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CHAPTER 12

Transcranial magnetic stimulation: a new tool for the study of
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1. Introduction

Transcranial magnetic stimulation allows the non-
invasive stimulation of the human cortex. Since the
introduction in [985 by Barker, Freeston, Jalinous et

of a compact coil stimulator, single pulse

stimulation has become an invaluable tog the
evaluation of human motor system in h@\d dis-
case (Mills, 1991; Rothwell, Thompson.tDay et al.,
1991; Murray, 1992). The reccn@c clopment of

frequencies up to

60 Hz appears to have gr panded the applica-

_ bility of transcranial ‘Su stimulation to the study
of higher cognitive f@u (Cadwell, 1991; Pascual-

1991c). Transcranial mag-

Leone, Gates an
netic  stimulat an provide unique information
about the graphic and temporal organization of
human cognitive processes and allows correlation of
the objective behavioral effects of the stimulation with
the subject’s introspective perception.

Basically, magnetic stimulation represents a form
of ‘clectrodeless electric stimulation’ (Cadwell, 1989;
Hallett, Cohen, Nilsson et al., 1989) that has the obvi-
ous advantage over direct electric cortical stimulation
of not requiring a craniotomy. Therefore, in contrast to
other techniques of cortical stimulation, transcranial
magnetic stimulation allows the study of normal sub-

<

jects rathcu\&n being restricted to the study of pa-

tients @ttgoing surgical procedures for medically
in le epilepsy or focal brain lesions. Transcra-
r@ agnetic stimulation is a virtually painless and

@M’c technique (even if applied in high frequency
al. (1985a) and Barker, Jalinous and Freeston (1985 @6

trains) if appropriate safety guidelines are followed
(Pascual-Leone, Houser, Reese et al., 1992b).

There are three basic effects of transcranial mag-
netic stimulation that can be used to study the physio-
logical correlates of cognitive functions. (1) Single-
pulse transcranial magnetic stimulation can be used to

- probe the excitability of neuronal networks. This al-

lows comparison of the level of activation of different
brain structures at different times during a task Low -
intensity repetitive transcranial magnetic stimulation

" can be used to affect the level of excitability of such

structures and thus manipulate the subject’s responses
or perceptions. In this fashion, transcranial magnetic
stimulation can for example provide information about
the organization of processes and neural structures in a
reaction time task. (2) Single magnetic stimuli appro-
priately delivered in time and space can transiently
block the function of neuronal networks. This allows
examination of the effects of transcranial magnetic
stimulation of different brain structures at different
times on the subject’s performance in a task. Repeti-
tive transcranial magnetic stimulation may be neces-
sary to interfere with complex cortical functions which
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operate over extended periods of time. In this fashion,
transcranial magnetic stimulation has been used to
study the organization of visual and somatosensory
perception, visual attention, voluatary motor acts,
speech, language, and memory. (3) Finally, focal tran-
scranial magnetic stimulation can be used to map the
maQtor cortical outputs targeting contralateral muscles.
Several maps can be obtained at different times in the
same subject. This allows the study of cerebral plas-
ticity associated with recovery of function afier pe-
ripheral or central nervous system injuries, but also of
the modulation of cortical outputs associated with and
possibly underlying the acquisition of new motor
skills.

The aim of this chapter is to give the reader an in-
troduction to the history and physical principles of
transcranial magnetic stimulation and an overview of
our current level of knowledge on the potential uses of

transcranial magnetic stimulation in cognitive neuro-
science.

History of transcranial magnetic sumulatxou@%

Mutual induction, the principle on nugnenc
stimulation is based was chscover Faraday in
1831 (Faraday, 1839, 1965). lest reports on

activation of the human cen
magnetic fields date bac
detail account on the
of the nervous sy
stimulation was

ervous system by
\the 19th century (for a
of magnetic stimulation

2e Geddes (1991). Magnetic
pplied to the nervous system by
d’Arsonval. { 6 he described the induction of
phosph e@ rtigo, and occasionally even syncope
- when stibjects were exposed to an alternating magnetic
field of 110V, 30 A, and 42 Hz by placing their
head inside the induction coil (d'Arsonval, 1896). In
1902, Beer also reported the induction of phosphenes
by a magnetic field applied to the head (Beer, 1902).
In the early 1900s, magnetophosphenes became an
interesting area of research because alternating current
was replacing direct current as the soutce of electrical
energy and because of reports of powerhouse workers
experiencing strange sensations in the vicinity of
transformers carrying high-intensity alternating cur-
rents (Geddes, 1991). Thompson (1910), Dunlap
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(1911) and Magnuson and Stevens (1911) constructed
slightly different magnetic coil stimulators and inde-
pendently corroborated the reports of induction of
visual sensations. However, that magnetophosphenes
could be elicited from excitation of the retina, the op-
tic nerve, or the occipital cortex, was not shown until

. years later (Barlow, Kohn and Walsh, 1947; Kolin,

Brill and Broberg, 1959).

Kolin et al. (1959) were the first to demonstrate
conclusively on a frog sciatic-nerve, gastrocnemius-
muscle preparation that a magnetic field could stimu-
late a nerve. Bxck‘forx Fremming (1965) were able
to induce skeletal itches not only in animals
but also in intac subJects using a pulsed mag-
netic field. e 19805 Barker et al. (1985b) and
Polson& and Freeston (1982) developed the
first co t magnetic coil stimulator at the Univer-
si &Shefﬁeld. Transcranial motor cortical stimula-

was first performed in Merton’s laboratory at the
ational Hospital in London that same year (Barker

@ et al,, 1985a). Since then, several companies have

developed similar devices that are commercially avail-
able (for example Cadwell Inc., Novametrix, Magstim
Co., Dantec, and Digitimer) and there is a growing
number of laboratories that employ magnetic stimula-
tion for the study of the central and peripheral nervous
system.

The originally, commercially available ‘single-
pulse’ magnetic stimulators were limited to stimula-
tion rates of 0.3-0.5 Hz. At higher stimulation intensi-
ties, the capacitors would not charge up completely
and the coil would overheat. More recently, stimula-
tors have been developed that allow stimulation rates
of up to 60 Hz but are based on the same principles
and have the same attributes as the ‘single-pulse’
magnetic stimulators (Cadwell, 1991). The first such
‘high frequency, repetitive’ magnetic stimulator was
developed by Cadwell Inc. In the meantime, Cadwell's
‘High Speed Magnetic Stimulator’ and Dantec’s
‘MagPro’ are commercially available, and several
laboratories have designed and are using similar de-
vices (for example Dr. D. Claus et al. at the University
of Erlangen-Niiremberg, Germany and Dr. J. Sgro et
al. at the Medical College of Virginia, Richmond, VA,
USA).



Technical principles of transcranial magnetic
stimulation

The basic design of magnetic stimulators is quite sim-
ple (Fig. 1A). Storage capacitors are charged to a volt-
age determined by the stimulus strength required, and
can then be discharged into a stimulating coil via solid
state switches. There is no electrical or mechanical
contact between the stimulator and the subject. The

A .
>} \
Power PR Energy
o0k - CAPACROMS Shmutating
Charging A =
drot

Fig. 1. (A) Simplified circuit diagram of a magnetic stimulatoc. (B)
Schematic represeatation of the relationship between direction of
current flow in the stimulation coil, generated magnetic field, and
direction of flow of the secondarily induced current in the tissue.
The focality of the stimulation depends largely on the size and
geometry of the stimulation coil. (C) Schematic representation of
the distribution of the maxima of the electric field produced at
cortical level during magnetic stimulation using a circular coil and
an 8-shaped coil held over the vertex and flat on the scalp. The
thick fine represents the coil windings, the gray dotted area repre-
sent the maxima of the induced electric field (for accurate model
and detailed calculation of the electric field see Roth et al., 1991t
Saypol et al., 1991).
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basic principle of magnetic stimulation is implicit in
Faraday's law. A time-varying magnetic field can in-
duce a voltage in a nearby conductor whereby the in-
duced current will be proportional to the rate of
change of the magnetic field. The magnetic field will
be proportional to the current in the stimulating coil.
Thercefore, the current induced in the tissue (secondary
current) will be proportional to the rate of change (i.e.
first time derivative) of the current in the stimulating
coil (primary current). The voltage of the primary cur-
rent and the geometry of the stimulation coil will de-
termine the strength and shape qf the generated mag-
netic field and thus of the % and focality of the
secondary current indu che tissue. Thus, mag-
netic stimulation re Q a form of ‘clectrodeless’

stimulation in witich/the generated magnetic field
bridges the ga een primary and secondary cur-
rents (Fig:

owing paragraphs, we provide a brief in-
to the physical laws governing magnetic
ation; for a more detailed discussion, the reader

gércfcm:d to several recent authoritative reviews
L

Cadwell, 1989; Tofts, 1990; Backer, 1991; Jalinous,
1991: Roth, Cohen and Hallett, 1991a; Roth, Saypol,
Hailett et al., 1991c).

A current pulse through the stimulation coil pro-
duces an electric field by Faraday induction. The
electric field, E, is the negative of the time derivative,
/3¢, of the vector potential, A.

E=-— m

The vector potential A is proportional to the current
in the coil and its spatial distribution is given by an
integral over the path of the coil which can be solved
numerically (Cohen, Roth, Nilsson et al., 1990).

During magnetic stimulation, the presence of the
body influences the electric field E by, virtue of the
accumulation of charge on the tissue-air boundary.
This influence can be expressed as the gradient (—) of
a scalar potential F (Roth et al., 1991a) so that

E=-—- ()
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The calculation of the scalar potential F is compli-
cated because the charge distribution that arises on the
tissue-air boundary is not known and must be solved
by a differential equation. The scalar potential F obeys

Laplace’s equation in a homogeneous, isotropic vol-
ume conductor and thus

—2F =0 3

On the tissue—air surface, EXn is zero, where nis a
unit vector perpendicular to the surface and the ‘%’
indicates the dot product between the two vectors.

Therefore, according to eq. (2), the boundary condi-
tion for F is

an_  at @)

where d/dn indicates the derivative of F in the direc-

tion of n. There are many techniques for solving

Laplace’s equation given a boundary condition on

conductor surface; for review see Rot_h etal. (19%
To a first approximation the head and the

be represented as a homogeneous sphere.

in can
electric

field induced in a spherical volu c@ uctor has
been calculated for several coil ?§gs and orienta-
tions (Cohen et al., 1990; Fa? 990). Figure 1C
shows highly simplificd plo€ F the maximal magni-
tude of the electric fiel ced in a spherical con-
ductor by a circular@ an 8-shaped coil. Using
analogies to bio ism (Cohen and Cuffin, 1991;
Yunokuchi m&hcn, 1991), it seems reasonable to
propose
tric field in*a spherical conductor. This proposal is
consistent with the numerical calculations by Roth et
al. (1991c), and has been proven analytically by Say-
pol, Roth, Cohen et al. (1991). It follows that if the
head is represented by three concentric spherical shelis
(scalp, skull, cortex), then the electric field is inde-
pendent of the conductivity of each layer. In particu-
lar, the presence of the high resistance skull does not
affect the electric field.

However, the head and the brain are irregularly
shaped, inhomogeneous volume conductors and there-
fore the numerical technique used to calculate the
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¢ is no radial component to the elec- .

electric field must be extended. At present, the effect
of inhomogeneities is unknown. To account fully for
an iregular, inhomogencous tissue would require an
elaborate computation, perhaps using a finite-clement
program, and a knowledge of the conductivity distri-
bution throughout the cortex. It seems clear however,
that tissue inhomogenities are biologically relevant so
that the brain structures stimulated by transcranial
magnetic stimulation cannot be directly inferred from
the available models of the induced electric fields. For
example, Maccabee, Amasgian, Eberle et al. (1993)
have elegantly shown \Q ral structures are prefer-
entially stimulated a& in fiber bundles because of
the drastically l% activation threshold.

Neural el activated by transcranial
magngti¢ stimulation

&cnts induced in the brain by transcranial magnetic

mulation flow parallel to the plane of the stimula-
tion coil, i.c. approximately parallel to the brain’s cor-
tical surface when the stimulation coil is held tangen-
tially to the scalp (Roth et al,, 1991c; Saypol et al.,
1991). Therefore, it seems reasonable to hypothesize
that magnetic stimulation, in contrast to electrical cor-
tical stimulation, will preferentially activate neural
elements oriented horizontally, i.c. parallel to the cor-
tical surface (Day, Thompson, Dick et al.,, 1987; Day,
Dressler, Maartens De Noordhout et al., 1989a). Most
of the intracortical horizontally oriented ncural ele-
ments are interneurons. Preferential activation of such

" interneurons supports the hypothesis that over the

motor cortex magnetic stimulation is more likely to
activate pyramidal cells ransynaptically thus produc-
ing indirect (T) waves (Amassian, Stewart, Quirk et al.,
1987; Amassian, Cracco, Eberle et al., 1989a; Amas-
sian, Cracco, Maccabee et al., 1990a; Day et al., 1987,
1989a). However, this fact seems to be highly depend-
ent on stimulation intensity and coil orientation
(Amassian, Quirk and Stewart, 1990b) and with high
stimulation intensities, direct activation of pyramidal
cells, as is found with electrical stimulation, is likely
(Berardelli, Inghilleri, Cruccu et al., 1990; Inghiller,
Berardelli, Cruccu et al., 1990). Furthermore, this hy-
pothesis of preferential activation of interneurons by
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magnetic stimulation has been challenged by Edgley,
Eyre. Lemon et al. (1990) who, based on stimulation
studies in monkeys, have suggested that the differ-
ences between transcranial magnetic and electrical
stumulation of the brain are not due to activation of
different neural structures but rather the consequence
of the more superficial site of action of the former.

In any case, regardless of whether neurons are act-
vated transynaptically or at their initial segments, the
effects of transcranial magnetic stimulation is highly
dependent on cortical excitability. Therefore, tran-
scranial magnetic stimulation represents an ideal tool
for the stidy of the temporary level of activation of a
cortical network during the performance of a task.
This fact has motivated the study of the physiological
correlates of several cognitive functions that are dis-
cussed below. '

Spatial resolution of transcranial magnetic
stimulation

Focality of the stimulation is an important tech@

requirement for the application of transc ial‘m 8-
netic stimulation to the study of cognitivr:%ctjons
because of the need for precise spatial ldtion. Fo-
cal transcranial magnetic stimulati

ome pos-
sible with the development of sti ion coils of dif-
ferent geometries (Cohen ¢ Q 1990, Maccabee,

Eberle, Amassian et al., ; Cohen and Cuffin,
1991; Yunokuchi and 69 n, 1991). Cohen, Sato,
Rose et al. (1989) ﬁ?évy, Amassian, Schimd et al.
(1991) have sh at the results of non-invasive
cortical mgtol ping with transcranial magnetic
stimulatioQing an 8-shaped coil correlate well with
those obtained with direct cortical electric stimulation.
Wassermann, Wang, Toro et al. (1992b) have shown
that the cortical output maps obtained with transcra-
nial magnetic stimulation indeed represent the results
of stimulation of the anterior bank of the central sulcus
by projecting the results of the magnetic stimulation
maps onto the subject’s brain magnetic resonance im-
ages. Successive stimulation of different scalp posi-

_tions 1-2 cm apart with the 8-shaped coil lying tan-

gentially to the scalp and centered over the stimulation
position allows differentiation of proximal and distal

e
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arm muscles (Brasil-Neto, McShane, Fuhr et al,
1992¢c; Wassermann, McShane, Hallett et al., 1992a).
Recently, several studies have documented the ef-
fects of coil orientation and shape of the induced cur-
rent pulse on the amplitudes of motor potentials
evoked by transcranial magnetic  stimulation
(Boniface, Mills and Schubert, 1990; Brasil-Neto,
Cohen, Panizza et al., 1992a). The optimal direction
of current induced in the brain for activation of con-
tralateral muscles seems to be approximately perpen-
dicular to the central sulcus, flowing diagonally from
back to front The us ifferent orientations of a
coil that delivers n opolar current pulses al-
lows differentiatio e areas of motor cortical out-
put targeting vepy closely represented muscles, such as
different han&clcs (Pascual-Leone, Cohen, Brasil-
Neto et 93a). This technique further improves
the resolution of non-invasive cortical mapping
a y express differences in odentation of spatially
lapping but functionally distinct neuronal net-
orks (Pascual-Leone, Cohen, Brasil-Neto et al,
1993b).

Characteristics of the different magnetic
stimulators

There are two basic kinds of devices for magnetic
stimulation, those that allow ‘single pulse’ stimulation,
i.e. stimulation frequencies of maximally 0.5 Hz, and
those that allow ‘high frequency’ stimulation, i.c. up to
60 Hz. As mentioned above, the most widely used
single pulse magnetic stimulators are commercially
available from Cadwell Inc., Magstim Corp., Dantec,

~ and Digitimer. High frequency magnetic stimulators

are commercially available from Cadwell Inc. and
Dantec. The multiple pulse capability of these high
frequency stimulators is implemented by minimizing
coil resistance, using resonant designs, using larger,
faster charging storage capacitors, increasing the
number of capacitor banks, or providing a higher
power supply (Cadwell, 1991). Repetitive discharges
at high frequency lead to overheating of the wire
windings of the stimulation coil which would limit the
duration of the stimuli trains and repetition rates ap-
plicable. To prevent this limitation, Cadwell’s high
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speed magnetic stimulator can be equipped with spe-
cially designed stimulation coils which allow continu-
ous water cooling.

Another available alternative to allow multiple
pulse capabilities is the ‘MagStim Bistim Module'.
This device allows serial connection of two MagStim
single pulse magnetic stimulators so that pairs of mag-
netic stimuli can be delivered with variable inter-
stimulus intervals down to milliseconds. In addition,
the stimulation intensity of each pulse can be varied
separately.

For all commercially available magnetic stimula-
tors the current flowing through the stimulation coil
reaches peaks of approximately 5000 A and generates
a magnetic field of about 1-2 T at maximum (Burgess,
1991). However, the pulses of current delivered by the
different stimulators are quite variable not only in the
pulse duration but also in the number of phases. For
example, the Dantec stimulator delivers a nearly

monophasic pulse of 600 us duration, the Cadwcb

MES-10 delivers an overdamped, polyphasic \@
and the Cadwell High Speed Magnetic Stimu éﬂc
livers a biphasic, cosine pulse of 200 us d t&. The
Dantec MagPro allows selection of th&ed wave-
form, either a 200 us biphasic p‘? or a 600 us
monophasic pulse. The waves| clivered by the
stimulator is a relevant v n the physiological
effects of the stimulation also determines the di-
rection of current ind in the brain (Brasil-Neto et

al., 1992a; Cohen c@ 1990).
Safety of tl&ghl magnetic stimulation

The safg of transcranial magnetic stimulation is sup-
ported by the long-standing experience with cortical
electric stimulation in animals and humans and by a
series of safety studies using transcranial magnetic
stimulation in humans. The experience accumulated
since 1985 suggests that single pulse transcranial
magnetic stimulation lacks significant side-effects in
normal subjects (Bridgers and Delaney, 1989; Claus,
1989; Levy, Oro, Tucker et al., 1989; Dressler, Voth,
Feldmann et al., 1990; Bridgers, 1991; Pascual-Leone,
Cohen, Shotland et al., 1992d; Pascual-Leone, Houser,
Grafman et al., 1992a; Hamano, Kaji, Fukuyama et al.,

m

1993), although it can induce seizures in predisposed
individuals (Homberg and Newz, 1989; Hufnagel, El-
ger, Durwen et al., 1990a; Kandler, 1990; Tassinan,
Michelucci, Forti et al., 1990; Fauth, Meyer, Prosiegel
et al., 1992). However, rapid-rate, repetitive transcra-
nial stimulation has the potential to cause skin burns in
the presence of electrodes, headache, temporary
threshold shifts and tinnitus, and even inducing sei-
zures in patients with epilepsy and in normal subjects
(Pascual-Leone, Dhuna, Roth et al., 1990; Dhuna,

Gates and Pascual-Leone, 1991; Roth, Pascual-Leone,
Cohen et al., 1991b; R%al-beonc Gates and Dhuna,

1991b; Pmuu-‘t&e\ . 1991c, 1992ab) . There-
fore, caution is nted in the use of rapid-rate tran-
scranial sti @ion and specific safety guidelines have
to be fol to avoid the occurrence of such com-

plication¥(Pascual-Leone et al., 1992b).
ﬁosurc to transcranial magnetic stimulation, re-

less of stimulation frequency, does not result in

y lasting effects on neurological status, physical
exam, or cognitive performance as evaluated by stan-
dard neuropsychological tests (Bridgers and Delaney,
1989; Bridgers, 1991; Dhuna et al., 1991; Ferbert,
Mussmann, Menne et al., 1991; Pascual-Leone et al.,
1992b). Saltuari, Marosi, Kofler et al. (1990) found a
slowing in reaction time following transcranial mag- -
netic sumulation. However, these findings have not
been corroborated by others (Pascual-Leone et al,
1992a,b). ]

The discharge of the magnetic stimulation coil gen-
crates a very loud acoustic artifact that has the poten-
tial of affecting hearing both in the experimenter and
in the subject (Counter, Borg, Lofquist et al., 1990;
Counter, Borg and Lofquist, 1991). No hearing loss

“has been found in subjects exposed to multiple ses-

sions of single pulse transcranial magnetic stimulation
(Pascual-Leone, Valis-Solé, Brasil-Neto et al., 1992c).
However, frequency of stimulation may be a very sig-
nificant variable because of the relative timing of the
protective middle ear acoustic reflex and the transient
period of increased susceptibility to noise-induced
hearing loss which follows exposure to high intensity
noise (Pascual-Leone et al, 1992a,b). Temporary
threshold shifts on the audiogram and tinnitus were
found in several subjects exposed to rapid-rate tran-
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scranial magnetic stimulation at frequencies up to
25 Hz (Pascual-Leone et al., 1992b). Therefore, the
use of protective earplugs, which attenuate the acous-
tic artifact to safe levels is warranted under these con-
ditions (Counter et al, 1990; Pascual-Leone et al.,
1992b).

Following uncomplicated transcranial magnetic
stimulation, no changes in hypothalamic hormone lev-
els (prolactin, ACTH, TSH, LH and FSH) have been

- docuimented in studies applying single-pulse (Bridgers

and Delaney, 1989; Levy et al., 1989) and repetitive

transctanial magnetic stimulation (Hufnagel, Elger,

Klingmiiller et al, 1990b; Pascual-Leone et al.,
1992b). This suggests that transcranial magnetic
stimulation does not affect deep cercbral, limbic
structures; a finding predicted by the results of mod-
eling of the electric fields induced in the brain (Roth et
al., 1991a; Saypol et al., 1991).

Transcranial magnetic stimulation does not seem to
have any lasting effects on the electroencephalo-
graphic (EEG) activity in normal subjects. This has

tion (Bridgers and Delaney, 1989; Levy etal, |

and for rapid-rate stimulation at frequenci to
25 Hz (Pascual-Leone et al.,, 1992b). Ho
tients with epilepsy, transcranial magneti
may have a variety of effects on g\yilcptic focus
(Hufnagel and Elger, 1991) i @mg an increase
(Hufnagel et al., 1990a) or d e in spike frequency
(Steinhoff, Stodieck, Sc &;% et al, 1991). These
effects of magnetic sd@on are likely to depend on
the stimulation frequensy (Pascual-Leone and Dhuna,
1992). It is i to note that in the presence of
EEG clectrodes, rapid-rate transcranial magnetic
stimulation can lead to skin burns because of the in-
duction of eddy current and overheated electrodes
(Pascual-Leone et al., 1990; Roth et al., 1991b). Spe-
tial precautions need to be taken when recording EEG
during transcranial magnetic stimulation which are
summarized by Roth et al. (1991b).

The induction of seizures is very rare with single-
pulse transcranial magnetic stimulation, even in epi-
leptic and predisposed patients (Claus, 1989; Hém-
berg and Netz, 1989; Hufnagel et al., 1990a; Kandler,
1990; Tassinari et al., 1990; Fauth et al., 1992). How-

} in pa-
imulation
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ever, this danger is much more prominent when using
trains of transcranial magnetic stimulation. Hufnagel
et al. (1990a, 1991) reported activation of the seizure
focus and induction of partial complex seizures in
patients with focal epilepsy. Dhuna et al. (1991) re-
ported induction of a focal, secondarily generalized
seizure in an epileptic patient exposed to high intensity
stimulation at 25 Hz. Benecke et al. (personal com-
munication) have also observed three epileptic pa-
tieats in whom repetitive transcranial stimulation over
the vertex resulted in induction of seizures. In addi-
tion, high intensity rapid-rate transcranial magnetic
stimulation can induce é%scharges and even sei-
zures in a normal s@ ts without significant risk
factors for epilep ascual-Leone et al., 1992a,b). It
is clear that ra e, repetitive transcranial magnetic
stimulation cad to seizures and caution is war-
ranted. \ )

ﬁj}mtc transcranial magnetic stimulation can
1 a spread of cortical excitation over the course

@D a stimulation train even though the coil remains

)

en documented for single pulse magnetic stim;@

centered over a single scalp position (Pascual-Leone
et al., 1992b). This induction of spread of excitation
depends on the train duration, the stimulation fre-
quency and intensity (Pascual-Leone, Valls-Solé,
Wassermann et al., 1994b). Prolonged trains of appro-
priate frequency may result in such widespread hori-
zontal excitation that re-entering, sclf-regenerating
activity could develop and lead to a focal seizure
(even in subjects without predisposing factors). In
addition, the induction of spread of excitation raises
the concern that magnetic stimulation might induce
‘kindling’. Kindling refers to the process whereby
repeated administration of a subconvulsive stimulus
results in progressive intensification of the induced
electric activity (Goddard, Mclntyre and Leech,
1969). An animal is ‘kindled’ when the initially sub-
convulsive stimulus induces seizures that eventually
may occur spontaneously, without preceding stimula-
tion. The basic mechanisms thought to underlie kin-
dling are similar to those discussed in relation to
spread of cortical excitability induced by repetitive
transcranial magnetic stimulation (Pascual-Leone et
al., 1992b, 1994b). Even though the relevance of kin-
dling in human epilepsy remains controversial
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(Goldensohn, 1984; Morrell, 1991), it is a potential
risk of transcranial magnetic stimulation. No danger of
kindling should exist if rapid-rate transcranial mag-
netic stimulation is used at intensities and frequencies
below those required to produce a spread of cortical
excitation (Table 1). Nevertheless, these guidelines
have to be periodically reviewed and studies specifi-
cally addressing this issue in animal models are
needed.

The lack of structural damage to the brain follow-
ing repetitive magnetic stimulation has been docu-
mented in temporal lobectomy specimens from two
epileptic patients who underwent high frequency mag-
netic stimulation before surgery (Gates, Dhuna and
Pascual-Leone, 1992). Sgro, Stanton, Emerson et al.
(1991) found no anatomo-pathological changes in the
brains of 11 rats exposed to at least 10 000 stimuli at
8 Hz and a peak field strength of 3.4 T. Mano, Fi-
nakawa, Nalamuro et al. (1989) and Hersh, Green,

lar changes in the neuropil portion of cortical layers
2-6 in half of the rats studied. The reasons for the
apparent discrepancy between these findings are un-
clear. The pathological changes reported by Matsu-
miya et al. (1992) could be due to differences in the
techniques used to anesthetize the animals or study
their brains, or might represent a transient and reversi-
ble phenomenon. In any case, the importance of this
issue warrants attention and more studies on the po-
tential risk of cortical damage induced by magnetic
stimulation are neededy In this context, the choice
of the animal mod %mcs an essential considera-
tion. The effici magnetic stimulation is drasti-
cally altered ain size and the results of some of
the avail ety studies conducted with small ani-
mals ugjng-large stimulation coils may not at all be
valid\for human studies (Weissman,  Epstein and
, 1992).

Weissman et al. (1990) have also reported no ccrcbr@ Determination of hemispheric speech dominance

pathological changes induced by transcranial

stimulation. However, Matsumiya, Yamamo ita
et al. (1992) reported that 2100 transcr magnetic
stimuli of high intensity (2.8 T) induo@\-mcrovacuo-

TABLE | o (&

Guidelines for selection of trains
are therefore considered safe
f

t for details)

using rapid-rate transcranial magnetic stimulation
The intracarotid sodium amytal or Wada test is per-
formed prior to surgical interveation for epilepsy to

d-rate transcranial magnetic stimulation (roots) that do not lead to spread of cortical excitation and

N
(TMS  15MS m6®(% of threshold)
frequency

(Hz) 1& 10 120 130 140 150 160  170* 180*  190° 2008 2108 2208
&

A. Time (s)\mil spread of excitation during roots

1 >50 >50 >50 >50 >50 >50

S >10 >0 >10 >10 16 5.2
10 >5 >$ 42 29 13 08
20 208 1.6 1 0.55 035 025
25 1.28 0.84 04 0.24 0.2 0.24

>50

3.

0.
0.
0.

B. Number of magnetic pulses () until spread of excitation during (TMS
] >50  >50 >50 >50 >50 >S50 50

5 >50  >50 >S50 >S50 18 26
10 >50  >50 42 29 1 8
20 41 32 20 1 7 s
25 k7) 2 10 6 5 6

18
9
b1
5

27 1 .. .8 1 6
6 26 24 1.6 14 1.6 1.2
9 038 0.5 0.6 0.4 03 03

25 015 02 025 02 0.1 0.1
2 012 008 012 012 008 008

27 1 " 8 716
13 12 8 7 8 6
8 s 6 4 3 3
3 4 s 4 2 2
3 2 3 3 2 2

Data reflect the lowest values of time or number of pulses that result in spread. Data are based on studies on >30 subjects. >15 subjects (*),

or 5-10 subjects (¥).
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determine the language dominant hemisphere (Wada -

and Rasmussen, 1960; Serafetinides, Hoare and
Driver, 1963; Engel, 1987). However, the short lasting
effect of amytal and the possibility of inter-
hemispheric cross-over of the drug, limit the time for
testing and may interfere with the results. In addition,
the procedure has an estimated morbidity of 1-3%
(Engel, 1987). Therefore a non-invasive, safer tech-
nique for determination of language dominance would
be helpful. Several studies suggest that rapid-rate tran-
scranial magnetic stimulation might be developed into
such a technique.

In 1991, Pascual-Leone et al. (1991c) published the
first report on the use of rapid-rate repetitive transcra-
nial magnetic stimulation for the non-invasive deter-
mination of the language dominant hemisphere. Six
adult epileptic patients underwent rapid transcranial
magnetic stimulation at stimulation rates of up to
25 Hz with an 11-cm water-cooled round coil held flat
on the scalp and centered over 15 different posxuons

on each side of the scalp. Stimulation was dchvcrcd%

10-s trains while the patients counted aloud. S&
tion centered over inferolateral frontal co 5

D7 from the standard electrode position
for closely spaced electrodes) indu
speech arrest in all patients and
three patients when applied at intensities. There
were no such speech dis ces when magnetic
stimulation was applied gdnthe different positions on
arotid amytal test demon-
strated left hcmis ¢ language dominance in all
patients. In -up study on three subjects
(Pascual- Dhuna and Gates, 1991a), the same
authors demonstrated that the speech arrest induced by
rapxd-ratc transcranial magnetic stimulation was most
likely not due to effects on the cortical motor repre-
sentation of the laryngeal muscles recorded by surface
electrodes (Fig. 2). More recent and careful studies
mapping the motor responses evoked by transcranial
magnetic stimulation of the cortex in intrinsic laryn-
geal muscles recorded by needle electrodes seem to

\qxn ng errors in

‘confirm that the sites of induction of speech arrest are

different and anterior to those that evoke laryngeal
motor responses (Ludlow, Pascual-Leone, Cozens-
Hoffman et al., 1993) and unpublished data).

Transcranial magnetic stimulation  Ch. [2

Fig. 2. Schematic m@dp stimulation sites that ked to speech
potentials in laryngeal muscles oc contralat-
brevis (APB) in a representative subject.
induced with a Cadwell High Speed Magnetic
ipped with an 8-shaped coil delivering trains of 55,
120% of subject’'s motor threshold intensity. Motoc

1ses at 120% of subject’s motor threshold intensity.

Other investigators have confirmed the usefulness
of repetitive transcranial magnetic stimulation for the
study of the language dominant hemisphere. Miche-
lucei, Valzania, Passarelli et al. (1993) studied 12
epileptic patients asked to count aloud while receiving
transcranial magnetic stimulation at frequencies of up
to 25 Hz, in trains of 10-s duration, and with stimula-
tion intensities of 60-100% of the maximal stimulator
output. Repetitive transcranial magnetic stimulation
induced speech arrest in § of 12 patients. The inability
to induce speech arrest in 7 subjects might have been
related to their high stimulation threshold due to their
concurrent treatment with  antiepileptic  drugs
(Hufnagel, Elger, Marx et al, 1990c). Jennum,
Friberg, Fuglsang—Frcdcrikscn et al. (1993) conducted
a very careful study with a large number of subjects.
They studied 22 epileptic patients, one of which did
not tolerate rapid-rate transcranial magnetic stimula-
tion because of the induced muscle contractions. In the
other 21 patients, stimulation was applied at 30 Hz for
1 s over several temporal and frontal areas bilaterally
while the subjects pronounced words or counted for-
ward or backward. Fiftcen patients showed left-
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hemispheric speech dominance, two patients showed
right-sided speech dominance, and one patient showed
bilateral speech representations. These results corre-
lated exactly with the results of the intracarotid amytal
test. In the other three patients, magnetic stimulation
suggested bilateral speech representation but the intra-
carotid amytal test demonstrated unilateral speech

dominance (left-sided in two cases and right-sided in
one). '

Transcranial magnetic stimulation in the study of
language

Mast of our knowledge about the cortical organization
of language is derived from direct cortical stimulation
studies performed on patients undergoing neurosurgi- .
cal procedures (Ojemann, 1983; Penfield and Roberts,
1959) or from cortical lesion studies (Damasio and
Geschwind, 1984). More recendy, positron emissio
tomography (PET) has been used to study lan Qa
processing in intact humans (Petersen, Fox, P, a&?c(
al., 1989). Transcranial magnetic stimu tidk%y al-
low the study of the cortical organizatic%f language

in intact humans with greater tem% resolution than
PET and provide information about/excitatory or in-
hibitory influences of diffcrcr@dcal areas.

Claus, Weis, Treig et @ 3) have studied the ef-
fect of rapid-rate al magnetic stimulation of
temporal and pari eas on verbal comprehension

in 44 normal v ers. The results were influenced
by the subj<t' eading strategy. Nevertheless, they

QO

were able to show that in right-handed subjects
stimulation over the left hemisphere resulted in a sig-
nificant greater number of verbal comprehension er-
rors. In a series of elegant studies on the effects of
stimulation of different cortical areas on the percep-
tion and processing of visually presented letters and
words, researchers at SUNY Health Science Center in
Brooklyn, NY (USA) have illustrated the value of
single-pulse' magnetic stimulation to study the tempo-
ral profile of the activation of different components of
the neural networ %ﬂﬁng visually accessed lan-
guage informatio rdreview, see Amassian, Mac-
cabee, Cracco 1., 1989b; Maccabee, Amassian,
Cracco et @1). Appropriate stimulation in time
over W e's area can induce a significant reduc-
tion in ord sequencing, while over Broca's area it

induce phonemic and semantic substitutions

K@accabcc et al,, 1991). In our studies on repetitive
'(b transcranial magnetic stimulation of Broca's area, we

found that stimulation intensities and frequencies be-
low those required for induction of speech arrest could
lead to counting errors (Pascual-Leone et al., 1991c)
and phonemic paraphasias in a word generation task
(Table 2). These errors are experienced by the subject
with great surprise and often with frustration.

Transcranial magnetic stimulation in the study of
memory

In studying memory, it would be advantageous to have
a safe and reliable technique that could result in a ,

Counting errors and phonetic paraphasias induced by repettive transcranial magnetic stimulation (fTMS) of Broca's area

Subject  Task

TMS Subject’s pecformance
Frequency [ntensity
(Hz) (% of motor threshold)
1 Count aloud ] 12 *.4,555671 ..
*...8,9,7,11,12,13,...
'...5,6.6,7,8, ...
2 Generate words beginning with the letter j' 10 120 "...jump, joke, giant, jelly’
3 Generate words beginning with the lever ' 10 110 "...fall, farm, phase, ficld, phone.

foooo (and speech arrest)’
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‘reversible lesion’ leading to a temporary and selective
‘amnesia’ in normal subjects. Rapid-rate transcranial
magnetic stimulation ‘appropriately delivered in time
and space can transiently block the function of neural
petworks and may provide such a techaique. Single-
pulse transcranial magnetic stimulation does not ap-
pear to affect memory processing (Bridgers and De-
laney, 1989; Bridgers, 1991; Ferbert et al., 1991) ex-
cept in the context of visual scanoing (Beckers and
Homberg, 1991). However, in most of these studies,
magnetic stimulation was not delivered concurrently
with the to-be-remembered material making it difficult
to determine if any association existed between tran-
scranial magnetic stimulation and alterations in mem-
ory processing. In any case, repetitive stimulation may
be necessary to interrupt processing in the stimulated
area long enough to make effects on higher order cog-
nitive processes such as' memory detectable.

Grafman, Pascual-Leone, Alway et al. (1994) used
rapid-rate, repetitive transcranial magnetic stimulation
for the non-invasive study of verbal recall in five
right-handed subjects. Recall followed immediately
after presentation of a 12-word list. Transcranj
sumulation was applied in trains of 500-ms dugation’
20Hz, and 120% of the subject’s motor ,égold
intensity to different bihemispheric scalp ions at
different latencies after each to-be-r \\bercd word

was presented. In all subjects, rec significantly
diminished only after left m.@pora] and dor-
sofrontal stimulation at Oﬁ‘b.d 250 ms latencies.
Forgetting occurred pri for words presented at
the beginning of the li§t Yprimacy effect). It appears,
that appropriatel iveted in time, rapid-rate tran-
scranial magfetio-stimulation of mid-temporal and
dorsofrontal sites of the dominant hemisphere can
induce transient recall deficits and may be useful as a
non-invasive tool for the study of verbal memory
processes. However, the choice of the task and the
stimulation site, time, and settings seem to be essential
in order to induce memory deficits. Hufnagel, Claus,
Brunhoelzl et al. (1993) failed to show any effects of
rapid-rate transcranial magnetic stimulation on imme-
diate repetition of digits and reproduction of a spatial
pattern. Both of these tasks rely exclusively on short-
term memory processes while the task used by Graf-

~evoke phosphenes

Transcranial magnetic stimulation Ch. 12

man et al. (1994) requires storage and retrieval from
longer-term memory storage and the effects found
were limited to a short time window.

Magnetic stimulation studies of visual processing
and visual attention

Subjective photic sensations (phosphenes) were
among the first effects of magnetic brain stimulation
described in the early 1900s but arose mostly from
stimulation of the retina rather than stimulation of the
visual cortex (see the section on the history of tran-
scranial magnetic su'mulaO%Howcvcr. transcranial
magnetic stimulation o cipital cortex can also
n the visual field (Marg,
1991). These p nes are generally described as
flashes of light\Whlich subjectively do not last longer

'&f a second. The topographic distribu-
white, undifferentiated phosphenes in the
d depend on the exact localization of the
ation coil over the occipital area and on the di-
tion of current induced in the brain (Meyer, Diehl,
Steinmetz et al., 1991). Such studies explore the func-
tiona] organization of the different portions of the vis-
ual fields in the calcarine fissure. Brief trains of rapid-
rate transcranial magnetic stimulation are more likely
to evoke phosphenes in sighted, normal volunteers
than single pulse stimulation. Whea trains of five
magnetic pulses at 10 Hz and high intensity are ap-
plied to different occipital areas, the subjects report
phosphenes of different characteristics. Stimulation of

 the occipital pole seems to evoke white, undifferenti-

ated phosphenes, while stimulation of parieto-occipital
areas seems to preferentially evoke phosphenes with a
motion component and stimulation of infero-lateral
occipital areas seems to preferentially evoke colored
phosphenes (Pascual-Leone et al., unpublished data).
For example, after stimulation of the appropriate pa-
rieto-occipital site, the subject might report seeing a
flash of light that seemed to move from the right of the
visual field to the center. After stimulation of the ap-
propriate infero-lateral occipital site, the subject might
report seeing a green, red, or blue flash of light in a
certain spot of the visual field. These findings corre-
late with the notions of parallel processing of motion
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Ch. 12 A. Pascual-Leone et al.

and color attributes of visual stimuli derived from
animal experiments and human PET experiments
(Zeki, Watson, Lueck et al. 1991). In this fashion,
transcranial stimulation may be used in the study of
functional organization of the visual cortical system in
humans. -

Transcranial magnetic stimulation not only has exci-
tatory effects but it can also transiently disrupt the func-
tion of a localized group of neurons. Amassian and col-
leagues pioneered the use of this larter effect in the
study of visual cortex. When applied to the occipital
lobe at appropriate intensity, transcranial magnetic
stimulation can block the detection of visual stimuli
presented approximately 100 ms prior t0 an occipital
transcranial magnetic stimulus (Fig. 3A) (Amassian,
Cracco, Cracco et al.,, 1988). Thus, transcranial mag-
netic stimulation can be used to demonstrate that by
120-160 ms, the information required for visual stimu-
lus recognition is relayed from the calcarine cortex to
extrastriatal areas (Maccabee et al., 1991).

The topographical organization of the visual
can be demonstrated by shifting the magnetic sy -
tion coil laterally or rostrally which resul in&ppres-
sion of the contralateral or caudal-m %&m of a
string respectively (Maccabee et al ; Meyer et
al., 1991) When two letter trigr s&xli of appropri-
ate luminance are presented in&@dcession so that clas-
sical backward masking the target) by S2 (the
mask) occurs, a transc magnetic stimulus deliv-
ered 80-100 ms af] ﬁ results in suppression of S2
but unmasking & (Amassian et al., 1989a; Mac-
cabee et al., Y991, Transcranial magnetic stimulation
can the; fmonstrate the time course of the trans-
fer of uli from striate to extrastriate levels. This
unmasking phenomenon can be used to track informa-
tion flow from visual cortex to higher cortical centers
{e.g. arcuate gyrus or the inferior temporal lobe). Ap-
plied to parieto-occipital areas, transcranial magnetic
stimulation can interfere with motion detection
(Beckers and Homberg, 1992a) and applied to inferior
occipito-temporal areas, it can disrupt color perception
(Maccabee, Amassian, Cracco et al., 1989) thus al-
lowing for the study of parallel processing of physical
attributes of visual objects in humans (Beckers and
Hoémberg, 1992b).

218

Correct letters/trial

0 v v———r T - v v v v .
0 20 40 60 8 100 120 140 160 180 200
Interval between visual and
transcranial magnetic stimulus (ms)

Fig. 3. (A) Effect of transcranial magnetic stimulation of the oc-
cipital conex on detection of three letters horizontally displayed.
Data shown represent mean values for three subjects according to
the interval between the visual and the transcranial stimulus. This
figure is redrawn from data from Amassian ctal. (1988). (B) Effect
of transcranial magnetic stimulation of occipital, paretal, and em-
poral areas on single and double simultancous visual simulation.
three-dimensional bar graph for the mean numbér of errors (% of
total responses) in six subjects according to visual stimulus type
and transcranial stimulation site. Reproduced from Pascual-Leone
et al. (1994) with pemission from the authors.

So far, attempts to apply single pulse magnetic
stimulation to the study of higher order visual proc-
essing and visual attention have been unsuccessful.
Repetitive, rapid-rate stimulation rather than single
pulses may be necessary to interrupt processing in the
stimulated area long enough to make the effects de-
tectable. Amassian et al. (1990a) have shown that a
consecutive train of three magnetic stimuli given 70,
143 and 216 ms following a brief alphabetic trigram
stimulus elicits a significant reduction in letter per-
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ception. These results contrast with the absence of
suppression when a single magnetic pulse is given 70
or 143 ms following presentation of the alphabetic
trigram and suggest that the first transcranial stimulus
delays the processing of information by the visual
cortex but requires supplemental repetitive stimulation
to prevent it.

Rapid-rate, repetitive transcranial magnetic stimu-
lation can also be used for the non-invasive study of
visual attention in humans (Pascual-Leone, Gomez-
Tortosa, Grafman et al., 1994). Six right-handed vol-
unteers completed 8 blocks of 20 single and 10 double
visual stimulation trials. The visual simuli were either
a single asterisk on the right or the left of a computer
screen or the two asterisks presented simultaneously.
The subject had to respond by pressing the right or left
response key or both keys simultaneously. During six
of the blocks, focal transcranial magnetic stimulation
was applied in trains of five pulses at 25 Hz and 115%
of the subject’s motor threshold intensity to Ol, 02,
P3, P4, TS or T6. Occipital stimulation led to a sig-
nificant number of misses of the contralateral asteri
regardiess of whether single and double stimul
was presented. Parietal stimulation did not™N ﬁcc
misses of single stimuli; but led to a signi num-
ber of misses of the contralateral astcrisk(bhc double
stimulation condition. The effects- poral stimu-
lation were less well defined. results suggest
that rapid-rate transcranial ma@lc stimulation to the
occipital lobe causes a se detection block while
stimulation of the pan'@ obe can induce a spatial
hemi-inattention withi'selective extinction of contralat-
eral visual stim| '<during double simultaneous stimu-
lation (ﬁg.@. _ '
Magnetic stimulation studies of somatosensory
perception

Processing of somatosensory stimuli can be studied
with transcranial magnetic stimulation in a similar

‘ fashion to that outlined above for studies of visual

perception. Transcranial magnetic stimulation of the
sensori-motor cortex can occasionally trigger soma-
totopically organized paraesthesias (Amassian, So-
masundaram, Rothwell et al., 1991¢c; Cohen, Topka,

Transcranial magnetic stimulation  Ch. 12

Cole et al,, 1991). In addition, single pulse transcra-
nial magnetic stimulation of the sensorimotor cortex
appropriately timed in relation to an electric stimulus
to a finger of the contralateral hand can block the de-
tection of the sensory stimulus (Cohen, Bandinelli,
Sato et al., 1991). These studies can be used to inves-
tigate the effects of peripheral nerve and spinal cord
injury (Cohen et al., 1991), transient deafferentation
(Brasil-Neto, Cohen, Pascual-Leone et al, 1992b;
Brasil-Neto, Valls-Solé, Pascual-Leone et al., 1993),
and skill acquisition (Pascual-Leone and Torres, 1993)
on the somatosensory representation of the affected

body parts. Q\

Transcranial magneti€ stimulation in the study of
behavioral asé&f motor control

Differ c&al areas are involved in the learning,
plannffig execution, and correction of movements.
& coordinated, orderly function is necessary for
human motor performance. Single pulse mag-
netic stimulation allows the study of the pyramidal
tract and the primary motor cortex (Rothwell et al.,
1991) but only limited probing into the function of
other areas involved in motor control, such as supple-
mentary motor cortex or dorsolateral frontal lobe
(Amassian, Cracco, Maccabee et al., 1991a). Tran-
sient, selective suppression of the function of different
motor areas by trains of magnetic stimuli will allow
the study of their role in simple movements, complex
movements, bilateral movements, delayed responses,
and motor learning. This insight would increase our
understanding of pathological conditions of abnormal
motor control such as apraxia, dyskinesias, or motor
learning disabilities.

Rapid-rate transcranial magnetic stimulation can be
use to study the role of the prefrontal cortex in per-
severatory motor behavior in normal humans perform-
ing a motor sequencing task (Pascual-Leone et al., un-
published observations). Supplementary motor area
stimulation at high intensity slows down the perform-
ance but has no effect on the motor alternation during
the sequence. However, stimulation of the dorsolateral
frontal cortex disrupts the motor alternation, induces
motor perseverations, or even leads to a complete col-
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lapse of the motor sequence despite not affecting the
quality or fluency of the individual movements. _
Rapid-rate transcranial magnetic stimulation can
also be used in conjunction with a serial reaction time
task (Nissen and Bullemer, 1987) to demonstrate the
critical role of the dorsolateral frontal cortex in proce-
dural learning (Pascual-Leone et al,, unpublished ob-
servations). Subjects were seated in front of a2 com-
puter screen and a keyboard with four marked re-
sponse keys. An asterisk appeared in one of four posi-
tions that were horizontally spaced on the screen and
aligned above the response keys. The subjects had to
press with one finger the key aligned with the asterisk
that appeared as fast as possible. They were only al-
lowed to use the right hand to respond. The asterisk
did not disappear until the correct button was pushed,
upon which the next stimulus appeared following a
500-ms delay. Each test consisted of 50 sets of 10
trials. In the first 40 sets, the sequence of asterisk po-

isk positions repeated itself 40 times. The subyf
were not told that a repeating sequence was i pre-
sented. In the last 10 sets of trials, the\seq

asterisk positions was random. In thi
dural knowledge may occur with

nce of
en, proce-
velopment of

declarative knowledge of the sequence and is indexed
by the progressive shortening of response times during
the sets with a repeating sequence, and .a rebound
lengthening of response time in the random sets
(Nissen and Bullemer, 1987; Willingham, Nissen and
Bullemer, 1989). Transcranial magnetic stimulation of
the left dorsolateral frontal area at 5 Hz and 120% of
the subject’s motor threshold intensity does not inter-
fere with the response accuracy but abolishes the pro-
gressive shortening of response times, i.e. the devel-
opment of procedural knowledge of the sequence (Fig.
4).

Another appro tudy the neural network de-
voted to movement planning and execution is to in-
vestigate th§Rffects of different interventions on the
amplitu d latency of motor potentials evoked in

congrale€ral muscles by transcranial magnetic stimu-
&of the motor cortex. Interventions that alter the

Q e} of excitability at the spinal level can obviously
i

sitions was the same, i.e. a 10-trial sequence of @’b

nfluence the amplitude of the motor potentials evoked
by transcranial magnetic stimulation of the motor cor-
tex. This can be achieved by holding a certain level of
static contraction of the target muscle (Hess, Mills and
Murray, 1986; Helmers, Chiappa, Cros et al., 1989;
Hufnagel, Jaeger and Elger, 1990d; Ackermann,

TMS TO CONTRALATERAL
DORSOLATERAL FRONTAL LOBE

K (5Hz, 120% T)
- %)
. | < N :
% Q'O .'.'~ oo
£ . . . e e
= t ... - . e ot o '0.‘0'. 4'.::-':.
£ ot e . e 0e’e ¢ .
< ® . ° a® e .
& 400 4 . ® .
© ) s ot g
[~ - . e
3004 —— -
¢ 10 20 30 40 50 0 10 20 30 LY 50
/
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Set

Fig. 4. Effect of ranscranial magnetic stimulation (TMS) of the dorsolateral frontal cortex on response ime in a serial rc.:lction u'me_ task.
Data shown represent mean response time values for a representative subject across the 50 sets of trals. The lack of progressive shoctening of
response times across the ficst 40 sets of trials and the absence of a rebound delay in response time in the last ten sets indicate the lack of

procedunal learning of the repeating sequence (see text for details).
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Schoiz, Koehler et al., 1991; Thompson, Day, Roth-
well et al., 1991) or by delivering a peripheral me-
chanical (Claus, Mills and Murray, 1988) or electric
stimulus (Date, Schmid, Hess et al,, 1991) at the ap-
propriate time before the transcranial magnetic stimu-
lus. Modulation of the amplitude of motor evoked
potentials can also be documented depending on the
task that requires the activation of the target muscle
(Datta, Harrison and Stephens, 1989; Flament, Gold-
smith, Buckley et al., 1993), in the time leading up ta
a voluntary response (Starr, Caramia, Zarola et al.,
1988; Caramia, Pardal, Zarola et al., 1989; Pascual-
Leone, Valls-Solé, BrasiZNc,to' et al, 1991e¢) (Fig.

Transcranial magnetic stimulation * Ch. 12

studies provide information about task-dependent cor-
tical mechanisms that modulate the cortico-spinal ac-
tivation in preparation of and during different move-
ments. Studies using pairs of transcranial magnetic
stimuli rather than single stimuli may provide further
insight into the mechanisms regulating this balance of
cortical excitation and inhibition (Claus, Weis, Jahnke
et al., 1992; Valls-Solé, Pascual-Leone, Wassermann
etal., 1992).

Reaction time srudies

Single pulse transcranialq@ic stimulation of the

n- 5A), or even by simply having the subject think of  motor cortex can delay orten simple reaction time
he activating the target muscle (Fig. 5B). These kind of  depending on the s@xlation intensity and the interval
in ~ 2
o LN
he A © cAPB, TMS75% B
ly
b Rest J}‘\r
- %)
9: Voluntary b '
n' activation : Q *
' (20% of max. force) @
Thinking , Q ¢
about
moving K% {
Q@ 0S5SmVv
o ™ m
Q ] i
M'EP . IZOO Py
.__.«__J* Y 30 ms
™S T
Onsel of
voluntary
movement
7 . "Fig. 5. (A) Effect of static voluntary contraction of the contralateral abductor pollicis brevis (¢APB) and thinking about moving the conualat-
k eral thumb on the amplitude and latency of motor evoked potentals (MEP) induced by transcranial magnetic stimulation (TMS) of the motor
3:: conex. (B) Amplitude of the motor evoked potentials (MEP) induced by a transcranial magnetic stimalus (TMS) to the contralatenl motor

) cortex as a function of the timing of the transcranial stimulus in relation to the eventual onset of the voluntary response in a simple reaction
' "}-: time paradigm. Reproduced from Pascual-Leone et al. (1991) with permission from the authors.
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TEST TRIALS
™S
JL SUBTHRESHOLD
MEP
' TMS 25% ABOVE
200 yv SUBTHRESHOLD

50 ms

CONTHOL TRIALS

ISOO yv

= >

Go- siqnal 6

40 20 0 20 40
Delay (ms)

between control and test tralis (ms)

Ditference In reaction time ‘

-40
20 -10 +10 420

"Subthreshoid
intensity”
_TMS Intensity (% stimulator output)

i

Fig. 6. Effect of transcranial magnetic stimuja S) of the motor cortex on elbow flexion reaction time accocding (o stimulation inten-
sity and interval between the magneticgtimulus and the go-signal (delay). Subthreshold intensity refers to the intensity at which no biceps

motor evoked potential was recorded
stimulation was delivered over thed
ject. (B) Graphs of the mean di

fied from Pascual-Leone et

between transc stimulus and the go-signal (Day,
Rothwell, pson et al., 1989b; Pascual-Leone et

cal, 1

In addition, using an intensity of transcranial mag-
netic stimulation of the motor cortex that will not pro-
duce any motor evoked potentials in contralateral
muscles at rest, but will evoke a motor potential when
there is voluntary activation, Starr et al. (1988)
showed that in a reaction time situation stimulation
close to movement onset produces a response even
though there is still no voluntary EMG activity. A
small response first appears about 80 ms before EMG
onset and grows in magnitude closer to onset (Fig.
5A). This method divides the reaction time into two
periods. In the first peried, the motor cortex remains
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idvity 50 uV/division) in any of five trials with the subject at rest when transcranial magnetic

p position for biceps activation. (A) Representative examples of the EMG recorded in onc sub-
in reaction time in trials without (control) and with (test) magnetic sumul:mon in five subjects. Modi-
) with permission from the authocs. -

‘inexcitable’. In the second period, the conex becomes
increasingly ‘excitable’ as it prepares to trigger the
movement. This allows the study of the time-course of
motor cortex facilitation during the preparation to
execute a response in simple (Pascual-Leone, Brasil-
Neto, Valls-Solé et al., 1991d) and choice reaction
time paradigms (Pascual-Leone and Hallett, 1992). In
a simple reaction time paradigm, when a_ single
stimulus is used as go-signal and the expected move-
ment is described completely in advance, this progres-
sive increase in motor system excitability leading up
to the voluntary movement is restricted to the cortical
projections to muscles involved in the task. In a choice
RT paradigm, when one of several possible move-
ments will be requested from the subject who has to
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- cortical structures in the planning of voluntary actions. @
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distinguish between differeat sensory stimuli and re-
spond appropriately to them, premovement facilitation
begins before discrimination of the go-signal is com-
pleted. The subject seems to prepare simultaneously to
execute all the possible responses and commit to one
just before the movement, when go-signal evaluation
is completed (Pascual-Leone and Hallett, 1992).
These studies provide important information about the
mechanisms ‘involved in motor programming and re-
sponse execution and support the notion that in the

. choice reaction time condition, there must be substan-

tial degree of parallel processing of go-signal evalua-
tion and response initiation.

Single transcranial magnetic stimuli appropriately
applied in time and space can also influence a sub-
ject's choice of a movement although the subject per-
ceives his/her movement as voluntary (Ammon and
Gandevia, 1990; Brasil-Neto, Pascual-Leone, Valls-
Sole et al., 1992d). These results show that transcra-
nial magnetic stimulation can influence motor behav-
ior and allow the investigation of the roles of different

correlates of acquisition of new skills and(gehmg

Fine motor skill acquisition implies @quoPmcnt :

and implementation of ‘translati echanisms’ to
convert factual knowledge int Gom The ability to
activate the necessary ncura&?allcturcs to extract the
required information fr iven task and execute its

Ql that can be refined with

practice. Pr Mthe nervous system has to be

modified to y
life specific molecular, biochemiical, electrophysi-
ological, and structural changes take place in central
nervous system neurons and neuronal networks in re-
sponse to activity and behavior (Kaas, 1991). This
experience-dependent plasticity leads to the required
medifications in neural structure that enable us to
learn new skills and form memories (Kaas, 1991;
Merzenich, Recanzone, Jenkins et al., 1990). Several
studies have established the utility of transcranial
magnetic stimulation in the study of cortical plasticity
during the adaptation to and recovery from peripheral

such changes in ability. Throughout .
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and central nervous system lesions in humans (for
review see Cohen, Roth, Wassermann et al., 1991).
Therefore, it is reasonable to hypothesize that tran-
scranial magnetic stimulation will also be useful for
the study of plastic central nervous system changes
associated with leaming.

A first approach is to study plastic changes in the

“central nervous system of subjects with a highly spe-

cialized, overlearned skill. We have studied the senso-
rimotor representation of the reading finger of blind,
proficient Braille readers (Pascual-Leone et al., 1993a;
Pascual-Leone and Torres, 1993). Subjects and con-
trols were matched for &Q number of years of
blindness. Subjects ed Braille at age 8-
14 years'and used i l:n¢f0r 5-10 h. Controls had not
learned Braille qe‘;gge 17-21 years and used it daily
for less than mpared with the results obtained
from thesgBn.reading fingers and homologous fingers
of bli m'ols. detection of an electric simulus ap-
pli the reading fingers was blocked by transcra-
l@magnctic stimulation of the somatosensory cortex

%\'cr a larger contralateral scalp area and during a

longer time window. In addition, topographic somato-
sensory evoked potential mapping demonstrated a
larger area of peak amplitude for several cortical com-
ponents of the potentials evoked from the reading fin-
gers (Fig. TA). We also performed detailed mapping
of the motor cortical areas targeting the first dorsal
interosseus (FDI) and the adductor digiti minimi
(ADM) bilaterally in Braille readers and blind control
‘with focal transcranial magnetic stimulation (Fig. 7B).
Motor threshold of subjects and controls were similar.
In the controls, motor representations of right and left
FDI and ADM were not significantly different. In the
subjects, however, the representation of the FDI in the
reading finger was significantly larger than that in the
non-reading finger or in cither finger of the controls.
Conversely, the representation of the ADM in the
reading hand was significantly smaller than that in the
non-reading hand or in either hand of the controls.
These results suggest that the cortical representation
for the reading finger in proficient Braille readers is
enlarged at the expense of the representation of other
fingers. These plastic changes might be the conse-
quence of the heavy differential sensory input and
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Fig. 7. (A) Superposition of the grand average scalp areas f@?
N20 and P22 companents of the somatosensory evok

(SEPs) after stimulation of the reading finger (heavy
non-reading finger of Braille readers and the con
each topographic SEP map we calculated

the maximal amplitude in each trial. G
fated from three trials in 10 Braille
fied from Pascual-Leone and T

interosseous (FDI) and adduc icis brevis (ADM) muscles in a
repeesentative Braille contours express the extend of the
areas that led o mo&o% potentials of 280%, 260%, 240%
and 220% of lheﬁxi amplitude response for each muscle
when applyi tion at an intensity of 130% of motor thresh-
old. This subjsttased the nght index finger as reading finger. Note
the larger leftsided scalp area targeting the (right) FDI and the
smaller left-sided area targeting the (right) ADM. Modified {rom
Pascual-Leone et al. (1993a) with permission from the authors.

motor demand on the reading finger and may represent
the substrate of the acquisition of the Braille-reading
skill. '
In a second series of experiments we have explored
the changes in motor cortical representation occurring
in the course of the acquisition of a new skill (Pascual-
Leone, Cohen, Dang et al., 1993¢, Pascual-Leone,
Dang, Cohen et al., 1994a). Subjects were taught to
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perform a five-finger exercise on a piano keyboard
with one hand. They were instructed to attempt to per-
form the sequence of finger movements fluently, with-
out pauses, and without skipping any key, while pay-
ing particular attention to keeping the interval between
the individual key presses constant and the duration of
each key press the same. A metronome gave a rhythm
of 60 beats/min which the subjects were asked to aim
for. The subjects were studied on five consecutive
days and each day they had a 2-h practice session fol-
lowed by a test. The test consisted of the execution of
20 repetitions of mc\éﬁngcr exercise and was
eventually analyz the exact sequence of key
presses, the inte tween keys, the duration and
the velocity h key push. Following each test, the
subjects iven feedback about their performance
and &ut how 1o improve. Before the first prac-
tic sion on the first day, focal transcranial mag-

(&'c stimulation was used to map the motor cortical

)

eas targeting long finger flexors and extensors bilat-
erally. Thereafter, mapping was repeated daily fol-
lowing a 20—30 min rest after the test session.

Over the 5 days of the study, all subjects showed
great improvement in their playing skill (Fig. 8A). By
the fifth day, the number of errors in the sequence of
key presses decreased markedly, and the variability of
the interval between key presses decreased in all sub-

~ jects as illustrated by the narrowing of the standard

deviation. At the same time, the threshold for activa-
tion of the finger flexors and extensors by transcranial
magnetic stimulation to the contralateral scalp de-
creased steadily over the course of the five training
days in all subjects but only for the hand being trained,
and, even taking this change in threshold into account,
the size of the cortical representation for both muscle
groups increased (Fig. 8B).

To ensure that the changes found were associated
with the acquisition of a new skill, rather than simply
with the increased use of one hand. we studied a con-
trol group of age-matched subjects who were not
taught the five-finger movement exercise, rather, they
were asked to spend 2 h each day at the piano key-
board playing whatever they wanted using only one
hand. Therefore, the daily use of the hand at the piano
was similar in both subject groups, but the test sub-
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sprouting, and unmasking of previously existing con-
nections. The excitability of muscles immediately
proximal to ischemic anesthesia of the forearm in-
creases in minutes and returns to baseline levels fol-
lowing termination of ischemia (Brasil-Neto et al,,
1992b). This rapid modulation takes place intracorti-
cally, without a change in spinal/segmental level ex-
citability (Brasil-Neto et al., 1993). The rapid time
course in the modulation of the motor outputs, by
which a cerain region of motor cortex can reversibly
increase its influence on a motoneuron pool, is most
compatible with unmasking of previously existing
connections, perhaps due to disinhibition at cortical
level (Jacobs and Donoghue, 1991). Such flexible,
short-term modulation might-represent the first stage
leading up to longer-term: plastic changes associated
with structural changes in the establishment of new
procedural knowledge and recovery of function.

Conclusions
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. . . . i magnetic coil stimulation of motor cortex in sus-
Transcranial magnetic stimulation allows the non, 6 Y single pulsc. magn :

invasive stimulation of the human cortex. It is a

technique if appropriate precautions are taken ¥yan-
scranial magnetic stimulation, either in si ulses
or as trains of variable frequency and ur@x, can be
used in the study of a variety of ive functions
and it can provide complemen rmation to the
one obtained using ncumpsy@gical tests, evoked
potentials, magnetic resonQ imaging or positron
emission tomography. cranial magnetic stimula-
tionis a prormsmo toolMar cognitive neuroscience and

its application y limited by the design of the
appropriate 4 d experiments. :
References

Ackermann H, Scholz E, Koehler W, Dichgans J: Influence of
posture and voluntary background contraction upon compound
muscle action potentials from anterior tibial and soleus muscle
following transcranial magnetic stimulation. Electroencepha-
logr. clin. Neurophysiol.: 81; 71-80, 1991.

Amassian VE, Cracco JB, Cracco RQ, Eberle L, Macesbes PJ,
Rudell A: Suppression of human visual perception with the mag-
netic coil over occipital cortex. J. Physiol (London): 298: 408,
1988 (abstract).

Amassian VE, Cracco RQ, Ebede L, Maccabes P, Rudell A: Un-

286

ceptible humans. Brain: 114: 2505-2520, 1991.

Amassian VE, Stewart M, Quirk GJ. Rosenthal JL: Physiological
basis of motor effects of a transient stimulus to cerebral cortex.
Neurosurgery: 20; 74-93, 1987.

Ammon K, Gandevia SC: Transcranial magnetic stimulation can
influence the sclection of motor programmes. J. Neurol, Neuro-
surg. Psychiatry: 53; 705-707, 1990.

Asanuma H, Keller A: Neuronal mechanisms of motor leaming in
mammals. NeuroReport: 2; 217-224, 1991.

Barker AT: An introduction to the basic principles of magnedc
nerve stimulation. J. Clin. Neurophysiol.: 8; 26~31,.1991.

Barker AT, Freeston IL. Jalinous R, Merton PA, Mortoa HB: Mag-
netic stimulation of the human brain. J. Physiol. (London): 369;
3P, 1985a (absmact).

Barker AT, Jalinous R, Freeston IL: Non-invasive magnetic simu-
lation of the human motor cortex. Lancet: i; 1106-1107, 1985b.
Badow HB, Kohn HL. Walsh EG: Visual sensations aroused by

magnetic fields. Am. J. Physiol: 148; 372-375, 1947.

Beckers G, Homberg V: Impairment of visual perception and visual
short term memory scanning by transcranial magnetic stimula-
tion of occipital cortex. Exp. Brain Res.: 87, 421432, 1991.

Beckers G, Homberg V: Cercbral visual motion blindness: transi-
tory akinetopsia induced by transcranial magnetic stimulation of
human area V5. Proc. R. Soc. London: 249, 173178, 1992a.

Beckers G, Homberg V: Transitory defects of visual perceplion
induced by cortical stimulation in man. Soc. Neurosci. Abstr.:
18; 464, 1992b (abstract).

Beer B: Uber das Auftrecten einer objectiven Lichtempfindung in
magnetischen Felde. Klin, Wochenzeitschr.: 15; 108-109, 1902.

Berardelli A, Inghillei M, Cruccu G. Manfredi M: Descending

a~

V1 usInNAA Nua



*f vom— e

e

. oA S MIADAN. LS —

" volley afier transcranial electrical and magnetic stimulation in

man. Neurasci. Lert.: 112; 54-58, 1990.

_Bickford RG, Fremming BD: Neural stimulation by pulsed mag-

netic fields in animals and man. Digest of 6th Int. Conf. on
Medical Electronics end Biologlcal Engineering, Tokyo, p. 6,
1965.

Boniface SJ, Mills KR, Schubert M: The optimum direction and
orientation of the maximal inducing current for magnetic human
brain stimulation with a double coil. J. Phystol. (London): 426;
104P, 1990 (abstract).

Brasil-Neto JP, Cohen LG, Panizza M, Nilsson J, Roth BJ, Hallent
M: Optimal focal transcranial magnetic activation of the human
motor cortex: effects of coil orientation, shape of induced current
pulse, and stimulus intensity. J. Clin. Neurophynol 9; 132-
136, 1992a.

Brasil-Neto JP, Cohen LG, Pascual-Leone A, Jabir FK, Wall RT,
Hallett M: Rapid reversible modulation of human mator outputs
after transient deafferentation of the forearm: a study with tran-
scranial magnetic stimulation, Neurolagy 42; 1302-1306,
19925,

Brasil-Neto JP, McShane LM, Fuhr P, Hallett M, Coben LG: Topo-

- graphic mapping of the human motor cortex with magnetic
stimulation: factors affecting accuracy and reproducibility.
Eleciroencephalogr. clin. Neurophysiol.: 85; 9-16, 1992¢.

Brasil-Neto JP, Pascual-Leone A, Valls-Sole J, Cohen LG, Hallert
M: Focal tanscranial magnetic stimulation and response bias in
. forced-choice task. J. Neurol. Neurosurg. Psychiairy: 55: 964
- 966, 1992d.

Brasil-Neto JP, Valls-Sol¢ J, Pascual-Leone A, Cammarota A, K

Amassian VE, Cracco R, Maccabee P, Cracco J, Hallett M,
hen LG: Rapid modulation of human cortical motor outputs(fol
lowing ischacmic nerve block. Brain. 116; 511-525, 19
Bridgers SL: The safety of transcranisl magnetic sdmul@on-
sidered: evidence regarding cognitive and od\crh%t; effects.
In Levy WJ, Cracco RQ, Barker AT, Rothwell Magnetic
Moior Stimulation: Basic Principles and lihical Experience.
Amsterdame Elsevier, pp. 170179, 1991
Bridgers SL, Delaney RC: Transcran ngxnc stimulation: an
assessment of cognitive and ot al effects. Neurology:
39; 417419, 1989.

Burgess RC'(Bd): Technical reQ: magnetic stimulators. J. Clin
Neurophysiol: 8; 121~ 991:

Cadwell J: Principles”o ctoelectric stimulation. In Chokro-
verty S (Eds), etic Stimulation in Clinical Neurophysiol-

ogy. Boston: Butterworths, pp. 13-32, 1989.

Cadwell J: Optimizing magnetic stimulator design. In Levy WJ,
.Cracco RQ, Barker AT, Rothwell J (Eds), Magnenic Moror
Stimulation: Basic Principles and Clinical Experience. Amster-
dam: Elsevier, 1991.

Caramia MD, Pardal AM; Zarola F, Rossini PM: Electric vs mag-

netic trans-ceanial stimulation of the brain in healthy humans: 2

" comparative study of central motor tracts ‘conductivity’ and
‘excitability'. Brain Res.; 479; 98-104, 1989,

Claus D: Die Transkranielle Motorische Slimulanon Stutrgart,
Germany: Gustay Fischer Verlag, 1989, .

Clays D, Mills KR, Murray NM: Facilitation of muscle responses to
magnetic brain stimulation by mechanical stimuli in man. Exp.
Brain Res.: 71; 273-2178, 1988.

Transcranial magnetic stimulation ~ .Ch. 12

Claus D, Weis M, Jahnke U, Plewe A, Brunhslz! C: Corticospinal
conduction studied with magnetic double stimulation in the in-
tact human. J. Neurol, Sci.: 111; 180-188, 1992.

Claus D, Weis M, Treig T, Lang C, Eichhorm KF, Sembach O:
Influence of repetitive magnetic stimuli on verbal comprehen-
sion. J. Neurol. 240; 149-150, 1993.

Cohea D, Cuffin BN: Developing a more focal magnetic stimulator.
Part 1: some basic principles. J. Clin. Neurophysiol.: 8; 102-
111, 1991,

Cohen LG, Bandinelli S, Sato S, Kufta C, Hallett M: Attenuation in
detectlon of somatosensory stimuli by transcranial magnetic
stimulation. Electroencephalogr. clin. Nturophynol 81; 366-
376, 1991.

Cohen LG, Roth BJ, Nilsson J, Dang N, Panizza M, Bandinelli S,
Friauf W, Hallett M: Effects of coil design on delivery of focal
magnetic stimulation. Technic. siderations. Electroen-
cephalogr. Clin Neurophysiol: 57, 1990.

Cohen LG, Roth BJ, Wasserm , Topka H, Fuhr P, Schultz
I, Hallett' M: Magnetic on of the human cerebral cor-
tex, an indicator of dﬁmuon in motor pathways in cer-
tain pathological ons J. Clin. N:urophyswL 8 56—65
1991.

Cohen LG, S Rose D, Kufta C, Bandinelli S, Hallett M: Cor-
relation cranial magnetic stimulation (TCMS), direct

com$ lation (DCS), and somatosensory evoked potentials

(SE ‘mapping of hand motor representation area (HMRA).
2y: 39 (suppl. 1); 375, 1989 (abstracy).

LG, Topka H. Cole RA, Hatlett M: Leg paresthesias induced

y magnetic brain stimuluion in patients with thoracic spinal
cord injury. Neurology: 41; 12831288, 1981.

Counter SA, Borg E, Lofquist L: Acoustic trauma in extracranial
magnetic stimulation. Electroencephalogr. clin. Neurophysiol.:
78; 173-184, 1991.

Counter SA, Borg E, Lofquist L, Brismar T: Hearing foss (rom the
acoustic artifact of the coil used in extracranial magnetic sUmu
lation. Neurology: 40; 1159-1162, 1990.

“d'Arsonval A; Dispositifs pour la mesure des courants altematifs de
toutes frequences. C. R Soc. Biol. (Pan.r) May 2; 450451,
1896,

Damasio AR, Geschwind N The neural basis of language Anny,
Rev. Neurasci.: T; 127-148, 1984,

Date M, Schmid UD, Hess CW, Schmid J: Influence of penphml
nerve stimulation on the responses in small hand muscles to tran-

" scranial magnetic cortex stimulation. In Levy WJ, Cracco RQ,
Barker AT, Rothwell J (Eds), Magnetic Motor Stimulation: Ba-
sic Principles and Clinical Experience. Amsterdam: Eisevier,
pp. 212-223, 1991.

Datta AK, Harison LM, Stephens M Task-dependent changes in
size of responses to magnetic brain stimulation in human first
dorsal interosscus muscle, J. Phy:ioL (London): 418; 13-23,
1989.

Day BL, Dressler D, Macertens De Noordhout A, Marsden D,
Nakashima K, Rothweli JC, Thompson PD: Electrical and mag-
netic stimulation of human motor cortex: surface EMG and sin-
gle motor-unit responses. J. Physiol. (London): 412; 449-473,
-1989a.

Day BL. Rothwell JC, Thompson PD, Maeriens de Noordhout A,

_ Nakashima K, Shannon K, Marsdea CD: Delay in the exccution

287




Ty e o

:
2
{
x
3
b3
®.
b

CK 12 A. Pascual-Leone et al.

of voluntary movement by electrical or magnetic brain stimula-
tion in intact man. Brain 112; 649-663, 1989,

Day BL, Thompson PD, Dick JP, Nakashima K, Marsden CD:
Different sites of action of electrical and magnetic stimulation of
the human brin, Newrosci. Lert.: 75; 101106, 1987.

Dhuna AK, Gates JR, Pascual-Leone A: Transcranial magnetic
stimulation in patieats with epilepsy. Neurology: 41; 1067-
1072, 1991.

Dressler D, Voth E, Feldmann M, Benecke R: Safety aspects of
transcranial magnetic stimulation in man tested by single photon
emission-computed tomography. Neurosci. Lett.: 119; 153-155,
1990.

Dunlap K= Visual sensations from the altemnating magnetic field.
Science: 33; 68-71, 1911.

Eaton H: The electric field induced in a spherical volume conductor
by magnetic coil. In Pedersen PL, Onaral B (Eds), Proc. 11tk
Annual Int Conf. of [EEE EMBS. New York: [EEE, pp. 2247-
2248, 1990.

Edgley SA, Eyre JA, Lemon RN, Miller §: Excitation of corticospi-
nal tract by electromagnetic. and electrical stimulation of the
scalp in the macaque monkey. J. Physiol. (London): 428; 301~
320, 19%0.

Faraday M: Experimental Research in Electricity, Vol. 1. Loadoa:
Quaritch, 1839,

Faraday M: Effects on the production of electricity from magnetism
(1831). in Michael Faraday. New York: Basic Books (Chapman
Hall), p. $31, 1965.

Fauth C, Meyer BU, Prosiege! M, Zihl J, Coarad B: Seizure 'mdv.%

tion and magnetic brain stimulation after stroke [letter].
339, 1992

Ferbert A, Mussmann N, Menne A, Buchner H, Hant : Shont-
term memory performance with magnetic stimu% the mo-

tor cortex. Eur. Arch. Psychiatry Clin. Neuro. 135-138,
1991.

Flament D, Goldsmith P, Buckley CJ,
ence of respoase in first docsal in
brain stimulation in man. J. Pk
1993.

Gates JR, Dhuna A,

RN: Taskdepend~
muscie to magnetic
ndon): 464; 361-378,

&ne A: Lack of pathological

Geddes LA: History of ¢ stimulation of the nervous system.
J. Clin. New, 8;3-9, 1991
Goddard G

DC, Leech CK: A permanent change in
brain functiep resuldng from daily electrical stimuladon. Exp.
Neurol: 25; 295-330, 1969.

Goldensohn ES: The relevance of secondary epileptogenesis to the
treamment of epilepsy: kindling and the mirror focus. Epilepsia:
25 (Suppl.); S156-5168, 1984,

Grafman J. Pascual-Leone A, Alway D, Nichelli P, Gomez-Tortosa
E, Hallett M: Induction of recall deficits in a verbal memory task
by left temporal and dorsofrontal rapid-rate transcranial magnetic
stimulation. Neurology: 1994, in press.

Hallett M, Cohen LG, Nilsson J, Panniza M: Differences between
electrical and magnetic stimulation of human peripheral nerve
and motor cortex. In Chokroverty S (Ed), Magnetic Stimulation

in' Clinical Neurophysiology. Boston: Buterworths, pp. 275-
288, 1989.

288

Hamano T, Kaji R, Fukuyama H, Sadato N, Kimura J: Lack of
prolonged cerebral blood flow change afier transcranial magnetic
stimulation. Electroencephalogr. Clin Neurophysiol.: 89; 207~
210, 1993.

Helmers SL, Chiappa K. Cros D, Gupta N, Santamaria J: Mag-
netic stimulation of the human motoc cortex: facilitation and its
relatioaship to a visual motor task. J. Clin. Newurophysiol.: 6;
321-332, 1989.

Hersh SM, Green RC, Weissman JD, Rees HC, Davey KR Epstein
CM, Bakay RAE: Biological consequences of transcranial mag-
netic stimulation in the mouse. Soc. Neurosci. Abstr.: 15; 569,
1990 (abstract).

Hess CW, Mills KR, Murray NM: Magnetic stimulation of the
human beain: facilitation of motor responses by voluntary con-
traction of ipsilateral and contralateral muscles with additional
observatioas on an ampu urasci. Lett.: T1; 235-240, 1986.

H3mberg V, Newz J: izures induced by transcranial
magnetic stimulaton motor cortex (letter]. Lancer: 330;
1223, 1989. 6

Brunhoelzl C, Sudhop T: Short-term mem-

ary: no evi f effect of rapid-rate transcranial magnetic
stimula calthy individuals. J. Neurol.: 240; 373-376,
1993

Hu Elger CE: Response of the epileptic focus W transcra-

ic stimulation. In Levy WI, Cracco RQ, Barker AT,
thwell J (Eds), Magneric Motor Stimulation: Basic Principles
and Clinical Experience. Amsterdam: Elsevier, 1991

Hufnagel A, Elger CE, Durwen HF, Béker DK, Entzian W: Activa-
tion of the epileptic focus by transcranial magnetic stimulation of
the human beain. Ann. Neurol: 27; 49-60, 1990a.

Hulfnagel A, Elger CE, Klingmilller D, Zierz S, Kramer R: Activa-
tion of epileptic foci by transcranial magnetic stimulation: effects
on secretion of prolactin and lutcinizing hormooe. J. Neurol.:
237, 242-246,1990b. _, ...,

Hufnagel A, Elger CE, Marx W, lsmg A: Magnetic motor-cvoked

potentials in epilepsy: effects of the disease and of anticonvui-
sant medication. Ann. Neurol: 28; 680-686, 1990c. -

Hufnagel A, Jacger M, Elger CE: Transcranial magnetic stimula-
jon: specific and non-specific facilitstion of magnetic motor
evoked potentials. J. Neurol.: 237; 416419, 1990d.

Inghilleri-M, Berardelli A, Cruccu G, Priori A, Manfredi M: Motor.

potentials evoked by paired coctical stirauli. Electroencephalogr.
clin. Neurophysiol.: T7; 382-389, 1990.

Iriki A, Pavlides C, Keller A, Asanuma H: Long-term potentiation
of motor cortex. Science: 245; 1385-1387, 1989.

Jacobs KM, Donoghue JP: Reshaping the cortical motor map by
unmasking latent intracortical coanections. Science: 251; 944~
947, 1991.

Jalinous R: Technical and practical aspects of magnetic nerve
stimulation. J. Clin. Neurophysiol.: 8; 10-25, 1991.

Jennum P, Friberg L. Fuglsang-Frededksen A, Dam M: Speech
localization using transcranial magnetic stimulation. A new di-
agnostic tool in the evaluation of patients with epilepsy. Electro-
encephalogr. clin. Neurophysiol: 87; 36, 1993 (abstract).

Kaas JH: Plasticity of sensory and motor maps in adult mammals.
Annu. Rev. Neurosci.: 14; 137-167, 1991,

Kandler R: Safety of transcranial magnetic stimulation. Lancet:
335; 469470, 19%0.




07-

sles

vul.

not

e,

jon

als,

e

Kolin A, Brill NQ, Broberg PJ: Simulation of irritable tissues by
means of an altemating magnetic field. Proc. Soc. Exp. Biol,
Med.: 102; 251-253, 1959.

Levy W1, Amassian VE, Schimd UD, Jungreis C: Mapping of
motor cortex gyral sites non-invasively by transcranial magnetic
stimulation in normal subjects and patients. In Levy W], Craceo
RQ, Barker AT, Rothwell J (Eds), Magnetic Motor Stimulation:
Basic Principles and Clinical Experience. Amswerdam: Elsevier,
pp. 51-75, 1991.

Levy WJ, Oro J, Tucker D, Haghighi S: Safety studies of electrical
and magnetic stimulation for the production of motor evoked
potentials. In Chokroverty S (Ed). Magnetic Stimulation in
Clinical Neurophysiology. Boston: Butterwocths, pp. 165-172,
1989.

Lodlow CL, Pascual-Leone A, Cozens-Hoffman C, Yamashita T,

Hallet M: Laryngeal muscle responses to transcranial magnetic
stimulation. Soc. Newrosci. Abstr.: 19; 1206, 1993 (abstract).

Maccabee PJ, Amassian VA, Cracco RQ. Zemon V, Rudell A,
Eberle L: Supression of chromatic.and achromatic letter percep-
tion by magnetic coil stimulation of human visual conex. Soc.
Neurosci. Abstr.: 18, 121, 1989 (abstract).

Maccabee PJ, Amassian VE, Cracco RQ, Cracco JB, Rudell AP,
Eberle LP, Zemon V: Magnetic coil simulation of human visual
conex: ‘studies of perception. In Levy W1, Cracco RQ, Barker
AT, Rothwell J (Eds), Magnetic Motor Stimulation: Basic Prin-
ciples and Clinical Experience. Amsterdam: Elsevier, pp. 111-
120, 1951.. .

Maccabee PJ, Amassian VE, Ebede LP, Cracco RQ: Magnetic coil
stimulation of straight and beat amphibian and mammalian
ripheral nerve in vitro: locus of excitation. J. Physiol (Lo :

460, 201-219, 1993.
Maceabee PJ, Ebede L, Amassian VE, Cracco RQ, R%hy-
achandra M: Spatial distribution of the electric ficl uced in

volume by round and figure-8 magnetic coils
vation of sensory nerve fibers. Electroence

physiol.: 76; 131-141, 1990, -
Magnusson CE, Stevens HC:, Visual %ons induced by the
changes in the streagth of a W . Am. J. Physiol: 29,

124-136, 1911,
Mano Y, Funakawa {, Nakam . Takayanagi T, Matsui K: The

kinesiological, chemicalg andSpathological analysis in pulsed

" magnetic stimulatipn brain. Rinsho Shinkeigaku: 29; 982-
988, 1989. é .
Marg E: Magnetostimylation of vision: direct noninvasive stimuia-

tion of the retina and the visual brain. Opt Vis. Sci.: 68; 427-
440, 1991.

Matsumiya Y, Yamamoto T, Yarita M, Miyauchi S, Kling JW:
Physical and physiological specification of magnetic pulse stim-
uli that produce cortical damage in rats. J. Clin. Neurophysiol.:
9:278-287, 1992

Merzenich MM, Recanzone GH, Jenkins WM., Grajski KA: Adap-
tive mechanisms in cortical networks undetlying cortical contri-
butions to leaming and nondeclarative memory. Cold Spring
Harbor Symp. Quant. Biol.: 55; 813-887, 1990.

Meyer BU, Diehl R, Steinmetz H, Britton TC, Benecke R: Mag-
netic stimuli applied over motor and visual cortex: influence of
coil position and field polarity on motor responses, phosphenes,
and eye movements. In Levy W), Cracco RQ, Barker AT, Roth-

Ojemann GA: Brain organizati

* Transcranial magneric stimulation ~ Ch. 12

well J (Eds), Magnetic Motor Stimulation: Basic Principles and
Clinical Experience. Amsterdam: Elsevier, pp. 121-134, 1991,

Michelucei R, Valzania F, Passarelli D, Santangelo M, Tassinari
CA: Effects of rapid-rate transcranial magnetic stimulation on
speech fluency in epileptics. Neurology: 43; Al161, 1993
(abstract).

Mills KR: Magnetic brain stimulation: a tool to explore the actions
of the motor cortex on single spinal motoaeurones. Trends Neu-
rosci.: 14; 401405, 1991.

Modrell F: The role of secondary epileptogenesis in human epilepsy.
Arch. Neurol.; 48; 1221-1224, 1991.

Murray NMF: The clinical usefulness of magnetic cortical stimula-
tion. Electroencephalogr. clin. Neurophysiol. : 85; 81-85, 1992.

Nissen MJ, Bullemer P: Attentional requirements of leaming: evi-
dence from performance measurgs. nitive Psychol.: 19; 1-
32,1987.

guage from the perspective

of electrical stimulation g. Behav. Brain Sci.: 6; 190-
206, 1983.

Pascual-Leone A, Bm& 1, Valjs-Soké J, Cohen LG, Halleu M:
Simple reaction 4 focal transcranial magnetic stimulation:

i tion time to acoustic, visual, and somato-

NBrain: 115: 109-122, 1991

Cohen LG, Brasil-Neto IP, Hallett M: Noninva-
tion of motor cortical representation of hand muscles
ing optimal current directions. Electroencephalogr. clin.

-Leoae A, Cohen LG, Brasil-Neto JP, Valls-Solé J, Hallett

M: Differentiation of sensorimotoc ncuronal stryctures responsi-
ble for induction of motor evoked potentials, attenuation of de-
tection of somatosensocy stimuli, and induction of sensation of
movement by mapping of optimal current directions. Electroen-
cephalogr. clin. Neurophysiol.: 1993b, in peess.

Pascual-Leone A, Cohen LG, Dang N, Brasil-Neto JP, Cammarota
A, Hallett M: Acquisition. of new fine motor skills is associated
with the modulation of cortical motor outputs. Neurology: 43;
A157, 1993¢ (abstract). .

Pascual-Leone A, Cohen LG, Shotland LI, Dang N. Pikus A, Valls-

Solé J, Brasil-Neto J, Wassermann EM, Hallent M: No evidence .

of hearing loss in humans due to transcranial magnetic stimula-
toa. Neurology: 42; 647-651, 1992

Pascual-Leone A, Dang N, Cohen LG, Brasil-Neto JP, Cammarota
A. Hallert M: Modulation of human cortical motor outputs dur-
ing the acquisition of new fine motor skills. J. Neurophysiol.:
1994, in press.
Pascual-Leone A, Dhuna A: Transcranial magnetic stimulation:
influcnce on epileptic foci (letter]. Neurology: 42: 1430, 1992.
Pascual-Leone A, Dhuna A, Roth B, Cohen L, Hallew M: Risk of
bums duting rapid-rate magnetic stimuladon in presence of
clectrodes (letter). Lancet: 336; 1195-1196, 1990.

Pascual-Leone A, Dhuna AK, Gates JR: Study of the frontal speech
area with rapid-rate transcranial magnetic stimulation. Eleesro-

. encephalogr. clin. Neurophysiol.: 85; 25P, 1991a (abstract).

Pascual-Leone A, Gates JR, Dhuna A: Human experimentation
(letter). Neurology: 41 1706-1707, 1991b.

Pascual-Leone A, Gates JR, Dhuna A: Induction of speech arrest
and counting errors with rapid-rate franscranial magnetic stims-
lation. Neurology: 41; 697~702, 1991c.

289



e+ e R G ALY Ak g LT MR 2 T

’

Ch. 12 A. Pascual-Leone et al.

Pascual-Leone A, Gomez-Tortosa E, Grafman I, Alway D, Nichelli
P, Hallett M: Induction of visual extinction by rapid-ate tran-
scranial magnetic stimulaton (rTMS) of parietal lobe. Neurol-
ogy: 1994, in press.

Pascual-Leone A, Hallett M: Modulation of rise in premovement
cortical excitability in a choice reaction time paradigm. Soc.
Neurosci Abstr.: 18; 25, 1992 (abstract).

Pascual-Leone A, Houser CM, Grafman J, Hallett M: Reaction time
and tanscranial magnetic stimulation (letter]. Lancer: 339;
1420, 1992a.

Pascual-Leone A, Houser CM, Reese K, Shodand LI, Grafman I,
Sato S, Valls-Soié J, Brasil-Neto JP, Wassermann EM, Cohen
LG, Halleit M: Safety of rapid-raze transcranial magnetic stiru-
lation in normal volunteers. Electroencephalogr. clin. Neuro-
Pphysiol.: 1992b, in press.”

Pascual-Leone A, Torres F: Plasticity of the sensorimotar cortex
representation of the reading finger in Braille readers. Brain:
116; 39-52, 1993.

Pascual-Leone A, Valls-Solé J, Brasil-Neto J, Wasseriann E, Co-
hen LG, Hallett M: Effect of focal transcranial magnetic stimu-
lation on simple reaction time to visual, acoustic and somatosen-
sory simuli. Brain: 115; 1045-1059, 1991.

Pascual-Leone A, Valls-Solé J, Brasil-Neto JP, Cohen LG, Hallett
M: Seizure induction and transcranial magnetic stimulation
(leteer). Lancet: 339; 997, 1992.

Pascual-Leone A, Valls-Solé 1, Wassermann EM, Brasil-Neto JP,
Hallea M: Responses to rapid-rate transcranial magnetc stimu-
lation of the human motor cortex. Brain, 1994, in press.

Penfield W, Roberts L: Specch and Brain Mechanisms. Pringzfaf®)
NJ: Princeton University Press, 1959.

Petersen SE, Fox PT, Posner M1, Minwn M, Raichle E&sitron
emission tomographic studies of the processing {ék words.
J. Cognitive Neurosci.: 1; 153-170, 1989.

Polsoa MIR, Barker AT, Freeston IL: Sdmnl@of nerve trunks
with time-varying magnetic fields. Me \QL g. Comput.: 20;
243244, 1982,

Roth BJ, Coben LG, Hallett M: Th
transcranial. magnetic stimul
Barker AT, Rothwell J
sic Principles and Clips
pp. 268-278, 1991

Roth BJ, Pascual- "Cohen LG, Hallett M: The heating of
metal el fing'rapid rate transcranial magnetic stimula-
tion: a cml?balcty hazard. Electroencephalogr. clin. Neuro-
physiol.:NG91b.

Roth BJ, Saypol IM, Hallett M, Cohen LG: A theoretical calcula-
tion of the electric field induced in the cortex during magnetic
stimulation. Electroencephalogr. clin. Neurophysiol : 81; 47-56,
1991c.

Rothweil JC, Thompson PD, Day BL, Boyd S. Marsden CD:
Stmulation of the human motor cortex through the scalp. Exp.
Physiol.: 76; 159-200, 1991.

Saltuari L, Marosi M, Koller M, Karamat E, Schmidhuber B,
Kemmiler J, Jeschow M: Impaired driving fitness after electrical
or magnetic cortical stimulation {letter]. Lancer: 336: 563, 1990.

Saypol IM. Roth BJ, Cohen LG, Hallett M: A theoretical compari-
son of electric and magnedic stimulation of the brain. Ann. Bio-~
med: Erg.: 19;317-324, 1991.

ic field induced duning
Levy WI, Cracco RQ,
agnetic Motor Stimulation: Ba-
erience. Amsterdam: Elsevier,

290

Serafetinides EA, Hoare RD, Driver MV: Intracarotid sodium
amylobarbitone and cerebral dominance foc speech and con-
sciousness. Brain: 88; 107-130, 1965.

Sgro JA, Stanton PC, Emerson RG, Blair R, Ghatak NR: Repetitive
high magnetic field stimulation: the effect upon rat brain. In
Levy WIJ, Cracco RQ, Barker AT, Rothwell § (Eds), Magnetic
Motor Stimulation: Basic Principles and Clinical Experience.
Amsterdam: Elsevier, pp. 180-185, 1991.

Starr A, Caramia M, Zarola F, Rossini PM: Enhancement of motor
cortical excitability in humans by non-invasive electrical stimu-
lation appears prior to voluntary movement. Electroencephalogr.
clin. Neurophysiol.: 70; 26-32, 1988.

Steinhoff BJ, Stodieck SRG, Schreiner R, Maffei CK, Paulus W:
Transkraniclle magnetische Koaex-simulation: Einfluss auf
mediobasal limbische epileptische Foci. In Scheffner D (Ed),
Epilepsie 90. Reinbek: Einkom Presse Verag, pp. 320-324,

A, Plasmad R, Troni W, Salvi F,

cranial magnetic stimulation in epi-

leptic patients: and safety. Neurology 40; 1132-1133,
1990.

‘['homp'son&ay BL. Rothwell JC, Dressler D, Maertens de
Noordh Marsden CD: Further observations on the facilita-
i muscle responses to cortical stimulation by voluntary
§dcn. Electroencephalogr. clin. Neurophysiol.: 81; 397~

2, 1991,
orapson SP: A physiological cffect of an altenating magnetic
field. Proc. R. Soc. London (Biol ): B82, 396-399, 1910.

Tofts PS: The distribution of induced currents in magnetic stimula-
tion of the nervous system. Phys. Med. Biol.: 35; 1119-1128,
1990.

Valls-Solé J, Pascual-Leone A, Wassermann EM, Hallen M: Hu-
man motor evoked responses to paired transcranial maguetic
stimuli. Electroencephalogr. clin. Neurophysiol.: 85; 355364,
1992,

Wada J, Rasmussen T: Intracarotid injection of sodium amyuwal for
the lateralization of cerebral speech dominance. Experimental
and clinical observations. J. Neurosurg.: 17, 266-282, 1960.

Wassermann EM, McShane LM, Hallet M, Cohen LG: Noninva-
sive mapping of muscle representations in human motor cortex.
Electroencephalogr. clin. Neurophysiol.: 85; 1-8, 19922,

Wassermann EW, Wang B, Toro C, Zeffiro T, Valls-Solé J, Pas-
cual-Leone A, Hallett M: Projecting transcranial magnetic
stimulation (TMS) maps into brain MRL Soc. Neurosci. Abstr.:
18; 1992b.

Weissman JD, Epstein CM, Davey KR: Magnetic brain stimulation
and brain size: relevance to animal studies. Electroencephalogr.
clin. Neurophysiol.; 85; 215-219, 1992

Willingham DB, Nissen MJ, Bullemer P: On the development of
procedural knowledge. J. Exp. Psychol.: Leaming, Memory
Cognition.: 15; 1047-1060, 1589.

Yunokuchi K, Cohen D: Developing a more focal magnetic stimu-
lator. Part 2: Fabricating coils and measuring induced cucrent
distributions. J. Clin. Neurophysiol.: 8; 112-120, 1991.

Zeki S. Watson JD, Lueck CJ, Friston KJ. Kennard C, Frackowiak
RS: A direct demonstration of functional specialization in human
visual cortex. J. Neurosci.: 11: 641649, 1991,





