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Abstract: The past decade has seen significant developments in the concurrent use of transcranial
magnetic stimulation (TMS) and electroencephalography (EEG) to directly assess cortical network
properties such as excitability and connectivity in humans. New hardware solutions, improved EEG
amplifier technology, and advanced data processing techniques have allowed substantial reduction of
the TMS-induced artifact, which had previously rendered concurrent TMS-EEG impossible. Various
physiological artifacts resulting from TMS have also been identified, and methods are being developed
to either minimize or remove these sources of artifact. With these developments, TMS-EEG has
unlocked regions of the cortex to researchers that were previously inaccessible to TMS. By recording
the TMS-evoked response directly from the cortex, TMS-EEG provides information on the excitability,
effective connectivity, and oscillatory tuning of a given cortical area, removing the need to infer such
measurements from indirect measures. In the following review, we investigate the different online and
offline methods for reducing artifacts in TMS-EEG recordings and the physiological information con-
tained within the TMS-evoked cortical response. We then address the use of TMS-EEG to assess differ-
ent cortical mechanisms such as cortical inhibition and neural plasticity, before briefly reviewing
studies that have utilized TMS-EEG to explore cortical network properties at rest and during different
functional brain states. Hum Brain Mapp 34:1652-1669, 2013.  © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Transcranial magnetic stimulation (TMS) is a noninvasive
method of stimulating cortical neurons in humans. Follow-
ing the induction of TMS by Barker and colleagues [1985],
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the technique has been extensively used across a range of
fields including motor [Reis et al., 2008] and visual physiol-
ogy [Merabet et al., 2003], cognitive neuroscience [Pascual-
Leone et al., 2000], and more recently as a clinical treatment
for psychiatric disorders such as depression [Daskalakis
et al., 2008c]. TMS utilizes the properties of electromagnet-
ism to stimulate cortical tissue while minimizing stimula-
tion of other peripheral structures. A strong, brief electrical
current is passed through shielded circular copper coils,
resulting in a perpendicular magnetic field. When placed
over the head, this rapidly changing magnetic field passes
through the skull and elicits small eddy currents in the
underlying cortical tissue [Rothwell, 1997].

TMS depolarizes both pyramidal neurons and interneur-
ons in the cortex depending on the orientation and strength
of the TMS-induced current flow within the cortical tissue.
When applied to the motor cortex, the effect of TMS on the
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cortex can be indirectly measured by recording the motor
output of peripheral muscles controlled by the stimulated
region of cortex using surface electromyography (EMG).
The compound motor-evoked potential (MEP) in the muscle
resulting from motor cortex TMS results from a series of
waves or volleys descending the corticospinal tract, which
can be measured either from single motor units using nee-
dle electrodes in peripheral muscles [Amassian et al., 1989;
Day et al., 1989] or directly from the corticospinal tract using
epidural electrodes in the spinal cord [Di Lazzaro et al.,
1998a; Nakamura et al., 1996]. The earliest of these waves is
termed a direct or D-wave and is thought to result from
direct depolarization of pyramidal corticospinal neurons in
the cortex by TMS. The D-wave is followed by a series of
indirect or I-waves, which occur at intervals of ~1.5 ms
reflecting periods of synaptic discharge delay. Whereas
D-waves are generally activated at higher TMS intensities,
I-waves occur at lower TMS intensities and most likely
result from the preferential stimulation of interneurons or
cortico-cortical axons orientated horizontally to the
scalp which depolarize pyramidal cells trans-synaptically
[Amassian et al., 1992b]. In addition, the latter I-waves are
reduced following a sub-threshold conditioning TMS pulse
[Di Lazzaro et al., 1998b] and administration of y-aminobu-
tyric acid (GABA) agonists [Di Lazzaro et al., 2000] suggest-
ing TMS also activates inhibitory interneurons. The
ability of TMS to preferentially stimulate these different
sub-populations of neurons has allowed the study of facili-
tatory and inhibitory interactions within the motor cortex of
humans.

Despite these and other indirect measures for quantifying
the effect of TMS, such as changes in task performance or
interruptions in sensory processing (i.e.,, visual phos-
phenes), the ability to measure the direct effects of TMS on
the cortex has been limited. The electromagnetic interfer-
ence resulting from the TMS-evoked magnetic field gradi-
ent creates large recording artifacts in other neuroimaging
techniques such as electroencephalography (EEG). How-
ever, the last decade has seen the combination of TMS
with several neuroimaging modalities including functional
magnetic resonance imaging (fMRI) [Bohning et al., 1998,
1999], positron emission tomography (PET) [Fox et al.,
1997; Paus et al., 1997], single-photon emission computed
tomography [Nahas et al., 2001], and near-infrared spec-
troscopy [Noguchi et al., 2003], each providing a new
insight into the direct neural effects of TMS. In addition,
various hardware solutions, recent advances in EEG ampli-
fier technology, and the continued development of EEG
data analysis techniques have enabled concurrent recording
of EEG during TMS [Ilmoniemi et al., 1997]. The main
advantages of concurrent TMS-EEG over other combined
TMS neuroimaging techniques is the excellent temporal re-
solution of EEG, allowing measurement of the cortical
TMS-evoked response in the millisecond time range.

The achievement of concurrent TMS-EEG recordings
has generated two main streams of research. The first is
concerned with measuring the cortical activity evoked by

TMS. Electrical activity recorded at the scalp via EEG is
thought to represent the summated postsynaptic potentials
of the underlying pyramidal neurons [Kirschstein and
Kohling, 2009], and hence provides a way of directly
measuring TMS-evoked cortical potentials in humans.
TMS-evoked potentials provide information on the excit-
ability, oscillatory properties, and the connectivity of corti-
cal networks [Casali et al., 2010; Casarotto et al., 2010].
Combined with TMS paradigms designed to assess differ-
ent cortical mechanisms, the measurement of TMS-evoked
potentials provides a powerful tool to assess cortical dy-
namics both at rest and during functional tasks [Massimini
et al., 2005; Morishima et al., 2009].

The second stream of research uses TMS-EEG to
directly determine the effect of TMS on brain function. In
this approach, researchers measure the effect of TMS on
event-related potentials using EEG. Such experiments have
revealed causal interactions between brain regions
involved in cognitive and sensory processing [Fuggetta
et al., 2006; Taylor et al., 2007a,b; Thut et al., 2003, 2005].

In the current review, we focus on the TMS-evoked
brain response measured using EEG. We begin by describ-
ing the recording and physiological artifact sources that
can confound TMS-EEG recordings. We then describe the
TMS-evoked cortical potential and explore the physiologi-
cal information contained within this response. We finish
by reviewing paradigms designed to investigate cortical
mechanisms such as inhibition and neural plasticity using
TMS-EEG. In addition, we briefly review studies utilizing
TMS-EEG to compare properties of resting cortical regions
and to investigate functional modulation of cortical
networks.

ARTIFACT SOURCES IN TMS-EEG

A major obstacle to successfully recording EEG during
TMS is the various recording and physiological artifacts
associated with the technique. Artifacts induced in the
recording equipment resulting from the strong (albeit
brief), magnetic field gradient created by TMS have pre-
sented the major technological hurdle, while separating
physiological artifacts such as sensory evoked potentials
from the TMS-evoked potential remains a continuing and
salient challenge.

Amplifier Artifact

The main difficulty in recording EEG during TMS is the
effect of the strong magnetic field gradient produced by
TMS on the EEG amplifiers. To record the weak potentials
across the scalp, EEG amplifiers are necessarily very sensi-
tive. Time-varying magnetic fields of strong magnitude (up
to 3 T) result in magnetic field gradients that cause large
artifacts in the input stage of standard EEG amplifiers,
resulting in immediate saturation. Following saturation, the
amplifier can take several hundred milliseconds to recover
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to a linear recording range, and later, artifacts can also result
from voltages stored in the filter stages [Virtanen et al.,
1999]. Early studies using concurrent TMS-EEG positioned
small numbers of EEG electrode pairs away from the TMS
coil [Cracco et al., 1989]. This approach minimized the arti-
fact and allowed for recording of connectivity between
brain regions. However, these experiments were severely
limited in scope as only a small number of electrode pairs
could be used and electrodes needed to be positioned away
from the site of stimulation. As a result, only a limited num-
ber of studies ensued using this arrangement [Amassian
et al, 1992a; Meyer and Roricht, 1995], whereas other
approaches continued to suffer the long-saturation artifact
[Dhuna et al., 1991; Hufnagel et al., 1990; Izumi et al., 1997].

Because these early attempts, several approaches have
been implemented to prevent amplifier saturation and
allow higher resolution EEG recording. IlImoniemi and col-
leagues [1997] introduced a technique which utilized a
sample-and-hold circuit to pin the amplifier for several
milliseconds during the TMS pulse, hence protecting the
amplifier from saturation [Ilmoniemi et al., 1997; Virtanen
et al.,, 1999]. This sample-and-hold method allows artifact-
free EEG recording following several (>3) milliseconds
post-TMS in most electrodes across the scalp [Ilmoniemi
et al.,, 1997]. However, electrodes near the stimulating coil
still suffer from residual artifacts (<30 ms), particularly at
higher stimulation intensities [Komssi et al., 2004; Paus
et al., 2001; Virtanen et al.,, 1999], and analyses of events
occurring immediately after TMS are still precluded.

In a separate approach, Thut and colleagues [2003] used a
low slew rate preamplifier to prevent saturation of the EEG
amplifier, hence allowing recording of the TMS artifact. In
addition, the TMS pulse was synchronized to the sampling
rate of the EEG device to reduce the variability of the
artifact, preventing random scatter of the TMS voltages in
relation to the sampling cycle. As the authors were primar-
ily interested in the effect of TMS on sensory-evoked poten-
tials [Thut et al., 2003, 2005], EEG traces obtained following
TMS were subtracted from those obtained following
TMS administered during a sensory task. This subtraction
technique accounts for both mechanical and physiological
artifacts resulting from TMS; however, it also eliminates
TMS-evoked cortical events [Thut et al., 2005].

A limitation of both above approaches is that dedicated
hardware systems are required in addition to EEG sys-
tems. Improvements in amplifier technology such as
increased analog-to-digital converter (ADC) resolution and
DC-coupling permit some modern EEG amplifiers to
recover fast enough following TMS to record relevant EEG
data. One such amplifier allows adjustment of ADC reso-
lution and operational range to accommodate the TMS
pulse [Bonato et al., 2006; Sekiguchi et al., 2011]. Amplifier
recovery time following the TMS pulse is reported at less
than 6 ms, is independent of stimulus intensity, and is
unaffected in length by high-frequency stimulation
(<20 Hz) in phantom head models [Veniero et al., 2009].
Similarly, another commercially available EEG amplifier

105 ?

Amplitude (V)

100
Time (ms)

200 300

Figure 1.

TMS-evoked EEG response to single pulse stimulation over the
motor cortex in an individual participant. The thick line represents
the mean EEG trace, whereas the dashed lines represent the stand-
ard deviations. The peaks and troughs represented in this figure have
been widely reported following stimulation of the motor cortex,
although some variation in peak latency and size has been reported
between individuals and between different recording arrangements
[Bonato et al., 2006; limoniemi and Kicic, 2010; Komssi et al., 2002,
2004; Lioumis et al., 2009; Paus et al., 2001; Van Der Werf and Paus,
2006]. Data are the mean of 40 trials from C3 sampled at 10,000 Hz
(DC—2,000 Hz), downsampled to 1,000 Hz offline, epoched, base-
line corrected and filtered (I-50 Hz). To prevent ringing artifacts
resulting from filtering, the large, high-frequency TMS artifact was
removed before filtering. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

utilizes high acquisition rates (>10 kHz), wide operational
range, and DC-coupling to avoid saturation and record the
TMS artifact [Daskalakis et al., 2008a; Fitzgerald et al.,
2008]. Despite the fast recovery of these EEG systems fol-
lowing TMS, electrodes at the site of stimulation still suffer
from similar residual artifacts to those reported in com-
mercial TMS-EEG systems. An example of a TMS-evoked
EEG response recorded using a DC-coupled amplifier is
provided in Figure 1.

Residual Artifacts at the Electrode

Electrodes close to the sight of stimulation often suffer
from a large positive shift that recovers to a linear record-
ing range within 50 ms. This artifact is not related to am-
plifier saturation and is likely to reflect a combination of
the buildup of eddy-currents at the electrodes [Veniero
et al., 2009], other additional charges stored at the elec-
trode-skin interface [Litvak et al.,, 2007; Virtanen et al.,
1999] and electromotive forces induced in the electrode
lead wires [Sekiguchi et al., 2011]. The buildup of eddy-
currents can result in both movement and heating of the
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electrodes during TMS, both of which are potential sources
of artifact [Veniero et al., 2009; Virtanen et al., 1999]. Heat-
ing of electrodes also poses a potential burn risk to under-
lying tissue [Roth et al, 1992] and is, therefore, an
important safety consideration. Standard Ag/AgCl electro-
des with a 3 mm slit to interrupt eddy-current generation
adequately prevent heating and reduce the electrode arti-
fact [Virtanen et al., 1999]. Alternatively, Ives and col-
leagues [2006] have developed a conductive plastic
electrode coated with a layer of Ag/AgCl, which is com-
patible with TMS and reduces artifact. Smaller Ag/AgCl
sintered TMS-compatible pellet electrodes are also widely
used and sufficiently reduce TMS artifact and heating
[Veniero et al., 2009; Virtanen et al., 1999].

Additional charges stored at the electrode-skin interface
are also likely to significantly contribute to the residual
TMS-EEG artifact [Ilmoniemi and Kicic, 2010; Litvak et al.,
2007; Paus et al., 2001; Thut et al., 2005], although the con-
tribution of such an artifact remains to be systematically
evaluated. Careful preparation of the skin underlying the
electrodes, and some additional measures such as short-
circuiting the epithelial layer by creating small punctures
in the skin, can significantly reduce both the artifact ampli-
tude and duration [Julkunen et al., 2008]; however, further
work addressing this source of artifact is required.

In addition to charges at the sensor-scalp interface, Seki-
guchi and colleagues proposed that the residual artifact
may reflect electromotive interference in the recording/ref-
erence electrode circuit [Sekiguchi et al., 2011]. The authors
reasoned that the electromotive force could be cancelled
out with appropriate arrangement of the TMS coil in rela-
tion to the recording and reference leads. By positioning
the lead wires perpendicular to the coil handle, the resid-
ual artifact was significantly reduced in both a model
study of the TMS-EEG system and during human record-
ings. Importantly, the artifact remained minimal even with
stimulation intensity at 88% of maximum stimulator out-
put [Sekiguchi et al., 2011].

Several offline artifact removal techniques have been
proposed to complement online minimization of artifact
sources. The simplest involves discarding affected data,
which is far from ideal [Komssi et al., 2004]. In a similar
approach to that taken by Thut and colleagues [2003],
Bender and colleagues proposed subtracting a template ar-
tifact (built on a phantom head model) from the trace col-
lected from human recordings. This approach proved
problematic, however, as the phantom head artifact did
not completely represent that recorded from the human
scalp [Bender et al., 2005]. More advanced subtraction
techniques using artifact templates built following princi-
pal component analysis (PCA) [Levit-Binnun et al., 2010;
Litvak et al.,, 2007] and independent component analysis
(ICA) [Hamidi et al., 2010] have also been proposed. In
this approach, either PCA or ICA is used to identify and
remove artifact components from the TMS-evoked poten-
tial based on each individual’s data. Although results
using this technique appear promising, interpretation is

somewhat limited as there is currently no way of verifying
that brain activity is not being removed along with the ar-
tifact components (see below). The use of filters to elimi-
nate the artifact has also been proposed, but requires
further verification [Morbidi et al., 2007].

Sensory-Evoked Potentials, Muscle Activity,
and Eye Movement

In addition to artifacts in the recording equipment, TMS
also activates various sensory systems, resulting in sen-
sory-evoked potentials in the EEG, which can contaminate
the TMS-evoked potential. Discharge of the TMS coil
results in a loud clicking noise (<120 dB), which causes an
auditory-evoked potential consisting of both an air [Nikou-
line et al., 1999; Tiitinen et al., 1999] and bone [Nikouline
et al.,, 1999] conducted component. The latency of this au-
ditory-evoked potential coincides with peaks in EEG fol-
lowing TMS (the N100/P190 complex). Wearing sound-
protective headphones [Nikulin et al., 2003] or playing
white noise through earphones [Massimini et al., 2005;
Paus et al.,, 2001; Veniero et al., 2010] sufficiently masks
the air-conducted component of the coil click and reduces
auditory-evoked potentials. Alternatively, the auditory-
evoked potential can be effectively removed from the
TMS-evoked potential by subtracting EEG traces measured
during sham stimulation from EEG traces measured dur-
ing real stimulation [Daskalakis et al., 2008a].

Discharge of the TMS coil also activates sensory affer-
ents in the underlying scalp resulting in somatosensory
input. Trigeminal nerve afferents are activated both
mechanically by brief coil vibration (often reported as a
tapping sensation) and directly by depolarization of the
afferents themselves [Ilmoniemi and Kicic, 2010]. This
stimulation of the scalp following TMS is sufficient to elicit
somatosensory-evoked potentials; however, such evoked
potentials occur primarily in the contralateral hemisphere
to the site of stimulation and do not match the TMS-eli-
cited response [Paus et al., 2001]. In addition, some studies
have placed a thin layer of foam between the scalp and
coil to minimize the somatic sensation of the coil vibration
[Massimini et al., 2005].

TMS can also directly depolarize scalp or facial muscle
fibers. This evoked muscle activation is likely to contami-
nate the early EEG components (<30 ms post TMS), partic-
ularly over lateral and prefrontal areas [Kahkonen et al.,
2003; Veniero et al., 2010]; however, such activation is de-
pendent on coil position and is either not present or mini-
mal following motor cortex stimulation [Kahkonen et al.,
2001; Veniero et al., 2010]. At sites where muscle activity
cannot be avoided, muscle artifact may be removed using
similar PCA and ICA removal techniques to that used for
the residual artifact [Korhonen et al., 2011; Maki and Ilmo-
niemi, 2010a]. It should be noted that both PCA and ICA
are limited to the extent in which artifact sources can be
separated from neural activity. Large muscle artifacts such
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as those generated by TMS and other large artifacts such
as those resulting from electrode movement can span
many of the available components leaving few to represent
neural activity [Onton et al., 2006]. In addition, muscle
artifacts with similar amplitudes to highly fluctuating EEG
signals (such as weak tonic muscle contractions) or arti-
facts temporally locked to neural activity (such as evoked
muscle, ocular, and neural activity following a TMS pulse)
can result in poor source separation and subsequent “leak-
ing” of neural activity in to artifactual components [Castel-
lanos and Makarov, 2006; Lagerlund et al, 1997;
McMenamin et al., 2010]. As a result, removal of artifacts
with these techniques can result in degradation of the neu-
ral signal, particularly in electrodes close to the artifact
source [Korhonen et al., 2011; Maki and Ilmoniemi, 2010a].

Somatosensory input to the cortex can be further gener-
ated by the activation of peripheral muscles following
TMS over motor cortex. Suprathreshold TMS over the
motor cortex results in a MEP in the muscle controlled by
the targeted cortical area (often a small hand muscle). This
MEP produces muscle contraction and, consequently, joint
movement resulting in additional somatosensory-evoked
potentials occurring at the stimulated motor cortex
[Komssi et al., 2002; Nikulin et al., 2003; Paus et al., 2001;
Schurmann et al., 2001]. The early components of the
TMS-evoked potential (<40 ms) are unlikely to be affected
by this somatosensory-evoked potential due to the conduc-
tion time from the cortex to the muscle and back again
[Komssi et al., 2002; Paus et al., 2001]. Later, components
also appear unaffected, as amplitude peaks such as N45
and N100 are independent of MEP amplitude and occur at
sub-threshold intensities [Komssi et al., 2004, 2007; Nikulin
et al., 2003; Paus et al., 2001].

Eye movements such as blinking have a profound effect
on EEG recordings, particularly in frontal electrodes. In
some individuals, TMS evokes a blinking response either
as a startle reflex or via activation of the ocular muscles
(particularly when given over prefrontal cortex). This blink
response results in considerable contamination of the
TMS-evoked potential. The blink artifact has been man-
aged by either discarding the affected data [Komssi et al.,
2004] or by implementing an eye correction algorithm
[Daskalakis et al., 2008a; Fitzgerald et al., 2008].

PHYSIOLOGICAL INFORMATION CONTAINED
IN TMS-EVOKED POTENTIALS

When artifact sources are appropriately controlled for,
TMS-EEG can provide a wealth of information on stimu-
lated cortical networks. TMS evokes simultaneous activity
in a large population of both excitatory and inhibitory
neurons in the underlying cortex. The ensuing cortical
response is dependent on both the intrinsic properties of
the stimulated neurons and the nature of their synaptic
connections with other cortical and sub-cortical regions.
EEG provides a method for directly measuring both the

local cortical response to TMS and the resultant activation
of connected cortical regions, providing information on the
excitability, oscillatory tuning, and connectivity of the
underlying cortical network.

TMS-Evoked Potentials

TMS results in a highly reproducible evoked potential in
EEG recordings [Casarotto et al.,, 2010; Lioumis et al.,
2009], which is sensitive to change in stimulation parame-
ters such as intensity [Casarotto et al., 2010; Kahkonen
et al.,, 2005b; Komssi et al., 2004], coil angle [Bonato et al.,
2006; Casarotto et al., 2010], and site of stimulation [Casar-
otto et al.,, 2010; Fitzgerald et al., 2008; Kahkonen et al.,
2004, 2005a; Komssi et al., 2002; Rosanova et al., 2009]. The
TMS-evoked potential contains a series of peaks and
troughs lasting up to 300 ms, which is greatest at the site
of stimulation [Bonato et al., 2006, Komssi et al., 2004]
(Fig. 1, Fig. 2). The electrophysiological nature of these
fluctuations is difficult to interpret directly, as EEG repre-
sents the summation of both excitatory postsynaptic poten-
tials (EPSPs) and inhibitory postsynaptic potentials (IPSPs)
over a large population of neurons [Kirschstein and Koh-
ling, 2009]. However, the amplitude of this TMS-evoked
response appears to relay information on the excitability
and reactivity of the underlying cortical networks, as the
amplitude of the peaks and troughs are sensitive to both
functional [Massimini et al., 2005; Morishima et al., 2009]
and experimental [Esser et al., 2006; Ferrarelli et al., 2010]
changes in cortical excitability. The TMS-evoked potential
is also sensitive to sub-threshold TMS intensities, revealing
previously undescribed effects of TMS at low intensities
[Komssi et al., 2004, 2007]. In addition to activating neu-
rons directly beneath the coil, neuroimaging studies
[Bohning et al., 1999; Fox et al., 1997; Paus et al.,, 1997;
Strafella et al., 2001] and studies directly measuring the ac-
tivity of sub-cortical structures [Strafella et al., 2004] have
revealed that TMS also results in activation of remote
brain regions connected to the site of stimulation via cor-
tico-cortical and cortico-subcortical connections. This
remote activation is likely to contaminate EEG recordings
at the site of stimulation due to volume conductance.
However, analyses of current density plots and source
modeling techniques allow for estimations on the regions
contributing to each component of the TMS-evoked poten-
tial, hence providing information on the spatiotemporal
spread of activation following TMS [Ilmoniemi et al., 1997;
Massimini et al., 2005] (see source localization and cortical
connectivity below).

To some degree, the early TMS-evoked response at the
site of stimulation is likely to represent the fluctuation
between EPSPs and IPSPs mediated by a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid, N-methyl-p-
aspartic acid (NMDA), and GABA receptors in the stimu-
lated cortical network, similar to those observed following
both animal [Connors et al., 1988; Moliadze et al., 2003;
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Figure 2.

The spread of activation following single pulse TMS over the pre-
frontal cortex of an individual participant. A: Typical 62-channel
electrode layout displaying the mean EEG responses to prefrontal
cortex TMS at each electrode (FC3 was removed due to artifact).
B: Butterfly plot (upper) displaying the response of 61 channels
following TMS over the prefrontal cortex. Topographic head maps
showing the voltage distribution at various time points following
TMS are also included (lower). Notice how the voltage density
moves from beneath the coil (35 ms) both posteriorly (55 and 120
ms) and toward the midline and contralateral hemisphere. See

Kahkonen et al. [2005b] and Rosanova et al. [2009] for further
descriptions of the TMS—EEG response over prefrontal cortex.
Present data are the mean of 75 trials sampled at 20,000 Hz
(DC—3,500 Hz), downsampled to 1,000 Hz offline, epoched,
baseline corrected and filtered (I-50 Hz). The TMS artifact and
the early response (—3 to 25 ms) were removed before filtering.
Topographic head maps were obtained using EEGLAB toolbox in
MATLAB [Delorme and Makeig, 2004]. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Stern et al., 1992; Sutor and Hablitz, 1989a,b] and model-
ing [Esser et al., 2005] studies of cortical stimulation. Much
of the information in EEG regarding the immediate synap-
tic potential responses following the TMS pulse is lost due
to TMS artifact, however later activity (10-30 ms) appears
to represent both EPSPs and IPSPs [Komssi et al., 2004].
For instance, the amplitude of the MEP following motor
cortex stimulation correlates with the amplitude of the
N15/P30 complex [Maki and Ilmoniemi, 2010b] and alter-
ing coil angle attenuates the amplitude of both the MEP
and the N15/P30 waveform [Bonato et al.,, 2006]. Given
that MEP generation is dependent on the predominance of
EPSPs in corticospinal pyramidal neurons, these early
peaks appear to relay some information on cortical EPSPs.
Conversely, the administration of GABA, agonists such as
the benzodiazepine midazolam greatly increases the am-
plitude of these early peaks [Ferrarelli et al., 2010], infer-
ring that IPSPs are also represented in these early traces.
The later components of the EEG response to TMS (50-200
ms) are likely to, in part, represent slower GABAg-medi-
ated IPSPs. For example, the N100 component over motor
electrodes is increased in participants who actively attempt
to inhibit the amplitude of the TMS-evoked MEP [Bonnard
et al., 2009] (for further discussion see “Cortical Inhibition”
section below).

Cortical Oscillations

Neural oscillations in cortical networks are the result of
the synchronous firing of neuronal populations and are
important in the functional coordination of brain activity
[Uhlhaas et al.,, 2009]. Oscillatory activity occurs across a
wide spectrum of frequencies (0.05-500 Hz), which are of-
ten grouped into specific bandwidths. High-frequency
oscillations such as beta (13-30 Hz) and gamma band
oscillations (30—200 Hz) coordinate local network activity,
whereas lower frequency oscillations such as those in the
theta (4-7 Hz) and alpha (8-12 Hz) bands tend to mediate
synchronization over longer distances [von Stein et al.,
2000]. The frequency of oscillations within and across
cortical networks is dependent on several factors including
the membrane properties and synaptic connections of the
neurons within a network and the state of the neural
system (for a review see Buzsaki and Draguhn [2004]). For
instance, gamma oscillations arise from networks consist-
ing of fast-spiking inhibitory interneurons with membrane
properties optimized for firing at high frequencies
(~40 Hz). Projections on to adjacent pyramidal cells and
close coupling with other fast-spiking interneurons both
synaptically and via gap-junctions allow these inhibitory
networks to effectively entrain local neural populations to
fire at gamma frequencies [Bartos et al., 2007; Cardin et al.,
2009; Sohal et al., 2009]. Different frequency oscillations
appear to subserve specific and overlapping functional
roles. For example, theta and gamma frequencies are asso-
ciated with memory processes such as short-term plasticity

and working memory [Duzel et al., 2010]. Alternatively,
alpha and beta frequencies are associated with aspects of
motor functioning [Neuper et al., 2006].

Following the synchronized discharge of neurons after
TMS, a brief period of oscillatory firing also occurs within
the stimulated cortical network. For example, TMS over
motor cortex results in synchronous alpha [Brignani et al.,
2008; Fuggetta et al., 2005] and beta range [Brignani et al.,
2008; Fuggetta et al., 2005; Paus et al., 2001; Van Der Werf
and Paus, 2006] oscillations for up to 300 ms following
stimulation. Alternatively, TMS over frontal regions results
in synchronous firing in upper beta and gamma range fre-
quencies [Ferrarelli et al., 2008; Rosanova et al., 2009]. The
discrete dominant oscillatory frequencies observed follow-
ing TMS to different cortical regions may represent func-
tionally distinct organization of these regions (for
discussion see “Comparing Resting Cortical Network
Properties” section). TMS-evoked oscillations are highly
phase-locked to the TMS pulse across trials [Ferrarelli
et al., 2008; Paus et al., 2001], and the frequencies are inde-
pendent of the stimulus amplitude [Fuggetta et al., 2005;
Rosanova et al., 2009]. This evidence, along with the differ-
ing frequencies observed across cortical regions, suggests
that TMS-evoked oscillations result from the resetting of
ongoing oscillatory activity in the region stimulated, as
opposed to being actively induced by TMS itself [Fuggetta
et al., 2005; Paus et al., 2001; Rosanova et al., 2009].

Subcortical structures such as the thalamus appear to
play an important role in the generation and amplification
of the TMS-evoked cortical oscillations. For instance, in
patients suffering from Parkinson’s disease who had
undergone unilateral lesioning of the thalamus, the ampli-
tudes of TMS-evoked beta oscillations over motor cortex
were markedly reduced in the lesioned hemisphere com-
pared with the unlesioned hemisphere [Van Der Werf
et al., 2006]. Additionally, TMS given during non-rapid
eye movement (REM) sleep revealed a 12-15 Hz compo-
nent superimposed over the latter stages of a slow-wave
TMS response [Massimini et al., 2007]. Studies in animals
and humans indicate that cortical oscillations within this
frequency range during non-REM sleep result from cor-
tico-thalamic interactions [Steriade, 2006].

Source Localization and Cortical Connectivity

In addition to cortico-subcortical activation, TMS also
activates wider cortical networks. Studies using a variety
of neuroimaging modalities including fMRI [Baudewig
et al., 2001; Bohning et al., 1999] and PET [Fox et al., 1997;
Paus et al., 1997; Strafella et al., 2001] have revealed that
TMS activates a range of cortical and subcortical regions
connected to the site of stimulation. However, as these
techniques measure metabolic activity, they suffer from
poor temporal resolution, making it impossible to deter-
mine the sequence of regions activated following TMS.
The excellent temporal resolution of EEG provides an
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alternative method to map the spread of cortical potentials
following TMS, and hence, estimate the effective connec-
tivity of a given stimulated brain region.

Various source localization modeling techniques have
been used to estimate the cortical generators responsible
for each component of the TMS-evoked response. The
motor cortex has been the most widely studied region to
date [Bonato et al., 2006; Komssi et al., 2002, 2004; Litvak
et al., 2007; Paus et al., 2001]; however, other regions such
as the prefrontal cortex [Kahkonen et al., 2005b], premotor
cortex [Ferrarelli et al., 2008; Massimini et al., 2005, 2010],
sensorimotor cortex [Massimini et al., 2007], parietal cortex
[Zanon et al, 2010], and occipital cortex [Casali et al.,
2010; Ilmoniemi et al., 1997] have also been mapped. The
current spread following TMS is likely to reflect a combi-
nation of cortico-cortical and cortico-subcortical connectiv-
ity. A recent study by Voineskos and colleagues [2010]
compared TMS-EEG signal propagation with white matter
tract integrity estimated using diffusion tensor imaging.
Interhemispheric signal propagation following stimulation
of the motor cortex and prefrontal cortex correlated with
the fractional anisotropy of the motor fibers and the genu
of the corpus callosum, respectively. This multimodal
approach confirms that the spread of cortical potentials
measured using TMS-EEG is mediated, at least in part, by
these anatomical structures [Voineskos et al., 2010].

Despite some disparities, the cortical networks detected
using single-pulse TMS-EEG over motor cortex share simi-
larities with those measured using other multimodal TMS
techniques. In addition to early activation of the stimu-
lated and contralateral motor cortex [Komssi et al., 2002,
2004], several TMS-EEG studies have reported subsequent
activation at an anterior site likely to coincide with ipsilat-
eral supplementary/premotor areas [Bonato et al., 2006;
Komssi et al., 2004; Litvak et al., 2007; Paus et al., 2001].
Studies using single-pulse TMS-fMRI and repetitive TMS
(rTMS)-PET over motor cortex have also reported activa-
tion over both ipsi- and contra-lateral motor cortex [Bohn-
ing et al, 1999; Denslow et al., 2005; Fox et al., 1997;
Hanakawa et al., 2009], as well as premotor and supple-
mentary motor areas [Denslow et al., 2005; Fox et al., 1997;
Hanakawa et al., 2009]. Activation in other cortical regions
less frequently reported following TMS-EEG over motor
cortex, such as the temporoparietal junction and cerebel-
lum [Litvak et al., 2007], have also been reported following
motor cortex TMS-fMRI [Denslow et al., 2005, Hanakawa
et al., 2009]. Despite these similarities, TMS-EEG appears
less sensitive to detecting activation of subcortical regions
such as the thalamus and striatum, structures detected in
both single-pulse, and rTMS-fMRI studies over motor cor-
tex [Denslow et al., 2005; Hanakawa et al., 2009].

There are several other limitations which should be
noted when using EEG to localize current sources. First,
although EEG benefits from high temporal resolution, it
suffers from poor spatial resolution. Higher density elec-
trode arrays (>64) are increasingly being used to minimize
this limitation [[lmoniemi et al., 1997; Massimini et al.,

2005]. Second, it is difficult to verify the modeling techni-
ques used to solve the inverse problem of EEG source
analysis [Grech et al.,, 2008]. Although progress is being
made in this area, interpreting source localization data
from TMS-EEG requires caution.

ASSESSING NEURAL MECHANISMS WITH
TMS-EEG

Neural mechanisms, such as cortical inhibition and neu-
ral plasticity, are fundamental for brain function. Various
paradigms have been designed to test these mechanisms
in humans using TMS. However, the application of these
paradigms has been largely limited to the motor cortex
due to the easily measurable peripheral motor responses
evoked from this region. TMS-EEG provides a method to
measure these mechanisms directly from the cortex, hence
allowing measurement of inhibition and plasticity from
cortical regions previously inaccessible to TMS.

Cortical Inhibition

Cortical inhibition refers to the suppression of cortical
activity by GABAergic inhibitory interneurons. Activation
of inhibitory interneurons results in a biphasic (“fast” and
“slow”) hyperpolarization of target pyramidal cells, which
is evident following direct stimulation of rat [Connors
et al., 1988; Davies et al., 1990; Deisz, 1999], cat [Connors
et al.,, 1988], and human [Deisz, 1999] cortical tissue in
vitro. The fast IPSP component (<20 ms poststimulus) is
due to activation of iontropic GABA, receptors, which
increase Cl~ conductance, whereas the slow IPSP (50-300
ms poststimulus) results from opening of K* channels
linked to metabotropic GABAg receptors [Connors et al.,
1988; Davies et al., 1990]. GABAg receptors are also located
presynaptically on the interneurons themselves, enabling
GABA-mediated autoinhibition of inhibitory activity [Da-
vies et al., 1990].

Several studies have suggested that the later cortical
responses measured with TMS-EEG reflect similar inhibi-
tory phases within the cortex. The N100 component is the
most replicated TMS-EEG response over motor cortex and
is considered inhibitory in nature based on a growing
body of evidence. First, the timing of the N100 coincides
with slow, GABAg-mediated IPSPs observed following
stimulation of cortical tissue [Connors et al., 1988; Davies
et al., 1990; Deisz, 1999]. Studies assessing various func-
tional paradigms appear consistent with N100, reflecting
inhibitory processes. The amplitude of N100 decreases
over contralateral motor cortex when participants prepare
to make a movement, a state which is associated with
decreased inhibition and increased cortical excitability
[Bender et al., 2005; Nikulin et al., 2003]. Importantly, the
N100 amplitude decreases to a lesser extent during the
same period over ipsilateral motor cortex where activity is
more likely to be inhibited to prevent motor overflow
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[Kicic et al., 2008]. Conversely, the N100 increases in am-
plitude when participants actively prepare to resist the
TMS pulse, a period associated with increased inhibition
[Bonnard et al., 2009]. Similarly, when participants are
required to resist a perturbation to the wrist, the N100 am-
plitude is greater than when participants are instructed to
allow the perturbation [Spieser et al., 2010]. Results from
these functional studies imply that increased cortical inhi-
bition is directly reflected in the amplitude of the N100.
However, under certain circumstances, increased cortical
inhibition may reduce the ability of TMS to evoke the
N100 response. For instance, cutaneous stimulation results
in a period of reduced motor cortical excitability, known
as short-latency afferent inhibition (SAI) [Tokimura et al.,
2000]. During this period, both the MEP and N100 ampli-
tude are reduced in amplitude [Bikmullina et al., 2009].
Bikmullina and colleagues [2009] proposed that the hyper-
polarized state of the corticospinal pyramidal neurons
resulting from SAI prevented further IPSP generation fol-
lowing TMS, hence reducing N100 amplitude. In another
example, the N100 response is nearly abolished following
acute ethanol consumption [Kahkonen and Wilenius,
2007]. Ethanol has been shown to both directly and indi-
rectly facilitate GABAergic inhibition in both animals
[Kumar et al., 2009] and humans [Ziemann et al.,, 1995].
Presumably this increase in tonic inhibition would result
in a similar negative shift in the membrane potential of
pyramidal neurons to that following SAI, thus reducing
the ability of TMS to evoke IPSPs and, therefore, the N100
response.

In addition to single-pulse TMS, paired-pulse TMS-
EMG studies over motor cortex have revealed a biphasic
pattern of inhibitory activity in humans in vivo. By meas-
uring the inhibitory effect of conditioning TMS pulses on
test peripheral MEP amplitudes, two separate periods of
inhibition have been identified [Reis et al., 2008]. Short-
interval intracortical inhibition (SICI) is GABA s-mediated
[Ziemann et al., 1996] and occurs following subthreshold
conditioning pulses delivered at interstimulus intervals
between 1 and 6 ms [Kujirai et al., 1993]. Conversely, long-
interval inhibition (LICI) is GABAg-mediated [McDonnell
et al., 2006], occurring following suprathreshold condition-
ing pulses delivered at interstimulus intervals between 50
and 200 ms [Valls-Sole et al., 1992]. Evidence from animal
studies [Benardo, 1994; Tamas et al., 2003] and TMS stud-
ies [Florian et al., 2008; Sanger et al., 2001] suggests that
the two forms of inhibition may be mediated by separate
populations of inhibitory interneurons. Facilitation can
also be measured using paired-pulse paradigms. Short-
interval cortical facilitation or I-wave facilitation occurs fol-
lowing a suprathreshold conditioning pulse and near
threshold test pulse at specific interstimulus intervals
between 1 and 5 ms [Ziemann et al.,, 1998b]. A second
phase deemed intracortical facilitation (ICF) occurs follow-
ing a subthreshold conditioning pulse at interstimulus
intervals between 10 and 15 ms [Kujirai et al., 1993] and is
NMDA-dependent [Ziemann et al., 1998a]. The overlap in

time-course of these paired-pulse paradigms highlights
that the early response to TMS results in both excitatory
and inhibitory phases which interact with each other,
resulting in a net effect on pyramidal neurons.

Several studies have assessed motor cortex SICI and ICF
using TMS-EEG. Paus and colleagues [2001] tested SICI at
a 3 ms interstimulus interval and ICF at 12 ms interstimu-
lus interval. Although SICI inhibited MEPs and ICF
tended to facilitate MEPs, the two paradigms had different
effects on the TMS-evoked potential. SICI had no signifi-
cant effect on the P30, N45, or N100 peaks, whereas ICF
decreased the amplitude of the P30 and N45 peaks and
the amplitude of TMS-phase locked beta oscillations. Con-
versely, Ferreri and colleagues [2011] reported a decrease
in P30 and N100 following SICI, and differential effects on
N45 across the scalp. For ICF, the authors reported an
increase in P30, a decrease in N100 and differential effects
on the N45 similar to SICI. Additionally, the authors
reported a prolonged peak latency following SICI and a
shortened latency following ICF. The disparity between
these findings may reflect differences in how inhibition
and facilitation was measured in each study. Despite both
studies stimulating motor cortex, in the former study, inhi-
bition and facilitation were measured either from the ver-
tex or parietal cortex, whereas the Ilatter study
incorporated the entire cortex. This suggests that inhibition
and facilitation evoked using paired-pulse TMS may have
differential effects at different cortical regions.

LICI has also been investigated using paired-pulse
TMS-EEG in both motor and nonmotor regions (Fig. 3). A
suprathreshold conditioning TMS pulse at an interstimulus
interval of 100 ms significantly inhibits a test cortical
response over several cortical areas including motor cor-
tex, dorsolateral prefrontal cortex (DLPFC), and parietal
cortex [Daskalakis et al., 2008a; Fitzgerald et al., 2008].
LICI measured with TMS-EEG is strongest over the stimu-
lated region and decreases linearly to surrounding areas
[Daskalakis et al., 2008a]. Importantly, inhibition remains
significant when cortical responses to sham stimulation
(auditory clicks alone) are subtracted from the data [Das-
kalakis et al., 2008a] and when participants are played 95
Hz white noise through earphones [Fitzgerald et al., 2008],
confirming that the results were not affected by the audi-
ble TMS click. Several lines of evidence suggest that LICI
measured with TMS-EEG also reflects GABAg-mediated
inhibition. First, LICI measured with TMS-EEG over
motor cortex strongly correlates with LICI measured with
EMG in peripheral hand muscles and with the cortical
silent period, both considered markers of GABAg inhibi-
tion [Farzan et al., 2010]. Second, inhibition following LICI
lasts up to 250 ms post-test stimulus and is strongest
around 100-150 ms [Fitzgerald et al., 2009]. Such timing of
inhibition is consistent with the slow GABAg-mediated
IPSPs measured in animal studies. However, when consid-
ering this finding, it remains unclear whether TMS-EEG
LICI reflects postsynaptic inhibition of pyramidal cells,
presynaptic inhibition of interneurons, or both. In rat
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Figure 3.

Rectified EEG responses following single and paired TMS pulses
over prefrontal (F3) and motor cortex (C3) of an individual partic-
ipant. The interstimulus interval of the paired-pulse TMS was 100
ms. The thick lines represent mean EEG traces, whereas the
dashed lines represent 95% confidence intervals. The horizontal
axis refers to time post-test TMS pulse. Notice the inhibition of
the paired-pulse test response compared with the single-pulse

hippocampal slice experiments, Davies and colleagues
[1990] suggested that inhibition of the slow GABAg IPSP
following paired-pulse stimulation was a result of pro-
longed GABAg-mediated autoinhibition of the inhibitory
interneurons themselves. In humans, the inhibitory effects
of SICI are abolished by LICI, suggesting a period of pre-
synaptic inhibition of inhibitory interneurons following
stimulation [Florian et al., 2008; Sanger et al., 2001]. Given
that the amplitude of the N100 response is likely to repre-
sent GABA-mediated inhibition, the maximal decrease in
activity around this peak reported by Fitzgerald and col-
leagues [2009] may indeed reflect autoinhibition of the in-
hibitory interneurons. Following this reasoning, it may be
that earlier inhibition (<50 ms) following the test pulse
reflects postsynaptic inhibition of the pyramidal cells,
given that EPSPs are likely to contribute to the earlier

alone at both sites. Data are the mean of 40 trials sampled at
10,000 Hz (DC—2,000 Hz), downsampled to 1,000 Hz offline,
epoched, baseline corrected and filtered (140 Hz). The TMS arti-
fact and the early response (<25 ms) were removed before filter-
ing. See also Daskalakis et al. [2008a] and Fitzgerald et al. [2009].
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TMS-EEG response. Further studies utilizing pharmaco-
logical interventions will aid in clarifying this point.
Although the inhibitory connections of interneurons are
mostly local, excitatory long-range connections also syn-
apse on to these inhibitory networks, allowing brain
regions to have inhibitory influences on remote areas. For
example, the motor cortex has both excitatory and inhibi-
tory connections with the contralateral motor cortex, via
the corpus callosum [Daskalakis et al., 2002]. In a recent
study using TMS-EEG, evidence for both interhemispheric
facilitation and inhibition was observed [Voineskos et al.,
2010]. Following subthreshold TMS over left motor cortex,
TMS-evoked responses of identical size were recorded
over both left and right motor cortex (allowing for signal
propagation time). Conversely, following suprathreshold
stimulation, the left TMS-evoked response was significantly
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larger than the right TMS-evoked response, suggesting acti-
vation of inhibitory transcallosal fibers with higher intensity
TMS [Voineskos et al., 2010]. The propagation of signal to
the contralateral hemisphere reported in this study comple-
ments source localization studies that have reported similar
results following TMS over motor cortex [Komssi et al.,
2002]. However, the approach by Voineskos and colleagues
[2010] has the added advantage of proposing the mechanis-
tic effect of the interhemispheric connectivity.

Neural Plasticity

Cortical inhibition interacts heavily with other cortical
mechanisms such as neural plasticity. In a broad sense,
neural plasticity refers to the ability of the brain to func-
tionally reorganize its molecular and anatomical structure.
In the cortex, this reorganization can occur in various
forms, one of which is the transient alterations in the effi-
cacy of existing synapses [Bliss and Lomo, 1973]. Based on
classical plasticity studies in animals, several TMS para-
digms have been designed to assess neural plasticity in
humans [for a review see Cooke and Bliss, 2006]. Amongst
others, these include rTMS and paired associative stimula-
tion (PAS). Although the exact mechanism of action
remains unclear for these techniques, both are thought to
assess long-term potentiation and depression-like mecha-
nisms [Hoogendam et al., 2010; Ziemann et al., 2008].

rTMS involves delivering trains of stimulation to a given
cortical region. The modulatory effects of rTMS are de-
pendent on stimulation parameters such as frequency, in-
tensity, and pulse train configuration. In general, higher
rTMS frequencies (>5 Hz) tend to facilitate and lower
rTMS frequencies (1 Hz) tend to inhibit cortical excitability
measured from peripheral MEPs for up to an hour follow-
ing stimulation [Fitzgerald et al., 2006]. Very high fre-
quency stimulation, such as theta burst stimulation (50
Hz), is less dependent on pulse frequency, however, and
more dependent on pulse-train configuration [Huang
et al.,, 2005]. Several studies have utilized TMS-EEG to
directly assess the effect of rTMS on cortical excitability.
Van der Werf and Paus [2006] applied 1 Hz rTMS to
motor cortex and reported a decrease in the N45 compo-
nent of the TMS-evoked response measured following
TMS. Modulation in excitability measured with TMS-EEG
was site-specific, with no effect of premotor rTMS on
motor cortex excitability. In addition, the N45 depression
occurred despite 1 Hz rTMS having no effect on MEP am-
plitude, suggesting that EEG measures may be more sensi-
tive to 1TMS-induced changes in excitability than
peripheral measures [Van Der Werf and Paus, 2006]. Esser
and colleagues [2006] measured the cortical response fol-
lowing 5 Hz rTMS using TMS-EEG. The authors found
that the TMS-evoked responses measured with TMS-EEG
were significantly potentiated following rTMS compared
with sham. Interestingly, the TMS-evoked response poten-
tiation was largely localized to electrodes anterior to the

site of stimulation coinciding with bilateral premotor cor-
tex, suggesting a remote effect of high-frequency rTMS
[Esser et al., 2006].

The same group used TMS-EEG to assess cortical excit-
ability following a second TMS-based plasticity paradigm,
PAS. PAS is based on the principles of spike-timing
dependent plasticity, a form of plasticity in which firing of
a presynaptic neuron immediately before firing of a post-
synaptic neuron enhances synaptic efficacy between the
neurons. Conversely, firing of the postsynaptic cell before
firing of the presynaptic cell results in a reduction in
synaptic efficacy. In humans, this is achieved by pairing
peripheral nerve stimulation with TMS pulses to the motor
cortex [Stefan et al.,, 2000]. The interstimulus interval
between the two stimulations is set so that the afferent
volley from the nerve stimulation either coincides with or
precedes the TMS pulse. The resultant modulation of corti-
cal excitability following PAS is NMDA-dependent [Stefan
et al, 2002] and interacts with motor learning [Stefan
et al., 2006]. Importantly, Huber and colleagues [2008]
demonstrated that both potentiation and depression of the
TMS-evoked potential was evident following the two
forms of PAS using TMS-EEG. The authors did, however,
note variability in the individual responses to PAS, with
some participants displaying changes in cortical excitabil-
ity in the opposite direction to that expected. Despite the
variability, the results confirmed that the observed modu-
lation in excitability following PAS is cortical in nature,
and the topography was suggestive of both local and con-
tralateral changes in sensorimotor excitability following
the paradigm [Huber et al., 2008].

In addition to using offline analysis to quantify plastic
changes following rTMS, TMS-EEG allows investigation of
the online changes during rTMS. Hamidi and colleagues
[2010] measured the modulation of TMS-evoked responses
during a 30-pulse train of 10 Hz rTMS over both precen-
tral gyrus and superior parietal lobule. The authors
removed the stimulation artifact using ICA, revealing a 5
peak response during rTMS. For peaks 2-5, the TMS-
evoked response decreased in amplitude over the first half
of stimulation during a train and increased during the sec-
ond half at both sites, with no effect on peak 1 [Hamidi
et al., 2010]. In contrast, Veniero and colleagues [2010]
measured the TMS-evoked response following 10-pulse
trains of 20 Hz rTMS over motor cortex. Using this
paradigm, the authors reported an increase in early TMS-
evoked response peak amplitudes (peaks 1-2) over the
first few stimulations of a train, with no change in latter
TMS-evoked response peak amplitudes. The difference in
online modulation of TMS-evoked responses between the
two high-frequency paradigms is of interest, as both are
associated with cumulative, offline increases in cortical
excitability. The divergence in online modulation between
paradigms suggests that different frequencies of rTMS
may mediate their effect on cortical excitability either
through separate neuronal populations or via different
cortical mechanisms. Further studies directly comparing
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the online effects of rTMS paradigms on cortical excitabil-
ity will aid in clarifying this observation.

The online effects of 1 Hz rTMS have also been investi-
gated. Brignani and colleagues [2008] assessed alpha and
beta band synchronization during a 600-pulse train of 1
Hz stimulation over motor cortex. Synchronization of both
bands increased over the period of stimulation, with alpha
band changes negatively correlating with MEP amplitude
changes. The authors speculated that the change in alpha
band activity represented potentiation of inhibitory mecha-
nisms at the site of stimulation [Brignani et al., 2008]. In
their study on the effects of high-frequency rTMS on TMS-
evoked response amplitude, Venerio and colleagues [2010]
also reanalyzed data from a previous 1 Hz rTMS experi-
ment. Consistent with the results of Brignani and col-
leagues, the authors reported a decrease in the online
amplitude of early TMS-evoked responses, albeit in a
small population. Such a modulation is suggestive of
enhanced inhibition of the TMS-evoked response following
1 Hz rTMS, although the exact mechanism cannot be
directly determined.

ASSESSING RESTING AND ACTIVE CORTICAL
NETWORKS WITH TMS-EEG

Lesion and functional imaging studies have revealed
that the cortex is organized into functionally specific
regions. Although this concept has existed for a substantial
period of time, the network properties and mechanisms
that subserve this functional specificity is less well under-
stood, particularly in humans. A method for testing
network properties across the cortex is to activate the
network in question and record the resultant output.
TMS-EEG provides an excellent tool to implement this
method, both to compare resting cortical network proper-
ties and to assess the functional modulation of a given
cortical network during different brain states.

Comparing Resting Cortical Network Properties

Several studies have utilized TMS-EEG to directly com-
pare the resting properties of different cortical regions.
Kahkonen and colleagues [2004, 2005a] compared cortical
reactivity between the motor and prefrontal cortex. TMS
was applied over a range of intensities to both sites, and
the response amplitude was compared. The TMS-evoked
potential increased with increasing TMS intensity at both
sites. However, the evoked responses were generally
larger over the motor cortex, and the pattern of modula-
tion differed between the sites. The authors speculated
that these findings may represent differences in cortical
excitability between these regions; however, other poten-
tial contributing factors were also considered, including
scalp-to-cortex distance, anatomical differences, and con-
nectivity of the stimulated regions.

In a separate approach, Van der Werf and Paus [2006]
compared TMS-evoked waveforms and oscillations
between the primary motor cortex and dorsal premotor
cortex. Stimulation of the primary motor cortex resulted in
both a larger N45 component and stronger oscillations
in the beta frequency compared with dorsal premotor
stimulation. Rosanova and colleagues [2009] recorded the
TMS-EEG response following stimulation of the left fron-
tal, parietal, and occipital cortex. The authors also reported
distinct differences in the oscillatory tuning between each
brain region, with prefrontal regions oscillating at higher
gamma frequencies compared with lower alpha frequen-
cies in the occipital cortex. Importantly, the spread of oscil-
latory activity to other cortical regions following TMS also
occurred in a region specific manner. In a second study,
Casorato and colleagues [2010] replicated this finding in
similar brain regions, noting that similarities between
regions increased with proximity. A recent study used a
neural mass model to try and reproduce the cortical
rhythms observed following TMS such as in the study by
Rosanova and colleagues [Cona et al.,, 2011]. The model
demonstrated that individual differences in frequencies
between regions and between subjects could be achieved
by altering the strength of connections between neural
populations at the site of stimulation (i.e., between excita-
tory, fast inhibitory, and slow inhibitory neuronal popula-
tions). Importantly, the spread of oscillatory activity
following TMS could also be replicated by altering connec-
tion strength between regions, demonstrating that recipro-
cal cortical connectivity plays an important role in the
regions specific propagation of oscillatory activity
[Cona et al., 2011]. The finding of distinct frequency regu-
lation in and between different cortical regions suggests
that specialized neuronal organization may underlie differ-
ing functional roles across the cortex. In agreement with
this notion, a recent study reported distinct patterns of
neural oscillatory propagation following TMS over func-
tionally defined subregions of the visual cortex [Garcia
et al., 2011].

Comparisons of inhibitory characteristics between func-
tionally distinct regions of the cortex using the LICI TMS-
EEG paradigm have also revealed differences in cortical
properties. For instance, LICI in the motor cortex inhibits
cortical oscillations in the delta (1-3 Hz), theta (4-7 Hz),
and alpha bands (8-12 Hz) [Farzan et al., 2009], the latter
of which is associated with motor control [Gross et al.,
2002; Pollok et al., 2005]. In contrast, LICI in DLPFC inhib-
its cortical oscillations across all bands, particularly the
beta (12.5-28 Hz) and gamma bands (30-50 Hz) [Farzan
et al.,, 2009]. Gamma oscillations are associated with high-
order executive cognitive functions, such as attention
[Fries et al., 2001] and working memory [Howard et al,,
2003; Mainy et al., 2007; Tallon-Baudry et al., 1998], and
are generated by networks of inhibitory interneurons via
the GABA, receptor [Bartos et al., 2007; Cobb et al., 1995;
Whittington et al., 1995]. In contrast, GABAg-mediated
inhibition, such as that putatively measured by LICI, is
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thought to modulate these gamma oscillations [Brown
et al., 2007; Whittington et al., 1995], providing a level of
inhibitory control. As the prefrontal cortex is a key cortical
region in the coordination of executive functions, which
utilize gamma oscillations, tight spatial and temporal con-
trol of activity within this region would serve a strong
functional purpose [Constantinidis et al., 2002; Oswald
et al.,, 2009]. In support of this interpretation, Daskalakis
and colleagues [2008b] found a positive correlation
between resting LICI strength in DLPFC and performance
in a verbal working memory task.

Functional Changes in Cortical Networks

An exciting prospect for TMS-EEG is the ability to mea-
sure functional changes in effective cortical dynamics with
altering brain states. Massimini and colleagues have con-
ducted a series of TMS-EEG studies on cortical connectivity
during altered states of consciousness, such as during sleep.
The spread of current density following TMS decreases as
participants pass from wakefulness through the various
stages of non-REM sleep. This is accompanied by decreases
in the oscillatory activity evoked following TMS from higher
frequencies (12-30 Hz) to low frequencies. In Stage 4 sleep,
the response to TMS is reduced to a single large amplitude
peak, which is largely confined to the site of stimulation
[Massimini et al., 2005] and mimics spontaneous slow waves
observed during non-REM sleep [Massimini et al., 2007].
The TMS-evoked response during sleep also differed
between brain regions with the largest response being eli-
cited from the somatosensory cortex, the same region
thought to generate the spontaneous slow-wave activity
[Massimini et al., 2007]. The authors proposed that the
decrease in cortical connectivity with loss of consciousness
results from either increased inhibition of cortico-cortical
connections or inhibitory gating of cortico-thalamic networks
and may reflect the neural substrate of consciousness [Mas-
simini et al., 2005, 2007]. This inhibition hypothesis was sup-
ported in a recent study utilizing the GABA, agonist
midazolam. As participants lost consciousness with adminis-
tration of midazolam, the TMS-EEG response changed in a
similar fashion to that observed during non-REM sleep [Fer-
rarelli et al., 2010]. Interestingly, if participants passed into
REM sleep (a stage of sleep which more closely resembles
consciousness), cortical connectivity increased toward levels
similar to wakefulness [Massimini et al., 2010].

TMS-EEG has also been used to link cortical plasticity
with certain oscillatory patterns during non-REM sleep.
Huber and colleagues [2007] compared the cortical potentia-
tion following 5 Hz rTMS with slow-wave activity during
sleep. Sleep immediately following a session of rTMS was
characterized by increased slow-wave activity at the site of
stimulation, the extent of which was predicted by the degree
of cortical potentiation following rTMS during wakefulness.
In a second study, Huber and colleagues [2008] confirmed
their findings by comparing potentiation and depression of

cortical excitability with slow-wave activity using the PAS
paradigm. In agreement with their rTMS study, the authors
showed that potentiation of the TMS-evoked response fol-
lowing PAS was linked with increased slow-wave activity
during sleep. In addition, slow-wave activity during sleep
decreased if depression of the TMS-evoked potential was
observed following PAS. This series of studies provided
strong direct evidence for a link between cortical plasticity
and sleep intensity, a hypothesis which had been indirectly
formulated based on learning and sleep studies.

In addition to investigating consciousness and sleep,
TMS-EEG also provides an avenue to assess changes in
functional connectivity during cognitive tasks. For exam-
ple, Morishima and colleagues [2009] used TMS-EEG to
map the functional connectivity of the frontal eye field
(FEF) during a visual task requiring selective attention. In
this task, participants were cued to attend to either the
gender of a presented face or to the direction of movement
of grated lines superimposed over the face. When attend-
ing to the face, the TMS-evoked response transmitted from
the FEF to the fusiform face area, whereas when attending
to motion the response transmitted to the visual motion
sensitive area. In this study, the authors not only demon-
strated a causal top—down role of FEF in selective visual
attention but also clearly demonstrated functional modula-
tion of neural networks using TMS-EEG.

CONCLUSIONS AND FUTURE DIRECTIONS

TMS-EEG is developing into a powerful research tool
for investigating cortical properties and mechanisms, both
at rest and during different functional states. Importantly,
TMS-EEG allows measurement of TMS-evoked cortical
potentials, removing the need for inferences of cortical
excitability from indirect measures. The development of
improved online and offline artifact reduction is allowing
examination of cortical activity closer to the time of stimu-
lation, whereas advanced EEG analysis techniques such as
source localization allow estimates of signal propagation
and cortical connectivity following TMS. TMS-EEG is also
increasingly being used with TMS paradigms designed to
assess cortical mechanisms such as inhibition and neural
plasticity. This approach has validated the cortical nature
of these paradigms, while offering new information on
network properties across a range of cortical regions previ-
ously inaccessible to TMS.

Despite recent advancements, substantial work is still
required to characterize the sources contributing to the
TMS-evoked response. For instance, pharmacological inter-
ventions will help clarify the contribution and nature of
excitatory and inhibitory potentials during the early and
late components of the TMS-evoked response. Further
studies utilizing a multimodal approach are necessary to
verify the anatomical pathways mediating the signal prop-
agation following TMS. Finally, a continued effort in
reducing both recording and physiological artifacts is
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required to maximize the information gained from TMS-
EEG recordings. As recording methods and understanding
of the TMS-evoked cortical response improve, TMS-EEG
will continue to provide a deeper insight into the organi-
zation and functional modulation of cortical networks.
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