al., 2009).

The exact mechanisms underlying the generation of cortical oscillations are not yet fully
understood. It is suggested that the presence of various channels in the cell membrane
provides neurons with intrinsic properties that allow them to oscillate at various frequencies
(Buzsaki, 2006). There are several channels in the cell membrane of neurons through which
ions move in and out of the cell. The state of these channels (i.e. open versus close state) is
regulated by several mechanisms which are collectively referred to as gating. Four gating
mechanisms have been identified: voltage gating, ligand gating, ion-dependent gating, and
second-messenger gating. It is suggested that a change in the membrane voltage, release of
neurotransmitters, or a change in the concentration of ions can change the state of
membrane channels and give rise to an oscillatory activity (Buzsaki, 2006). It is further
demonstrated that different population of neurons may selectively respond to inputs of
different frequencies (Hutcheon & Yarom, 2000; Pike et al.,, 2000). For example, in
hippocampus of rats, fast spiking GABAergic interneurons respond with highest temporal
precision to frequencies in the gamma band, whereas pyramidal cells respond to lower
frequency rhythmic inputs (Pike et al., 2000). Furthermore, it has been demonstrated that
there may be an inverse relation between the size of the neuronal pool and the frequency of
oscillations. That is, low frequency oscillations are generated by a larger population of
neurons while higher frequency oscillations may be generated by a smaller number of
neurons (Buzsaki, 2006).

The functional role of various cortical oscillations is currently under investigation. The
functional role of slow frequency delta oscillations, which in healthy subjects are typically
observed during deep sleep, is associated with learning and motivational processes
(Knyazev, 2007). The cortical activity within the theta-band has been linked to memory
functions, and emotional regulations (Knyazev, 2007). Alpha-band oscillations which are
predominant during wakeful resting state are suggested to arise from cortical operations in
the absence of sensory inputs, and also may reflect the disengagement of task-irrelevant
brain areas (Palva & Palva, 2007). Cortical oscillations within the beta range are shown to be
more dominant in the central region of the human cortex, suggestive of their functional role
in movement execution and control. It has recently been hypothesized that the functional
role of beta oscillations may be related to the maintenance of sensorimotor and cognitive
state. That is, oscillations within beta band may be a signal for maintenance of status quo
(Engel & Fries, 2010). Consistent with this view, it has been suggested that prolongation of
beta oscillations may result in deterioration of flexible behaviour (Engel & Fries, 2010).
Finally, the functional role of gamma oscillations has been more closely associated with
cognitive control. In this regard, results of several EEG studies have found an association
between the oscillataory acitivity in the gamma range and perceptual binding such as the
construction of object representations, basic information processing such as sensory
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processing, and complex cognitive processes such as working memory (Buzséaki, 2006; Engel
& Singer, 2001; Fries et al., 2007, Howard et al.,, 2003; Tallon-Baudry & Bertrand, 1999;
Tallon-Baudry et al., 1996; Tallon-Baudry et al., 1998).

Recordings of brain activity through EEG suggest that cortical potentials are a result of
summation of different oscillatory activities. Several theories and experimental findings
exist to explain why different oscillations may be active at the same time. It has been
hypothesized that presence of various oscillations may provide the brain with the ability to
function through multiple time scales (Buzsaki, 2006). For example, it has been proposed
that different frequencies (e.g. slow versus fast oscillations) may favor different types of
computation or different level of connectivity. Based on experimental findings, it was
hypothesized that middle-frequency oscillations, such as theta and alpha, may represent
top-down processes, while high frequency oscillations, such as gamma, may be related to
bottom-up processes (von Stein et al., 2000). Furthermore, the interaction between frequency
bands has been proposed to be an essential mechanism for optimal information processing
(Roopun et al., 2008). One form of frequency-band interaction is frequency concatenation
(Roopun et al., 2008). In this regard, two local networks that are co-activated and oscillate at
two different frequency bands may interact and generate a third frequency of oscillations.
The period of the new oscillation is the concatenation sum of the original two (Roopun et al.,
2008). Another form of frequency-band interaction is nesting. In nesting, phase of a lower
frequency band (e.g. theta) may modulate the amplitude of a higher frequency band (e.g.
gamma). The theta modulation of gamma oscillations has been observed in the
hippocampus ((Bragin et al., 1995); reviewed in (Roopun et al., 2008)). The oscillatory
modulation of neuronal responses is suggested to play a key role in information processing
perhaps by providing a temporal frame with respect to which neurons may communicate
with each other (Fries et al., 2007).

4.2 Cortical oscillations in the motor cortex

The presence of beta oscillations over the precentral region was first reported by Jasper and
Andrews EEG recordings from healthy human subjects in 1938 (Jasper and Andrews 1938).
It is believed that beta frequency can be further subdivided into narrower frequency bands
of low- (12-15 Hz), mid- (15-18 Hz) and high-range (18-30 Hz) beta oscillations, each
subserving a distinct functional mechanism. A number of previous studies have attempted
to explore the cortical correlate of the EMG signals in order to examine the connectivity
between the peripheral muscle and the homologous motor area. This has been typically
achieved through computing the coherence between the cortical oscillations measured from
the motor cortex through EEG or magnetoencephalography and the EMG recordings from
the corresponding peripheral muscle often obtained during voluntary isometric hand
contraction (for a review see (Mima & Hallett, 1999)). The findings of these cortico-
peripheral coherence studies suggest that beta oscillatory activity in the contralateral motor
cortex may underlie the generation of EMG signals in the corresponding body part (Brown
et al., 1998). For example, tonic hand muscle contraction has been shown to induce beta
oscillations (~15-30 Hz) in the contralateral hemisphere which are coherent with the EMG
recordings at the periphery (Brown et al., 1998; Salenius et al., 1997).

The modulation of cortical oscillatory activity before, during and after motor task execution,
imagination and observation has been well documented. Several studies have reported on
desynchronization of alpha and beta oscillations prior to self-paced hand or finger
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movement often measured through C3 EEG electrode in the left hemisphere and C4 in the
right hemisphere (Pfurtscheller et al., 2000). Following self-paced hand movement,
desynchronization of alpha oscillations are observed over the contralateral motor cortex
(Pineda, 2005) while beta oscillations (~14-32 Hz) are induced shortly (within one second)
after the movement termination (Pfurtscheller et al., 2000). Observation and imagination of
motor movement also result in suppression of alpha oscillations in motor areas
corresponding to that body part (Pfurtscheller et al., 2000). Furthermore, the peak frequency
of the induced beta oscillations may differ between motor areas associated with different
body parts. For example, hand movement was shown to induce an oscillatory activity
within a frequency range of 16-22 Hz over the hand area, while slightly higher frequency
oscillatory activity (19-26 Hz) were recorded in the foot area following foot movement
(Neuper & Pfurtscheller, 2001).

The combination of TMS with EMG has offered the possibility to trigger and quantify the
magnitude of an involuntary movement, and evoke or slow down activation of a target
muscle. As previously described, this is achieved through transynaptic manipulation of
corticospinal pathway through application of TMS to the motor area that optimally
represents the target muscle on the periphery. However, the specific cortical oscillations that
underlie these TMS induced motor responses cannot be clearly identified through only EMG
recordings. In the following section, it will be demonstrated that combination of online EEG
recording with TMS-EMG would permit examining the functional role of cortical
oscillations in each TMS paradigm. The advancement in the EEG amplifier technology that
has led to the combination of these modalities will be first briefly described.

5. Combining TMS-EMG with concurrent EEG recording

Simultaneous EEG recording during TMS stimulation was previously unattainable because
of the technological shortcomings of EEG amplifiers that would saturate for a long duration
due to the large artifact produced by the magnetic stimulation. For example, application of a
single monophasic TMS pulse would result in artifact lasting for several seconds after the
pulse. Such long lasting artifact blocked the window of time during which
neurophysiological processes such as cortical inhibition occur (the first 250 ms following
TMS). The newer generation of EEG systems, however, can recover from the TMS artifact
within a time window of 10 to 70 ms.

The newer generations of EEG systems offer several strategies to minimize the saturation of
amplifiers following TMS. In a majority of TMS-EEG systems, the saturation of EEG
amplifiers is avoided by virtue of a sample and hold circuit that pins the amplifier output to
a constant level starting from a few milliseconds prior to the TMS application to a few
milliseconds after the pulse (Nexstim Ltd., Helsinki, Finland). Some systems are equipped
with a magnetic shielding technology in which the EEG electrodes and the amplifiers are
shielded from the magnetic artifact (Advanced Neuro Technology, Enschede, Netherland).
It is also possible to minimize amplifier saturation and the TMS related artifact through a
combination of a wide dynamic range (e.g. recording potentials ranging from -200 to 200
mV in amplitude and with a resolution much lower than 1 pV), high frequency sampling
rate (e.g. 20 KHz) and DC filtering (NeuroScan, Compumedics, USA). By employing any of
the above strategies, EEG recording can become TMS compatible. Therefore, it is possible to
continuously record EEG during TMS stimulation (for a review refer to (Ilmoniemi & Kicic,
2009)).
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5.1 Single pulse TMS

IImoniemi and colleagues were one of the first research groups that used the interleaved
TMS-EEG technique to investigate the effect of TMS on cortical excitability (Ilmoniemi et al.,
1997). It was demonstrated that TMS applied to the hand representation area of the human
motor cortex elicited a cortical response that spread to the adjacent ipsilateral area as well as
to the homologous regions in the opposite hemisphere. It was further shown that the
application of TMS to the visual cortex resulted in similar pattern of signal propagation to
the contralateral areas, therefore providing evidence that the cortical potentials following
motor cortex stimulation were less likely to be a result of peripheral sensory activation. This
original experiment resulted in a series of studies that further characterized the EEG
substrate of cortical excitability, plasticity and connectivity in healthy subjects (Esser et al.,
2006; Kahkonen et al., 2001; Kahkonen et al., 2003; Komssi et al., 2002; Komssi & Kahkonen,
2006; Nikulin et al., 2003; Paus et al., 2001; Thut et al., 2003).

In a number of previous studies it was demonstrated that single pulse TMS applied to the
motor cortex generated several EEG peaks within the first 300 ms of TMS stimulation. The
EEG components that are commonly replicated across TMS-EEG studies are a negativity at
15 ms (N15), a positivity at 30 ms (P30) followed by N45, P55, N100, P180, and N280
(Komssi & Kahkonen, 2006). Comparing these EEG peaks with the size of MEP responses
may permit examining the cortical origin of the TMS induced MEPs. In this regard, it has
been shown that TMS induced MEP amplitudes positively correlate with the amplitude of
the TMS induced early evoked potential, measured as the peak-to-peak amplitude of the
N15-P30 component (Maki & Ilmoniemi, 2010b). In a study by the same group, the
relationship between the TMS induced MEPs and the cortical oscillatory activity was
explored. It was shown that in the motor cortex, the power of mid-range beta oscillatory
activity (12-18 Hz) was weaker before large MEPs as compared to smaller MEPs.
Furthermore, the phase of the mid-range beta oscillations recorded over the occipital cortex
correlated with the MEP amplitudes (Maki & Ilmoniemi, 2010a). Similarly, Schutter and
Hortensius examined the association between cortical oscillatory activity and MEP
amplitudes during isometric hand contraction. It was reported that MEP amplitudes could
be modeled by the activity of theta (4-7 Hz) and beta (13-30 Hz) cortical oscillations in the
right and left primary motor cortex (Schutter & Hortensius, 2011). These authors went a step
further and applied this finding to selectively control the therapeutic outcome of
transcranial alternative current stimulation (tACS) (for detailed description of tACS readers
may refer to (Kanai et al., 2008)). In this experiment, they applied the tACS with two
different frequency settings of theta-beta and alpha-alpha configuration which were
administered on two separate days. It was shown that the theta-beta tACS significantly
increased cortical excitability compared to the alpha-alpha stimulation (Schutter &
Hortensius, 2011).

A few studies have also examined the inhibitory components of TMS induced cortical
potential. For example, Nikulin et al. demonstrated that following visually triggered hand
movement, the N100 component of EEG response was suppressed while the MEP
amplitudes were increased (Nikulin et al.,, 2003). This inverse relationship between the
amplitudes of N100 and MEP is thought to reflect the inhibitory nature of N100. Consistent
with this finding, the duration of silent period in the CSP paradigm was shown to be
positively correlated with the amplitude of the N100 component (Kimiskidis et al., 2008).
Interestingly, in a TMS study that investigated the effect of alcohol on TMS evoked cortical
potentials, it was shown that following alcohol intake, which is thought to affect the activity
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of GABAergic neurotransmission, the amplitude of N100 response to single pulse TMS was
significantly decreased (Kahkonen & Wilenius, 2007). Finally, the effect of age, TMS
intensity, sensory attention and response preparation on TMS induced N100 response was
investigated in a TMS study conducted in motor cortex of healthy children within an age
range of 6-10 years. It was shown that N100 response was attenuated following a task that
required a fast response, providing further evidence that N100 was likely related to an
inhibitory process (Bender et al., 2005). In addition, N100 response was reported to be larger
in children compared to N100 responses of adults in previous studies and a negative
correlation was found between N100 response and age in children, suggesting that N100
response may undergo maturation (Bender et al., 2005). Collectively, these findings suggest
that GABAergic inhibitory mechanism may underlie the N100 generation. If proved a
reliable measure, N100 may be used as a marker for investigating the integrity of the
inhibitory responses in healthy and pathological conditions.

5.2 Paired Pulse TMS

5.2.1 Short interval cortical inhibition and intracortical facilitation

One of the first studies evaluating the modulatory effect of paired pulse TMS on cortical
evoked potentials is the experiments conducted by Paus et al. (Paus et al., 2001). In this
study, SICI and ICF paired pulse paradigms were applied to the left motor cortex of healthy
subjects and the amplitude and frequency of EEG responses were compared between single
and paired pulse conditions. In this study, three prominent EEG peaks were observed
following the singe pulse TMS: N45, P55 and N100. Furthermore, it was shown that single
pulse TMS resulted in synchronization of beta oscillations which lasted for several hundred
milliseconds after the TMS delivery. Following the ICF paired pulse paradigm, which as
discussed before is designed to examine intracortical facilitation, the presence of a
subthreshold conditioning stimulus (at an ISI of 12 ms) significantly reduced the amplitude
of the EEG N45 component. In addition, the beta oscillatory activity that was recorded
following ICF was reported to be smaller as compared to the oscillatory activity following
the single pulse condition. By contrast, a conditioning stimulus delivered at an ISI of 3 ms
(SICI paradigm) had no effect on either the N45 or beta oscillatory activity.

In a recent study, similar paired pulse experiments were conducted to further confirm and
expand the above mentioned findings (Ferreri et al., 2010). In this study, SICI (ISI of 3 ms)
and ICF (ISI of 11 ms) paradigms were applied to the left motor cortex of healthy subjects.
Several EEG components were observed following single pulse TMS including: N7, P13,
N18, P30, N44, P60, N100, P190 and N280. These EEG components were further identified
for each stimulation condition and each EEG electrode (19 electrodes). The authors then
examined the correlation between the MEP amplitudes and the amplitude of each EEG
components in each electrode, after the three TMS conditions of suprathreshold single pulse
and the paired pulse conditions of SICI and ICF. It was observed that depending on the
stimulation condition (single pulse, SICI or ICF), MEP amplitudes correlated with different
EEG components and at a different cortical region. For example, a positive correlation was
observed between the MEP amplitude and the P30 component over the non-stimulated
motor cortex following the single pulse condition and in the F4 (contralateral prefrontal
cortex) following the paired pulse condition. Moreover, N44 peak was attenuated in the
contralateral cortex more prominently in the ICF condition, a finding consistent with the
earlier report of attenuation of N45 flowing ICF (ISI of 12 ms) as described above (Paus et
al., 2001). Furthermore, it was noted that the N100 component was strongest over the
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stimulation area (C3 electrode) and its amplitude was larger following the paired pulse
conditions as compared to the single pulse condition. Collectively these findings suggest
that TMS-EEG offers the possibility to examine not only the MEP-EEG relationship but also
the connectivity between cortical regions as it may be evident by comparing the TMS
induced EEG activity at the stimulation site with the EEG components recorded in the
remaining electrodes.

5.2.2 Long interval cortical inhibition

As briefly described in the introduction, the cortical correlate of LICI has been recently
investigated through the combination of TMS-EMG with simultaneous EEG recording. That
is, we demonstrated that EMG measures of LICI, measured as the suppression of MEPs in
the paired pulse condition compared to the single pulse conditions, were positively
correlated with the suppression of the cortical evoked potentials at the site of stimulation
(C3 electrode) in the paired pulse condition compared to the single pulse conditions
(Daskalakis et al., 2008). In this study, however, instead of examining the peak-to-peak
amplitude of EEG components separately, the TMS induced cortical response was identified
as the area under the rectified EEG response following the single and paired pulse
conditions within the time window of 50 ms (the earliest reliable recording without TMS
artifact) to 150 ms (the maximum peak of GABAg receptor activation). Similarly, the
potentiation of MEP response was also examined by comparing the area under the rectified
MEP response between the single and paired pulse condition.

Furthermore, in a separate study we found a positive correlation between the duration of
the silent period indexed through the CSP paradigm and the extent of EEG and EMG
suppression following LICI in a subset of subjects who received both LICI and CSP in their
left motor cortex (Farzan et al., 2010b). A key observation was that the silent period seemed
to be more strongly correlated with the EEG measures of LICI as compared to the EMG
measures of LICI (Farzan et al., 2010b). This observation suggests that EEG measures of LICI
maybe a more precise technique for evaluating and comparing the cortical mechanisms that
may be common across TMS-EMG paradigms. For instance, it has been suggested that the
early (< 50 ms) part of the silent period in the CSP paradigm may originate from spinal
mechanism (Chen et al., 1999; Inghilleri et al., 1993). Therefore, by comparing CSP with both
EEG and EMG measures of LICI (and other paired pulse paradigms), it may be possible to
approximate to what degree each of these paradigms originate from the cortical rather than
spinal mechanisms and also to what extent they are mediated by similar processes.
Furthermore, using the above methods, for the first time we examined the modulatory effect
of LICI in the DLPFC, a non-motor region of the cortex which is implicated in a number of
neurological and psychiatric illnesses (Daskalakis et al., 2008). We were able to show that
similar to the motor cortex, LICI applied over the left DLPFC resulted in significant
suppression of cortical evoked potentials (30% suppression) in the vicinity of TMS
application (i.e. AF3 electrode). However, it was also shown that the extent of EEG
suppression following LICI in the DLPFC was not correlated with the EEG or EMG
suppression following the application of LICI to the motor cortex (Farzan et al., 2010b), a
finding which may further reflect the valuable integration of EEG and paired pulse TMS
which allow us to both measure and compare the neurophysiology of motor and non-motor
regions of the cortex.

In line with this view, we also examined the effect of LICI on cortical oscillatory activity at
the site of TMS stimulation following the LICI application in both the motor cortex and the
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DLPFC (Farzan et al., 2009). Interestingly, it was observed that LICI applied over the motor
cortex had a different modulatory effect on the cortical oscillations as compared to the LICI
applied to the DLPFC (Farzan et al., 2009). In the motor cortex, delta, theta and alpha
oscillations were suppressed without any suppression of beta and gamma oscillations. By
contrast, all cortical oscillations were significantly suppressed following the application of
LICI to the left DLPFC. The differential effect of LICI on fast cortical oscillations (e.g. gamma
oscillations) in the prefrontal and motor cortices provides more insight about the functional
roles of these cortical oscillations in each cortical mantel.

5.2.3 Interhemispheric inhibition

Through TMS-EEG it is possible to examine the correlation between functional and
structural interhemispheric connectivity in both motor and non-motor regions of the cortex.
This is possible through application of suprathreshold single pulse TMS to one hemisphere
and examining the propagation of TMS induced cortical evoked activity to the contralateral
hemisphere, a cortical process which we suggest may be mediated by similar mechanisms
that underlie MEP suppression observed in the conventional IHI paradigm (Voineskos et al.,
2010). Using TMS-EEG and diffusion tensor imagining, we investigated the extent of
interhemispheric signal propagation from the stimulated site to the contralateral hemisphere
as a function of integrity of callosal fibers (Voineskos et al.,, 2010). We showed that
following suprathreshold TMS applied to the left motor cortex, the amount of cortical
evoked activity that reached the contralateral hemisphere was inversely correlated with the
integrity of callosal motor fibers but not with the integrity of anterior callosal fibers,
suggesting an anatomically specific structural-functional relationship. Similarly, we found
an anatomically-specific relationship between the extent of interhemispheric propagation of
TMS-induced cortical activity from the left DLPFC to the right DLPFC and the fractional
anisotropy of anterior callosal fibers (genu) connecting left and right DLPFC, and not with
the integrity of callosal motor fibers. That is, in subjects that fractional anisotropy of callosal
motor fibers was larger, the propagation of suprathreshold TMS induced activity to the
contralateral motor cortex was of smaller magnitude, and in subjects that fractional
anisotropy of genu fibers was larger, the extent of propagation of suprathreshold TMS
induced activity to the contralateral DLPFC was of a smaller value. These results collectively
suggest that in the presence of suprathreshold stimulus, callosal fibers may regulate the
cross talk between hemispheres perhaps through similar mechanism that underlie the
inhibition of MEPs in the contralateral hand muscle in the conventional IHI paradigm.

5.2.4 Sensory afferent inhibition

The interleaved TMS-EEG was also used to examine the correlation between the cortical and
peripheral effects of SAL In a study conducted by Bikmullina et al., it was demonstrated that
the suppression of MEPs following SAI was positively correlated with the attenuation of the
amplitude of the EEG N100 component (Bikmullina et al., 2009). This finding supports the
findings of earlier studies that suggested a cortical origin for the suppression of MEPs in SAI
paradigm. Furthermore, the attenuation of N100 is an interesting observation by itself as it
may be a further support for a link between N100 and activity of GABAp receptor mediated
inhibitory mechanism. In this regard, in a triple pulse study, it was demonstrated that SAI
had an inhibitory effect on LICI (Udupa et al., 2009). As previously mentioned, suppression
of MEPs in LICI has been associated with the activity of slow acting GABAg receptors.

www.intechopen.com



358 EMG Methods for Evaluating Muscle and Nerve Function

Therefore, the attenuation of N100 component following SAI is a further support for the
inhibitory effect of SAI on GABAergic mechanism and the plausible involvement of GABAg
receptors in generation of N100 component.

Moreover, spectral analysis of EEG response following SAI in rat somatosensory cortex has
demonstrated that the extent of SAI varies with the cortical state and the frequency of the
underlying cortical oscillations. In particular SAI was enhanced following increases in delta
oscillations (Funke & Benali, 2009). The findings of this animal experiment provides further
support to reiterate the importance of online EEG recording during TMS-EMG, as some of
the inter-subject and inter-laboratory variance that are observed across studies may be
explained by the dependence of TMS-EMG measures on cortical states and cortical
oscillatory activity immediately before or at the time of TMS stimulation.

5.3 Repetitive TMS

A key advantage of concurrent EEG recording is the ability to directly evaluate the effect of
rTMS on cortical excitability. As previously mentioned, slow and fast frequency rTMS
applied to the motor cortex may have a differential effect on the cortical excitability. As
described earlier, the alteration of cortical excitability by rTMS is conventionally probed
through evaluating the changes in MEP responses to single pulse of TMS applied to the
motor cortex before and after rTMS session. However, brain is a network of interconnected
cortical regions and it is unlikely that rTMS effect would remain solely within the stimulated
region. In fact, as described above, the TMS induced cortical evoked activity propagates
across cortical mantels and may differentially affect the interconnected local and distant
brain regions (Ferreri et al., 2010; Voineskos et al., 2010). Furthermore, evaluation of MEP
modulations is limited to investigating the cortical activity of the motor cortex while rTMS
treatment is often administered in non-motor regions of the cortex such as the DLPFC in the
treatment of depression. Finally, the origin of rTMS mediated modulation of MEP remains a
matter of debate. Therefore, recording both cortical and peripheral response before, during
and after rTMS would enhance our understanding of the effect of rTMS on both motor and
non-motor regions of the cortex and would be critical in examining the exact mechanisms
through which rTMS exerts its therapeutic effect. In this vein, research examining the
cortico-peripheral effect of rTMS is expanding, some of which will be discussed here.

In one of the earlier studies examining the cortical signature of rTMS induced MEP
potentiation, the cortical and peripheral response to single pulse TMS were evaluated before
and after 5 Hz rTMS of motor cortex in healthy human subjects (Esser et al., 2006). It was
reported that following rTMS, the TMS induced EEG components in response to subthreshold
single pulse TMS were selectively potentiated within a time window of 15 to 55 ms. In a
similar study, the effect of slow frequency rTMS (0.6 Hz) was assessed by examining the
amplitude of EEG N45 response to subthreshold single pulse TMS before and after 15 minutes
of rTMS administration (Van Der Werf & Paus, 2006). In this study, it was reported that
despite the lack of any rTMS induced MEP modulation, the amplitude of N45 response was
reduced. This finding may suggest that EEG response is a more sensitive indicator of rTMS
effect as compared to MEP. In another study, the effect of 1 Hz rTMS on cortical oscillations
was examined and compared with the suppression of MEPs at the periphery (Brignani et al.,
2008). In this study, three 10-min blocks of 1 Hz rTMS was applied to the left primary motor
cortex of healthy subjects. Spectral analysis was performed and the power of alpha and beta
band oscillations was obtained during each three rTMS blocks. It was shown that the power of
cortical oscillations, more prominently alpha oscillations, increased with increase in TMS

www.intechopen.com



Combination of Transcranial Magnetic Stimulation with Electromyography and
Electroencephalography: Application in Diagnosis of Neuropsychiatric Disorders 359

duration. The increase in power of cortical oscillations was inversely correlated with the
suppression of MEP amplitudes at the periphery. It was suggested that the increase of
oscillatory activity may be a representation of altered cortical excitability, possibly related to an
increase in the activity of inhibitory mechanism (Brignani et al., 2008). Interestingly, the
increase in alpha and beta band cortical oscillations was also documented in a recent study
that examined cortical response to 20 Hz rTMS applied to the left primary motor cortex
(Veniero et al., 2011). It was demonstrated that synchronization of alpha and beta band cortical
oscillations recorded from the C3 electrode was also positively related to the number of
delivered stimuli. Furthermore, there was an inverse correlation between the MEP amplitude
and synchronization of beta band oscillations, showing that smaller MEP amplitudes were
related to higher power of beta oscillations (Veniero et al., 2011).

Theta burst stimulation is a relatively new rTMS approach that has attracted a lot of interest
due to its long lasting effect relative to the short administration period. While 25 minutes of
1 Hz rTMS may induce changes lasting for about 30 minutes, only 40 seconds of TBS may
result in MEP modulation lasting for more than 60 minutes (Huang et al., 2005). Previous
TMS-EMG studies had shown that application of cIBS over the motor cortex results in
suppression of MEPs at the periphery. Through combination of TMS-EMG with concurrent
EEG recording, it has been demonstrated that the cortico-peripheral effect of ¢cTBS involves a
reduction in the cortico-muscular coherence within the cortical beta band oscillations
measured thorough EEG C3 electrode in the primary motor cortex (Saglam et al., 2008).

The effect of PAS on cortical evoked potentials has recently been investigated to also
examine the cortical origin and EEG substrate of PAS induced LTP in the motor cortex of
healthy subjects. In an interesting study by Hubert et al it was shown that the EEG changes
following PAS, as opposed to MEP changes, could predict the modification of slow wave
(0.5-4.7 Hz) activity during sleep (Huber et al., 2008). In this study, PAS was administered to
healthy subjects at two ISIs of 10 ms and 25 ms. Authors then evaluated the cortical evoked
potentials in response to single pulse of TMS applied to the motor cortex before and after
PAS intervention. Subjects were then allowed to sleep shortly after PAS and their sleep EEG
was recorded and analyzed. It was reported that on average PAS at 25 ms resulted in
potentiation of TMS-evoked MEPs and PAS at 10 ms resulted in suppression of MEP
responses, although the reverse was also observed in a few subjects. The study yielded
three interesting findings. First, it was shown that there was a weak but significant
correlation between the MEP amplitudes measured through EMG and the cortical evoked
potentials measured through EEG. Second, interestingly, the location of maximum cortical
activation was over the sensorimotor cortex near the site of stimulation where the effect of
afferent and cortical stimulation would most likely overlap, thus further supporting the LTP
like mechanisms that underlie PAS-induced MEP potentiation. Finally, in subjects that
showed a potentiation of cortical evoked potentials in response to PAS intervention
(regardless of the ISI or MEP modulation) the power of slow wave activity was increased
during sleep that followed the PAS intervention. By contrast, in subjects that cortical evoked
potentials were suppressed following PAS intervention (again, regardless of the ISI or MEP
modulation), a relative reduction of slow wave activity was observed. The finding that the
modulation of cortical evoked potentials was a better predictor of subsequent changes
during sleep is a further support for the significance of probing plasticity and modulation of
cortical excitability directly from the cortex.

Furthermore, utilizing the cortical evoked potentials to index PAS induced LTP and LTD
like plasticity, a recent study has attempted to examine the PAS induced plasticity in both
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the motor cortex and DLPFC of healthy subjects. Application of PAS in the DLPFC was
achieved by pairing the afferent peripheral stimulation with single pulse TMS applied to the
contralateral DLPFC. The preliminary results of this study, currently presented in an
abstract form (Rajji TK et al., 2011), shows that in line with findings of Hubert et al.
following PAS intervention in the motor cortex, there was a significant correlation between
the cortical evoked potentials recorded at the stimulation site and the MEP response at the
periphery. It was noted that while all subjects demonstrated potentiation of cortical evoked
potentials, MEPs were not potentiated in a subset of subjects. Finally, it was shown that PAS
applied to the DLPFC results in significant potentiation of cortical evoked potentials
recorded from the DLPFC which is perhaps, if not the first, one of the first studies directly
probing LTP like plasticity in the DLPFC of healthy subjects, a cortical region more closely
associated with learning and memory.

Similarly, the effect of *TMS on non-motor regions of the cortex can also be evaluated
through TMS-EEG. The observation that LICI modulated cortical oscillations differently in
the motor compared to the prefrontal cortex (Farzan et al., 2009) suggests that fast versus
slow rTMS and cTBS versus iTBS may have differential modulatory effect on cortical
oscillations of motor compared to non-motor regions of the cortex such as DLPFC. In fact, in
a recent study published by our group it was demonstrated that one session of 20 Hz rTMS
applied bilaterally to the left and right DLPFC results in increased power of gamma cortical
oscillations during cognitive performance in healthy subjects (Barr et al., 2009) and reduced
gamma oscillations in patients with schizophrenia (Barr et al. 2011). Future studies should
more systematically investigate the effect of ¥*TMS with different stimulation parameters
(e.g. frequency) on motor and non-motor regions of the cortex. Such studies would enhance
the efficacy of rTMS therapy.

6. Reproducibility and reliability of TMS-EEG-EMG measures

Research experiments systematically examining the test-retest reliability of TMS induced
MEPs are relatively scarce. In this regard, one study has examined the reliability of TMS in
identifying the APB muscle motor map between two separate sessions (Corneal et al., 2005).
It was also shown that increasing the number of delivered stimuli in TMS paradigms would
reduce the intersession variability (Boroojerdi et al., 2000). There are also a few studies that
have demonstrated the reliability of TMS induced MEP modulation in the paired pulse
paradigms of SICI and ICF (Boroojerdi et al., 2000; Maeda et al., 2002). For example, Maeda
et al. reported that SICI was reproducible and correlated between two sessions separated by
two weeks (Maeda et al., 2002).

Given the increasing popularity of TMS-EEG-EMG approach as both a therapeutic and
diagnostic tool, the number of research experiments examining the reliability and validity of
cortical and peripheral indices of TMS is on the rise. The reproducibility of TMS induced
cortical responses to single pulse TMS were recently demonstrated in the motor cortex and
DLPFC of healthy subjects (Lioumis et al., 2009). Lioumis et al. reported generation of six
EEG peaks in the ipsilateral (at latencies 13, 32, 54, 66, 111, 172 ms post TMS) and
contralateral (12, 31, 50, 73, 111, 176 ms post TMS) motor cortex following the application of
suprathreshold single pulse to the left motor cortex, and six peaks were defined in the
ipsilateral DLPFC (first one contaminated by noise, 25, 49, 64, 113, 170 ms post TMS) and
contralateral DLPFC (21, 32, 48, 63, 113, and 174 ms post TMS) following suprathreshold
TMS to the left DLPFC. It was reported that the amplitudes of TMS evoked cortical
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potentials at various stimulation intensities were highly reliable in both the ipsilateral
DLPFC and motor cortex between sessions separated by a one-week interval (test-retest
correlation >0.83), while considering the contralateral response, contralateral DLPFC
response was more reliable than motor cortex perhaps reflecting the stronger
interhemispheric connectivity of the prefrontal cortices (Lioumis et al., 2009).

In a study conducted by our group, we extended the results of previous reports by
demonstrating the reliability of cortical and peripheral indices of LICI, as well as the
reliability of LICI mediated modulation of each cortical oscillation in both the left motor
cortex and left DLPFC (Farzan et al., 2010b). In the motor cortex, we showed that all EEG
and EMG measures of LICI were highly reliable, and in the DLPFC all EEG indices of LICI
were highly reliable between sessions separated by one-week (Cronbach’s alpha ranging
from 0.7 to 0.9). Furthermore, we replicated the correlation between EEG measures of LICI
and EMG measures of LICI in an extended sample size of 36 subjects. Finally, for the first
time we demonstrated a positive correlation between the EEG measures of LICI and the
duration of cortical silent period, as indexed through the CSP paradigm. Previous
pharmacological studies had linked the cortical silent period and MEP suppression by LICI
to the activity of GABAg receptor mediated inhibitory neurotransmission. Collectively, these
findings further confirm the validity and reliability of EEG measures of LICI as indices of
GABAergic inhibitory mechanism, and also provide evidence for the cortical origin of MEP
modulation and the silent period in the LICI and CSP paradigms, respectively. In the next
section, we will discuss how some of these measures can be used to enhance the diagnostic
and therapeutic efficacy of TMS.

7. TMS-EEG-EMG in diagnosis and treatment of neuropsychiatric disorders

Since the introduction of TMS in 1985, deficits of TMS induced MEPs have been reported in
a number of neurological and psychiatric conditions. Among movement disorders,
reduction of SICI (Hanajima et al., 1996; Pierantozzi et al., 2001; Ridding et al., 1995; Strafella
et al., 2000), prolongation of silent period, and increases in LICI has been reported in the
motor cortex of patients with Parkinson’s disease (Berardelli et al., 2008; Berardelli et al.,
1996). In another study, impairment of both SICI and ICF was observed in early Parkinson’s
disease patients not treated with dopamine agonists (Bares et al., 2003). Among
neuropsychiatric disorders, reduction of CSP, IHI and SICI was reported in unmedicated
patients with schizophrenia, while these measures of cortical inhibition were not
significantly impaired in medicated patients with schizophrenia (Daskalakis et al., 2002a).
Similarly, the reduction of SICI, IHI and CSP was also demonstrated in the motor cortex of
patients with bipolar disorder (Levinson et al., 2007). Application of TMS-EMG in cognitive
disorders has shown that patients with Alzheimer’s disease have reduced SAI measures (Di
Lazzaro et al., 2002b), and it was reported that an oral dose of rivastigmine enhanced SAI in
a subgroup of patients (Di Lazzaro et al., 2002b). Reduction of SAI has also been reported in
early Alzheimer’s disease (Nardone et al., 2008). While these TMS-EMG indices have moved
us a step closer to the underlying source of some of these disorders, the exact mechanisms
underlying the generation of MEPs and thus the sources of such impairments have
remained a matter of debate. Furthermore, the pathophysiology of neuropsychiatric
illnesses such as schizophrenia, bipolar disorder and Alzheimer’s disease is more closely
associated with impairment of non-motor regions of the cortex which are not easily
accessible through the conventional TMS-EMG indices of cortical processes.
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The combination of TMS-EMG with concurrent EEG recordings permits the assessment of
cortical origin of MEP impairments. For example, the cortico-muscular coherence and EEG
spectral analysis, discussed in previous sections, can be used to understand the origin of MEP
impairments in movement disorders and neurological diseases that have abnormalities of the
corticospinal pathway and the cortical oscillatory activity of the motor cortex such as in
Parkinson’s disease and dystonia (Di Lazzaro et al., 2009; Levy et al.). Furthermore, the
combination of TMS with EEG allows for examining cortical processes in neuropsychiatric
disorders which are closely associated with impairments of cortical oscillatory activity in the
non-motor regions of the cortex. For example, impairments in gamma oscillations have been
reported during cognitive performance in the prefrontal cortex in patients with schizophrenia
(Basar-Eroglu et al., 2007; Cho et al., 2006). In this regard, we have recently replicated previous
studies, such as those by Basar-Eroglu et al. by demonstrating that patients with schizophrenia
exhibit excessive power of gamma oscillations during working memory performance (Barr et
al., 2010). Given these frontal gamma deficits, we conducted a TMS-EEG-EMG experiment to
examine the integrity of LICI induced modulation of gamma oscillations in the DLPFC of
patients with schizophrenia compared to healthy subject in whom, as described previously,
LICI resulted in a significant inhibition of gamma oscillations following paired pulse
stimulation of DLPFC(Farzan et al., 2009). Utilizing these EEG measures of LICI, which were
shown to have high test-retest reliability (Farzan et al., 2010b), we have in fact demonstrated
that inhibition of gamma oscillations was selectively impaired in the DLPFC of patients with
schizophrenia compared to both healthy subjects and patients with bipolar disorder (Farzan et
al., 2010a). Interestingly, we observed no deficits in the EEG or EMG measures of LICI in the
motor cortex or in modulation of any other frequency bands in the DLPFC. Patients with
bipolar disorder were similar to patients with schizophrenia in relation to severity of
symptoms, illness duration, and history of psychosis, and about half of them were on
antipsychotic medications. In addition, the extent of gamma inhibition did not correlate with
the medication dosage, suggesting that the specificity of gamma inhibition deficits to
schizophrenia and the DLPFC is less likely to be part of a generalized deficit that is simply
related to psychotropic medications and it may represent a candidate endophenotype for
schizophrenia. Combining these finding with evidence of impaired gamma modulation during
cognitive performance in patients with schizophrenia, it may be hypothesized that the
impairments of LICI induced modulation of gamma oscillations in the DLPFC may, at least
partly, underlie the excessive power of gamma oscillations that has been reported during
working memory performance and perhaps the frontal cognitive deficits in this illness.

In line with these findings, cognitive impairments and the deficits in learning and memory,
a process thought to be related to cortical plasticity, constitute one of the core deficits of
schizophrenia (Gold & Harvey, 1993). Indeed, in a previous TMS-EMG study, TMS
paradigm PAS was used to investigate the integrity of LTP-like plasticity in the motor cortex
of patients with schizophrenia (Frantseva et al., 2008). In this study, the effect of PAS in
patients with schizophrenia and healthy subjects was evaluated through evaluating the TMS
induced MEP response to single pulse of TMS after PAS, and also through examining the
effect of PAS on learning a subsequent motor task (rotary pursuit motor task). It was
demonstrated that not only patients with schizophrenia had significantly less MEP
facilitation in response to PAS, but there was also a correlation between the PAS induced
potentiation of MEPs and performance on the motor learning task (Frantseva et al., 2008).
That is, patients with schizophrenia who had less MEP potentiation following PAS
compared to healthy subjects, also performed poorly on the subsequent motor task
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compared to healthy subjects. Consistent with these finding, both medicated and
unmedicated patients with schizophrenia demonstrated a reduced plastic response to 15
min of 1 Hz rTMS applied to the motor cortex compared to healthy subjects (Fitzgerald et
al., 2004). It was also shown that the duration of CSP at baseline correlated positively with
the r'TMS response. That is, patients who had less plastic response to rTMS also had a
shorter CSP duration at baseline. The results of these studies would be significantly
complemented by examining LTP like plasticity in the DLPFC of patients with
schizophrenia through PAS or rTMS combined with EEG. In fact, such experiments are
currently underway. Preliminary results of a recent experiment has so far shown that
following application of PAS in the DLPFC, patients with schizophrenia demonstrate a
deficit in potentiation of cortical evoked potentials recorded from the DLPFC compared to
the healthy subjects (Rajji TK et al., 2011).

Furthermore, similar to PAS and LICI, EEG measures of SAI can be used to assess the cortical
origin and the cortical oscillatory activity underlying the SAI deficits in Alzheimer’s disease.
The combination of TMS-EMG with EEG would further permit assessing the effect of afferent
sensory stimuli on the prefrontal cortex, which is perhaps more closely associated with the
impairment of cognitive disorders. Similar to PAS, this can be conducted through combination
of peripheral nerve and single pulse TMS applied to the DLPFC, as opposed to the motor
cortex, and examining the amplitude and frequency components of the cortical evoked activity
in the DLPFC as well as the spread of the signal to the interconnected cortical regions.

Finally, the neurophysiological measures obtained through TMS-EEG-EMG studies would
significantly enhance our understanding of the mechanism through which repetitive TMS
exerts its effect, and would further enable us to optimally select stimulation parameters that
would benefit individual patients based on their underlying impairment. To this day, the
outcomes of repetitive TMS therapy have been inconsistent across studies. There are several
reasons for this variability. First, certain stimulation patterns such as intensity, frequency, and
number of stimuli delivered can significantly influence the outcome measures. Second,
emerging lines of evidence suggest that rTMS effects are highly state dependent (Silvanto et
al., 2008a; Silvanto et al., 2008b). That is the level of underlying cortical activity prior to rTMS
treatment may influence the rTMS effect and could even be used to predict whether rTMS
would suppress or facilitate cortical excitability. However, the classical rTMS treatments, not
equipped with any concurrent EEG recordings, have not evaluated or controlled such baseline
activities, which explains some of the variability observed in the rTMS studies.

Therefore, online EEG recording during rTMS therapy can improve the efficacy of TMS
therapy in several ways. First, proof of concept studies similar to some of the rTMS-EEG
experiments described before (Barr et al., 2010; Esser et al., 2006; Saglam et al., 2008; Van Der
Werf et al., 2006) should be expanded to more systematically examine the effect of various
stimulation parameters (e.g. intensity and frequency) on the cortical evoked potentials that
seem to be a better predictor of subtle changes that take place in the cortex, as compared to
the conventional MEP responses (Farzan et al., 2010b; Ferreri et al., 2010; Huber et al., 2008;
Van Der Werf & Paus, 2006). Second, the results of these studies can then be utilized to
custom design rTMS treatment sessions though carefully selecting parameters that would
induce a specific response in the cortex (e.g. increased or reduced cortical excitability)
similar to the tACS frequency adjustments in a recent study by Schutter and Hortensius
(Schutter & Hortensius, 2011). Finally, a major advancement in EEG and TMS technology
would hopefully give rise to the design of reliable EEG triggered TMS machines in which
continuous online monitoring of underlying cortical potential would trigger the rTMS
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stimulation whenever the cortical activity reaches a state which would be more prone to be
affected by the therapeutic efficacy of a specific rTMS therapy (e.g. low vs. fast frequency)
(Rotenberg, 2009). Finally, in an even more advanced design, an EEG-triggered TMS system
would be capable of updating the rTMS parameters (e.g. changing the rTMS frequency)
during the treatment and based on the online analysis of changes in the cortical activity.
Such advances in cortical stimulation technology could revolutionize the TMS field and
would be a major step toward making the cortical stimulation a standard treatment
approach for several neuropsychiatric disorders.

8. Conclusion

Advances in cortical stimulation and cortical recording techniques over the past few
decades have allowed researchers to more systematically and non-invasively investigate the
neurophysiological processes from the intact cortex of awake humans. Among such
advancements, the concurrent TMS and EMG recordings has been instrumental in
identifying and probing cortical processes that underlie generation and modulation of
motor evoked potentials. The ability to evaluate cortical processes such as inhibition,
excitation and plasticity in healthy subjects has further led to the discovery of
pathophysiological processes in various neuropsychiatric disorders. In recent years, the
introduction of TMS compatible EEG systems has brought about a significant advancement
to the TMS field, enhancing both the diagnostic and therapeutic aspects of TMS. This is
achieved through the superior temporal, spatial and spectral precision of TMS-EEG
combination in identifying subtle changes of cortical activity before, during and post TMS
delivery in both motor and non-motor regions of the cortex. In addition, the integration of
EEG data with EMG recordings has provided further confirmation for the cortical origin of
the classical TMS-EMG paradigms and has provided new information about the cortical
oscillatory activity that underlies the generation and modulation of the peripheral effects.
Although today there are only a few number of studies that have systematically investigated
the reliability of EEG measures of TMS, the results are promising and suggest that TMS does
have a potential for reliably identifying biological markers for several neuropsychiatric
disorders. In regards to the future prospect of TMS-EEG-EMG research, it is expected that
the integration of online EEG recording during rTMS therapy and advancements of EEG
triggered cortical stimulation technology would significantly enhance the therapeutic
outcomes of TMS and increase the certainty with which its therapeutic efficacy is predicated
for each clinical condition. Such advancement would ultimately assist physicians in
selecting patients who would benefit from rTMS therapy.
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