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Introduction

Transcranial magnetic stimulation (TMS),
first successfully demonstrated in 1985
(Barker et al., 1985), is a very safe, when fol-
lowing current safety guidelines (Rossi et al.,
2009), and noninvasive method for affect-
ing brain function. It relies upon the proper-
ties of electromagnetic induction; a rapidly
changing magnetic field is generated when a
high-voltage current is passed through a coil.
When this coil is held in close proximity to
any electrically conducting medium, such as
the brain, this time-varying magnetic field
induces current in a direction opposite to
the original current in the coil (Fig. 1).

As a result of this ion flow, action po-
tentials are triggered in neurons that are
within the induced current field, along
with a subsequent period of deactivation,
presumably through prolonged IPSPs.
Because normal ongoing brain activity is
disrupted by this induced current, TMS
provides a way for investigators to produce a
transient and reversible period of brain
disruption or “virtual lesion.” Thus, un-
like other experimental techniques [e.g.,
functional magnetic resonance imaging
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(fMRI), electroencephalography (EEG)/
event-related potentials (ERPs)], TMS
can assess whether a given brain area is
necessary for a given function rather than
simply correlated with it.

Spatial and temporal resolution

The spatial resolution of TMS is highly
dependent upon the shape of the stimu-
lating coil, but can be on the order of a few
millimeters with certain coil types (e.g.,
figure-eight coils with 45 mm circular di-
ameter components) and focal enough to
stimulate regions as small as individual
finger representations of the primary motor
cortex (Ro etal., 1999). Several different coil
designs are commercially available, in-
cluding larger (e.g., 90 mm diameter)
circular coils and the most commonly
used 70 mm figure-eight coils, through
which a focal point of stimulation is produced
at the intersection of the two 70 mm diame-
ter circular components comprising the
figure-eight (Fig. 1).

The stimulating coil can be positioned
over the brain either functionally or ana-
tomically (Fig. 2a). Functional localiza-
tion involves positioning the coil until
some function is elicited or disrupted. For
example, the primary motor and visual
cortices can be localized by searching for
an optimal coil position to produce acti-
vation of the contralateral hand muscles
(Rossini et al., 1994) or visual phos-
phenes/suppression (Ro et al., 2003, 2004;

Boyer et al., 2005), respectively. Similarly,
the frontal eye fields, a cortical structure
important for generating saccadic eye
movements, can be localized by position-
ing the coil ~1.5 cm anterior to the motor
hand area and then demonstrating TMS-
induced delays in saccadic eye movements
(Miiri et al., 1991; Priori et al., 1993; Ro et
al., 1997; Olk et al., 2006). When anatom-
ically localizing certain brain structures, a
structural or functional MRI scan, which
can be coregistered with a neuronavigation
system (Fig. 2a), is required for MRI/fMRI-
guided TMS. Alternatively, a set of stan-
dardized coordinates or scalp positions can
be used to estimate the appropriate corre-
sponding location in a given subject’s head.

The temporal resolution of TMS is also
variable and dependent upon the stimula-
tion parameters that one employs. When
single-pulse TMS is used, the temporal
resolution can be very high and can pro-
vide information about brain function on
the order of milliseconds. For example, a
single pulse of TMS delivered to the visual
cortex will disrupt visual perception when
delivered between ~70 and 140 ms after a
briefly flashed visual stimulus. This brief
temporal window of disruption suggests
that the effects of TMS on visual cortex are
very transient, and, because of the transient
nature of the TMS pulse, one can assess the
timing and extent of visual cortical process-
ing under varying experimental conditions



9648 - ). Neurosci., July 21,2010 - 30(29):9647-9650

Figure1. Whenastrong, rapid currentis passed through a
stimulating coil (top), a rapidly changing magnetic field is
produced, which induces current into the brain (bottom).

(Amassian et al., 1989; Miller et al., 1996;
Corthout et al., 1999a,b; Ro et al., 2003).

In motor cortex, a single TMS pulse can
cause disruption in the contralateral hand
muscles for ~200 ms. These different tem-
poral windows of disruption across differ-
ent brain regions suggest that TMS
differentially affects different cortical tissue,
which may depend on overall neuronal size
and orientation. Such differences in suscep-
tibility to TMS across cortical regions, as
well as between subjects, should be taken
into account when attempting to set the in-
tensity of TMS (Fig. 2b). The use of the same
intensity across subjects and brain areas will
likely introduce a substantial degree of vari-
ability into the data and would lead to too
little or too much stimulation for most of
the subjects. Therefore, when possible, in-
tensity should be individually adjusted us-
ing functional measures, such as visual
suppression/phosphene threshold, motor
cortex threshold, or the threshold for dis-
rupting the targeted process.

TMS parameters

If ones does not have a temporal hypoth-
esis about when to deliver a single TMS
pulse, one approach would be to apply
single TMS pulses at varying time inter-
vals across conditions/trials or to use re-
petitive TMS (rTMS), which consists of

the application of rhythmic trains of mul-
tiple TMS pulses (Fig. 2¢). When using
rTMS, stimulation frequency seems to be
the key parameter that determines the di-
rection of the effects, although other vari-
ables should be taken into account when
planning an rTMS experiment (e.g., dura-
tion of the train of stimulation, interval
between trains, and total number of trains
and of stimuli in a given session or to a
given brain area). From a physiological
point of view, when the temporal rate of
rTMS is slow (<1 Hz), this tends to ac-
centuate the inhibitory effects of TMS,
whereas at faster rates of repetition (>1
Hz) the facilitatory effects come to the
fore (Fitzgerald et al., 2006; Ziemann et
al.,, 2008). The cutoff at 1 Hz is not entirely
arbitrary and may be related to long-term
depression and potentiation following te-
tanic stimulation of neurons; there is evi-
dence that slow and high-frequency rTMS
produce relatively distinct effects both on
direct measures of brain activity and behav-
ior (Chen et al.,, 1997). Typically, high-
frequency rTMS protocols are applied
either as a single short train of pulses or sev-
eral trains with different intertrain intervals,
while low-frequency rTMS is typically given
as a prolonged continuous stimulation.
There are two main ways of adminis-
tering rTMS. During the “online” ap-
proach, subjects perform the task, and, at
a specific time just before or during the
task, a train of TMS pulses is given to a
particular area of the brain. Usually, in the
online paradigm high-frequency rTMS is
used, and the overall effect can be an im-
provement or an impairment of perfor-
mance. For instance, 5 Hz rTMS delivered
over the cortical representation of the
right index finger of the primary somato-
sensory cortex can induce a lowering of
tactile discrimination threshold of the
right index finger, which is associated
with an enlargement of the right index
finger representation in primary somato-
sensory cortex, as measured by fMRI
(Tegenthoff et al., 2005). However, high-
frequency rTMS can also interfere with
the undergoing process. For instance,
Harris and coworkers (2008) applied
short trains of 12 Hz rTMS to inferior
parietal lobe, a region belonging to the
dorsal visual stream, while subjects per-
forming an object identification task
(picture-word verification and categoriz-
ing objects) or an object orientation judg-
ment task (picture-arrow verification and
deciding the rotation of an object). This
protocol induced an improvement of per-
formance in object identification, but it also
produced an impairment of orientation
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judgments, consequently showing that the
right parietal lobe is critical for processing
both the spatial attributes of objects and ob-
ject recognition. Some have speculated that
these opposite effects of rTMS (i.e., facilita-
tion vs inhibition) may be a consequence of
state-dependent effects of the rTMS on neu-
ral processing (Silvanto and Pascual-Leone,
2008; Miniussi et al., 2009).

Another popular approach for the use
of rTMS is to stimulate at a site of interest
for some minutes before starting a task
(i.e., “offline” rTMS). Indeed, a crucial
feature of rTMS is that it seems capable of
changing the activity in a brain area even
beyond the duration of the rTMS applica-
tion itself. Given these long-lasting effects
of rTMS, this technique is a potential
tool to promote neuroplastic changes in
neurological populations (Fregni and
Pascual-Leone, 2007; Bolognini et al.,
2009a). Offline low-frequency stimulation
r'TMS can be applied with the aim of induc-
ing a longer lasting suppression of neural
activity (Ridding and Rothwell, 2007). This
approach has the advantage of not requiring
rTMS at the same time as task performance
or an assumption of when the brain pro-
cesses the task, therefore removing many of
the nonspecific concurrent effects of online
TMS, such as nonspecific behavioral and at-
tentional effects. Applied in earlier studies to
investigate motor cortex excitability (Chen
et al., 1997) and visual imagery (Kosslyn et
al., 1999), this technique has been used
across a variety of other cognitive tasks. For
example, inhibiting the activity of the poste-
rior parietal cortex with 20 min of 1 Hz
rTMS impairs spatial orienting to modality-
specific visual and auditory stimuli during a
reaction time task given at the end of the
rTMS (Bolognini et al., 2009b).

Alternative protocols of rTMS have also
recently been developed, such as “theta
burst TMS,” in which short bursts of 50 Hz
rTMS are repeated at a rate in the theta
range (5 Hz) asa continuous or intermittent
train. The excitatory and inhibitory effects
of this type of stimulation can be manipu-
lated either by the continuous or intermit-
tent delivery of these theta bursts over time.
Continuous theta burst stimulation, like
low-frequency rTMS, can induce inhibitory
neural effects that outlast the duration of the
stimulation (Huang et al., 2005).

Assessing connectivity with TMS

TMS not only changes neural activity at
the site of stimulation, but it may be pos-
sible to probe the functional connectivity
of different cortical areas in the human
cortex using paired-pulse TMS (ppTMS).
In this method, two TMS pulses are deliv-
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Figure 2.
brain function (see text for details).

ered to two different brain regions using
two different coils: a conditioning stimu-
lus and a test stimulus. What is measured
is the effect of the conditioning stimulus
on the response to the test stimulus, and,
depending on the intensity of the condi-
tioning stimulus and the interstimulus in-
terval, both facilitation and inhibition
may be detected. Since changes in the ef-
fectiveness of the conditioning pulse give
an indication of how the excitability of the
connection changes over time and during
a specific task, this approach can uncover
the functional interplay between different
cortical areas. For instance, ppTMS has
been used to explore the timing of inter-
actions in visual cortex. The perception of
a TMS-induced moving phosphene after
stimulation of motion area MT/V5 can be
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A schematic of the procedures and different types of TMS protocols that one can employ when using TMS to study

significantly suppressed by a second TMS
pulse applied to the primary visual cortex
(V1) 10 to 40 ms later. This finding re-
flects the time window of the backprojec-
tions from V5 to V1, and indicates that
such projections are necessary for visual
awareness of motion (Pascual-Leone and
Walsh, 2001). The double-pulse paradigm
has been also successfully applied to study
the time course of intra- and interhemi-
spheric corticocortical interactions during
preparation and execution of complex move-
ment plans (Koch and Rothwell, 2009).
Functional connectivity within com-
plex interconnected networks can also be
explored by combining offline rTMS over
a network related area and online single-
pulse TMS over a different area. For in-
stance, priming the posterior parietal
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cortex by 20 min of 1 Hz rTMS suppresses
the cross-modal spatial influences on vi-
sual cortical excitability, as assessed by
phosphene induction via single-pulse oc-
cipital TMS assessed after the end of the
rTMS stimulation (Bolognini and Maravita,
2007). Similarly, the virtual lesion created by
1 Hz rTMS of the ventral premotor cortex
or of the primary somatosensory cortex re-
duces the mirror motor facilitation contin-
gent upon action observation, as measured
by motor-evoked potentials to single-pulse
TMS over the primary motor cortex during
the offline window of the inhibitory rTMS
effects (Avenanti et al., 2007).

TMS can be combined with other tech-
niques for measuring brain function, such
as EEG, positron emission tomography
(PET), fMRI, and optical imaging. The
combination of TMS with such other
techniques can also assess cortical connec-
tivity and interactions between different
brain areas. For example, TMS of the hu-
man frontal eye fields has been shown to not
only produce activation of this region un-
derneath a stimulating coil, but has also
been shown to produce remote activation in
parietal and visual cortices (Paus etal., 1997;
Ruff et al., 2009). Furthermore, although
TMS cannot directly target subcortical
structures, a recent study has shown that ac-
tivity in the thalamus can be modulated by
stimulation of parietal cortex (Blankenburg
et al., 2008). This thalamic activation from
parietal cortex TMS also produces disinhi-
bition of the contralateral parietal cortex
(Blankenburg et al., 2008) and may underlie
subsequent hyperorienting/hypersensitivity
responses to ipsilateral stimuli (Seyal et al.,
1995; Hilgetag et al., 2001).

Limitations

Because the extent or spread of the in-
duced current in the brain may be variable
and impossible to assess without in vivo
stimulation and recording studies, it is
impossible to precisely determine which
cortical neurons and how much cortical
area is affected with each TMS pulse. Even
if it were possible to determine which neu-
rons were affected with each TMS pulse,
the effects of the TMS on these neurons
could be excitatory, inhibitory, or state
dependent (Ziemann, 2010). Another limi-
tation of TMS is that only surface structures
of the brain (i.e., most of cortex and some of
cerebellum) can be targeted. Although cer-
tain subcortical regions might be affected by
using higher intensities of TMS or special
types of coils (Zangen et al., 2005), especially
in human subjects and animals with small
heads, it is not possible to specifically target
subcortical regions without affecting
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cortical ones because the strength of the
time-varying magnetic field follows the in-
verse-square law. It may be possible to
trans-synaptically affect subcortical struc-
tures by stimulating connected cortical ar-
eas (Strafella et al., 2003; Blankenburg et al.,
2008); however, these indirect effects also
make it difficult to determine which brain
areas may be causally involved with some
function or behavior. Finally, the loud click
associated with the high current flowing
through the metallic stimulating coil, and
scalp sensations and head and neck muscle
contractions, require careful control condi-
tions to be included in any experimental de-
sign to rule out nonspecific effects of the TMS.

Conclusions

TMS is rapidly becoming an essential tool
available to neuroscientists for assessing
brain function and to clinicians for treating
brain dysfunctions (e.g., stroke and depres-
sion). By using TMS to determine whether a
brain area is causing some function, it nicely
complements the limitations associated with
correlation techniques, such as ERPs and
fMRI, while also being able to provide several
new insights into the operations of the brain.
With its already exponentially increasing
usage, future work using TMS in isolation,
as well as in conjunction with other tech-
niques, will allow for a deeper and more com-
plete understanding of the human brain.
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