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Summary: Transcranial magnetic stimulation {TMS) can be applied i erent
paradigms -to obtain a measure of various aspects of cortical exci%’ These
different TMS paradigms provide information about differentE ransmitter

systems, enhance our understanding about the pathophysiology
conditions, and in the future may be helpful us a guide for ph
ventions. In addition, repetitive TMS (rTMS) modulate:

ropsychiatric
cological inter-

ical excitability be-
on rTMS parameters

yond the duration of the rTMS trains themselves. Dependi .
a lasting inhibition or facilitation of cortical cxcit&y can be induced. These

effects can be demonstrated neurophysiciogical
~ neuroimaging techniques. The effzcts do not

directly targeted by rTMS, but affect a v@euml network transynaptically.

Modulation of cortical excitability by rTK ay in the future be useful not only

us a research tool but also as u therape
neurorehabilitation. Key Words:

. Neuroimaging —Corticaul :xci(% )

y combining rTMS with
n limited to the cortical area

rvention in neurology, psychiatry, and

ive trunscranial mavneuc stimulation—

>
@) utlows
7 The safe use

jin guidelines and
ince side effects, in
e, are possible. How-

- Transcranial magnetic stimulation
noninvasive stimulation of human ¢
of TMS requires adherence to
precautions (Wassermann, 19
particular thé'induction of
ever, if recommended,s guidelines are followed,
TMS, even repetitiv (rTMS) at rates = 25 Hz,
appears to be a safe tSol that can yield new insight
into human cortical physiology in health and disease
(Pascual-Leone et al., 1993; Pascual-Leone and Was-
sermann, |996; Wasscrmann stal., 1996; Wassermann,
1998).
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Currents induced in the brain by TMS fiow parallel
to the plane of the stimulation coil, i.¢., approximately
parallel to the brain's cortical surface when the stimula-
tion coil is held tangentially to the scalp (Roth et al,
1991; Saypol et al., 1991). This results in preferential
activation of neural elements oriented horizontally, ie..
parallel to the cortical surface (Amassian et al., 1987.
1989, 1990; Day et al., 1987, 1989). Most of the intracor-
tical horizontally oriented neural elements are interneu-
rons. Preferential activation of such intemeurons would
support the hypothésis that, at least at low-stimulation
intensities, TMS is more likely to activate pyramidal cells
transynaptically (Amassian et al., 1987, 1989, 1990; Day
et al.,, 1987, 1989). This notion is not unchallenged (Ed-
gley et al., 1990, 1997) and is certainly highly dependent
on stimulation intensity, coil orientation, sulcal pattern.
conductivity of neighboring tissue, and orientation of
nerve fibers (Maccabes et al., 1993). Nevertheless, the
effects of TMS on human cortex apparently are highiy



- tary contraction of the targe

334 A. PASCUAL-LEONE ET AL

A

[A)
o
ry

2 * TMS

c [

e o TES "

0 - ¢ 8

¢ H .

[ ° .

2 20 g .

X [

g ‘oo ! )

[ ]

2 M ° ‘g
P H
- [ 9
-'-_E 10 { g §
g | T °
< ¢ 3

[

]
‘2 gl - - —

Rest 10% max. Mental
voluntary  contraction
contraction

FIG. 1. Modulation of the amplitude of motor evcked potentials
(MEP) 10 transcrania) magnetic stimulation (TMS) (solid circles) or
transcrznial electric stimulation (TES) (open circles) with veluntary
physical or mental contraction of the target muscle. Individual results
of 10 MEP recorded in each condition in a representative normal
subject. Two examples of rectified MEP to TMS at rest and with
mental contraction of the target muscle are shown.

dependent on cortical excitability and TMS eifects @vjr
dently provide a faithful measure of cxcimbi!iK the
targeted cortex and its connections.

When TMS is applied to the moter ¢ al appro-
priate stimulation intensity, motor potentials
(MEP) can be recorded in comral&iz: xtremity mus-
cles. The amplitude of the ME (o { only dependent
on TMS intensity, but is also éﬁy influenced by tactors
that affect corticospinal c@li(y. For example, volun-

uscle enhances excitability
at the spinal level @ciliwtes the respenses to TMS
(Hess et al., 1986; Thdmpson et al., 1991) (Fig. 1). Men-
ntraction of the same target muscle
facilitation of MEP produced by TMS
. e case of mental imagery, MEP induced by
transcranial electric stimulation (TES) are not facilitated,
whereas voluntary isometric contraction of the target
muscle results in a facilitation of MEP similar to that

.produced by TMS and TES (Fig. 1). This diiferential

effect of mental contraction of a muscle on responses to
TMS and TES suggests an intracortical mechanism.

TMS MEASURES OF CORTICOSPINAL
- EXCITABILITY

ITTMS is applied to the motor corizx, differsnt TMS

- paradigms can be used to study difterent components

4 Clie: Neuruphysiol, Ved. 15, No. 4, 1998

of cortical excitability and provide insight into the
function of different neurotransmitter systems. Single-
pulse TMS can be applied to the motor cortex to deter-
mine motor threshold (Fig. 2A). Motor threshald refers
to the lowest TMS intensity required to evoke MEP
in a target muscle in 50% of trials. Motor threshold is
believed to represent a measure of membrane excitabil-
ity in pyramidal neurons. Support for this claim is
derived from changes in motor threshold induced by
antiepileptic drugs with prominent sodium and calcium
channel blocking activity but limited or absent neuro-
transmitter interaction (carbamazepine, phenytoin, or
losigamine) (Ziemann et al.,, 1996¢).

Single-pulse TMS can also be applied at supra-
threshold intensity tg the motor cortex to study the

induced silent perkﬁﬁig. 2B). Silent period refers to
the suppression ? romyographic (EMG) activity
in the volunta ontracted target muscle after induc-
tion of an MEP. Studies of segmental spinal excitabil-
ity durj s silent period have established.ths corti-

" cal ofighn of atleast the later part of the evoked EMG

iUBnce (Fuhr et al,, 1991; Triggs et al., 1993; Wilson

(€21, 1993a; Schnitzler and Benecke, 1994; Brasil-
(OSNeto et al., 1995). This postexcitatory cortically gener-

%,

ated inhibition can sometimes be observed in the ab-
sence of preceding facilitation (silent period without
preceding MEP) (Fig. 2B) (Wassermann et al., 1991;
Triggs et al., 1993; Catano et al., 1997) and can be
shown to-have a cortical origin distinct from the opti-
mal site for activation of a given target muscle (Was-
sermann et al., 1993; Wilson et al., 1993b; Lewko et
al.. 1996). The balance of cortical glutamatergic (Prout
and Eisen, 1994; Faig and Busse, 1996; Yokota et al.,
1996), dopaminergic (Priori et al., 1994; Ziemann et
al., 1996a), and GABAergic activity (Inghilleri et al.,
1993; Ziemann et al., 1993, 19966, 1996¢; Nakamura

. et al,, 1997) appears.to play a critical role in the dura-

tion of the silent period to TMS. ‘

Single TMS pulses of progressively increasing in-
tensity applied to the motor cortex can be used to
generate an input-output curve (Fig. 2C). The re-
sulting modulation of amplitude of MEP to increasing
intensity of TMS pulses appears to provide a measure
of excitatory fesdback to corticospinal efferent output
(Valls-Solé et al., 1994) which may be glutamatergi-
cally mediated (Prout and Eisen. 1994).

Intracortical excitability can be further studied with
the paired-pulse TMS technique (Fig. 2D) (Kujirai et
al., 1993). A first, conditioning stimulus is applied,
followed at a variable interval by a second, test stimu- .
lus. The effects obtzined depend on the intensity of the
conditioning stimulus, the interval betwezn the stimuli,
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FIG. 2. (A) Representative examples of motor evoked potential
intensities and recorded from the abductor pollicis brevis musc:
is expressed as percentage of maximal stimulator output.
61%. criterion MEP (50 gV peak to peak amplitude)
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EP) induced by transcraniul magnetic stimulation (TMS) at decreasing
T normal volunteer during determination of motor threshold. TMS intensity
(em-ily of 62%, MEP were induced in four of four trials. At an intensity ol
rded in only two of four trials. At 60% intensity, criterion MEP were recorded

in only one of Tour trals. ln practice. we would rely % r:uher than four consecutively recurded MEP. (B) Representative example of silent
as

periods evoked by TMS at different stimulator ouy,
muscie. MEP und po«(cxcuatoty silent period
(C) Examples of MEP in an input-output
- from the thenar musculature at different
_MEP amplitude and area. a progressw
- recorded from the first dorsal inte
threshold intensity while the test s
interstimulus intervals (1S1). R
-ampiitude is expressed
(EMG) recording Imm&
(20 Hz. 120% motor th

ities in a normal voluateer. Responses are recorded from the tirst dorsal interosseus
MS intensity are shown. with a silent period without preceding MEP at 60% intensity.
n a normal volunteer. Rectified and averaged MEP of a total of 15 single MEP recorded
s intensities are shown. With increasing TMS intensity. there was a progressive increase in
ase in lutency, and progressive prologution of MEP duration. (D) Paired-pulse curve to TMS
uscle of a normal volunteer: The conditioning stimulus was applied at 80% of the subject’s motor
us was applied at 115%. Left: Representative examples of the recorded MEP are shown for various
e curve of modulation of MEP amplitude depending on 1SI is shown for a normal volunteer. MEP

-e from the average amplitude of MEP evoked by the test stimulus alone (% of single). (E) Electromyogram

ctor polhcn brevis (APB). biceps brachii (BB). and deltoid (DEL) muscles during a train of rcpennve ™S
Id intensity) to the optimal scalp position lor activation of the hand muscles showing progressive increase in

amplitude of the MEP in the APB and the appearunce uf’ MEP in the BB and DEL after four und five stimuli. respcguvely

and the intensity of the test stimulus. The intensity of

conditioning and test stimuli influences the effects as
different circuits are recruited by different intensities
of stimulation. The interstimulus interval (1S[) influ-
ences the results as the time constant of each activated
circuit may differ. At very short ISI (<l ms) neural
time constants of the stimulated elements can be stud-
ied: at ISIs of 1-4 ms. interactions between [-wave
inputs to corticospinal neurons can be studied: und

at 1SIs of 1-20 ms. cortico—cortical inhibitory and
facilitatory circuits can be studied. All these effects
appear o be cortically mediated (Valls-Solé et al,
1992: Kyjirai et al., 1993; Ziemann et al.. 19964) and
intracortical inhibition and facilitation appear to be due
to activation of separate circuits (Ziemann et al.
1996d). The eftects of different illnesses and medica-
tions on the inhibitory and facilitatory phases of the
paired-pulse curve suggest that GABAergic and dopa-

4 Clin Newraphysiol. Vil 15, No. 2, 19938
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. minergic mechanisms are involved. Medications that
enhance GABAergic activity have been shown to de-
- crease markedly the degree of cortico—cortical facilita-
tion evoked by paired TMS stimuli at [ST of ~8-12
ms (Ziemann et al., 1995, 1996b.c; Inghilleri et al.,
1996). Conversely,.in Parkinson's disease, the dopa-
mine deficiency is associated with reduced cortico-
cortical inhibition at short IS (<5 ms) (Ridding et al.,
1995; Berardelli et al., 1996) and dopaminergic drugs
have been shown to enhance cortico-cortical inhibi-
tion in normal subjects and patients with Parkinson's
disease (Priori et al., 1994; Ridding et al., 1993; Zie-
mann et al., 1996a; Berardelli et al., 1996). Further-
more, studies suggest that an early phase of faciiitation
in the paired-pulse curve at ISI of ~3 ms might be
related to glutamatergic, excitatory intracortical modu-
lation (Prout and Eisen, 1994; Ziemann et al., 19964:
Detsch and Kochs, 1997).

Finally, the modulation of the MEP recorded in con-
tralateral muscles during rTMS trains provides evi-
dence of the pattern of reentry inhibitory and excitatory
pathways (Pascual-Leone et al., 1994¢; Jennum et al..
1995). MEP are differentially modulated by rTMS
trains at different intensities and frequencies. During

. the phenomenon of intracortical spread of excitati
(ISE) (Fig. 2E) was described previously (Pasc Q)s
one et al., 1994¢). ISE most likely is due to $down
of GABAergic inhibition. The number o@ pulses
‘until onset of ISE at a given rTMS uency and

~intensity provides a measure of in ical surround
inhibition control that can be sh@ o be altered. for

example, in patieats with ep@. e

These different measur ortical excitability can
be applied to the study rtical pathophysiology in
a variety of neuro tnc conditions and may have
a profound i therapeutic approaches. For ex-
ample, panen(§th epilepsy have altered measures of
‘intracorti ability (Reutens et al., 1993; Jennum
and Winke 1994 Caramia et al., 1996; Michelucci et

1., 1996) Lhat may allow differentiation among forms
of epilepsy that cannot be predicted on clinical grounds
alone. Ditferent antiepileptic drugs (AEDs), in accor-
dance with their known mechanisms of action. have
different effects on intracortical excitability (Ziemann
- etal., 1996c), and these effects could be used to predict
which medication might be best suited to normalize the
dysfunction in individual patients. Today, the choice ot
an AED drug for a particular patient with epilepsy
often is made empirically, with cost and side-etfect
profile, rather thun expected efficacy or mechanisms
of action used as 4 principul determinant. TMvS-derived

4 Clin Neuraplixsicd. Yol, 15, No. 4. 1995

measures of cortical ekcitabilitv might provide a guide
to more pathophysiologically based approaches (o neu-.
ropharmacology. .

MODULATION OF CORTICAL
EXCITABILITY WITH TMS

When TMS is applied in trains of multiple stimuti
to the same cortical area (rTMS), cortical excitability
apparently can be enhanced or decreased in a more
sustained fashion depending on stimulation frequency
and intensity. The resulting modulation of cortical ex-
citability can be demonstrated for minutes after com--
pletion of the rTMS wain (Pascual-Leone et al.,
1994C). When rTMS is applied to the primary motor
cortex at subthresh d%tensmes 50 that no MEP are
evoked and no ¢ s’in spinal excuabmty are in-
duced, respons n°le suprathreshold TMS stimuli
can be showgmto be suppressed or facilitated depending
on the sti ion frequency of the applied rTMS train
(Fig. Jaﬁ et al., 1997; Tergau et al., 1997). The

m nisms of this longer lasting modulation of corti-
citability are unclear, but might be related to

(b ng-term potentiation (LTP) and long-term depression
trains of rTMS at appropriate intensity and frequcncy@

(LTD). The duration of such excitability shift depends
on the duration of the rTMS exposure, i.¢., the number
of rTMS trains applied and the intertrain interval.
Paired-pulse TMS techniques can be used to demon-

- strate that this excitability shift is due at least in part -

to intracortical shifts in inhibition and facilitation (Fig.
3) (Tergau et al., 1997). For example, trains of higher
frequency rTMS (10 Hz) induce a reduction in intra-
“¢ortical inhibition in most subjects (Fig. 3).

These changes in cortical excitability can be also
demonstrated by combining rTMS and functional neu-
roimaging techniques. For example, we studied the
effects of rTMS on the pattern of cortical activation
during a simple self-paced motor task as demonstrated
by functional magnetic resonance imaging (fMRI)
(Fig. 4A) (Pascual-Leone et al., 1997). Blood oxygen
level dependent contrast-fMRI studies were obtained
while normal volunteers performed a paced fist open-
ing and closing task. Task performance was carefully
monitored with EMG and Kinematic recording. Images
were obtained during the performance of the task: the
subject was then removed from the MRI suite and
rTMS. either real (1 or 10 Hz) or sham (TMS was
applied. Sham rTMS was applied with the stimulation
coil angled away from the heud to induce a sensation
similar to real ¢TMS in the subject but to avoid induc-
tion of any significant currents in the brain. Real cTMS

~ was applied at 90% motor threshold intensity. and sub-
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FIG. 3. Neurophysiologic dem- '~
onstration of the effécts of trains
of repetitive transcranial mag-
netic stimulation (rTMS) on cor-
tico-spinal excitability. Trains
were applied at subthreshold in-
tensity focally to the motor cor-
tex cither at 1- or 10-Hz fre-
quency or as sham rTMS (de-
scribed. in text). Top: Effects of
tTMS on the amplitude of single
motor unit potentials (MEP).
Twenly MEP were recorded
(one every 10 s), rectified. and
averaged before and 5 min after
rTMS. No change was evident
-after sham rTMS; amplitude and
area were decreased after | Hz
¢TMS, and amplitude and area
were increased after 10-Hz
(TMS. Bottom: Paired-pulse
curves for the same subjects be-
fore and $ min after sham (TMS
or |- or 10-Hz (TMS. Cortico-
cortical inhibition was signifi-
-cantly reduced at short inter-
stimulus intervals after applica-
tion of 10-Hz ¢TMS. 20
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1 mV

Intersn u
Interv&

jects received either a single train of 1.6 tn@n at

- | Hz or 20 trains of 8-s duration at 10 intertrain
* interval 52 s). Stimulation was aimed aithe'M1 contra-
lateral to the hand used for the tas%cdiatcly after
completion of the rTMS, the s was repositioned
in the MRI scanner by use
density-weighted image
rate repositioning befi MRI was repeated during
the motor task peé;gme. After 10-Hz (TMS. the
activity of M1 was efthanced while caudal supplemen-
tary motor area (SMA) cortex showed decreased acti-
vation (Fig. 4A). rTMS at | Hz resulted in a decrease
in M1 activity with increases in SMA and contralateral
MI. In all cases, neurophysiologic monitoring allowed
documentation of the unchanged motor performance.
Sham rTMS induced no change in cortical activity.
thus ruling out that changes in fMRI activation were
. artifactual and unrelated to the rTMS itself. Therefore.
fTMS may have modulated cortical activity in M1 de-

pending on stimulation parameters. so that more or
less contribution of caudal SMA was required for

Interstimulus
Interval [ms|

_ proper task performance. Similar approaches with non-

motor tasks and stimulation to appropriate cortical re-
rions might shed light on funcuonal networks for cog-
nitive functions.

Applied to other nonmotor cortical areas, rTMS is
likely to exert similar modulatory effects on cortical
excitability. However, in such cases, EMG recording
of MEP cannot be used to document the effects neuro-
physiologically. In the future, integration of TMS with
EEG and neuroimaging techniques may provide a
means to investigate such effects in greater detail: e.g..
effects of rTMS on regional cerebral blood flow
(rCBF) can be sampled by single photon emission
computed tomography (SPECT) after intravenous in-
jection of 20 mCi (740 Mbq) of [*"Tc]-bicisate (ethy!
cvstine dimer, ECD). ECD distributes.in the brain in
proportion to rCBF soon after injection and then main-
tains a reasonably stable level for ~4 h. Therefore, the
ECD can be injected during application of rTMS and
the SPECT images cun be obtained later. Using this
technigue. we studied the eftects of rTMS on the left

J Clin Newrnphysiod. Vol 15, Na. 3. 1998
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FIG. 4. (A) Functional magnetic res-
onance images (BOLD) before and
after repetitive transcranial magnetic

stimulation {(rTMS) applied ac sub-
‘%shold intensity to the motor cortex

s&ham (TMS or 1- or 10-Hz actual
rTMS. Images represent average re-
sults from § subjects. The IMRI scans
were obtained while the subject per-
formed a self-paced fist opening and
closing task. Areas of significant acd-
vation during task performance were
overlaid on an anatomic MRI scan for
localization. Repetitive TMS at sub-
threshold intensity was applied. tar-
geting the primary motor curtex con-
ralateral to the hund with which the
subject perfonned the 1sk. (B) Mea-
sures of regivnal cercbrat blood flow at
rest made with single photon emission
tomography (SPECT) befure and after
fTMS at subthreshold intensity in 3
patients with medication resistant de-
pression. Repetitive TMS was upplied
to the left domsolateral prefrontl cor-
tex in all cases. Images show lelt lat-
eral view. SPECT images were ob-
tained immediately afier FTMS. Dit-
ferential effects of rTMS depended on
stimulation frequency.
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_ dorsolateral prefrontal cortex (DLPFC) in patients with
.medication-resistant depression. Two studies were
conducted in each patient | week apart. The first study
served as baseline and the second was obtained while
rTMS was being applied during the ECD injection.
Patients received either sham rTMS or |- or 10-Hz
rTMS. Sham rTMS was applied with the coil angled
away from the head to reproduce the subjective sensa-
tion of rTMS but to avoid induction of current in the
brain. Real rTMS was applied either at 1- or 10-Hz

* frequency but always at an intensity of 90% of the

_ patient’s motor threshold intensity and with {,600
stimuli in all (single train of 1,600 stimuli for 1-Hz
rTMS or 20 trains of 8-s with 52-s intertrain interval
for 10-Hz rTMS). These preliminary studies demon-
strate that SPECT performed immediately after rTMS

" can demonstrate the effects of rTMS on CBF and that
different effects are indeed demonstrable depending on
rTMS parameters. Using a similar approach, Paus et
“al. (1997) studied the effects of rTMS to the frontal
eye field on cortical activity as measured by positron
“emission tomography (PET). They noted a significant
positive correlation between rCBF and the number of
TMS pulse trains at the stimulation site and also ob-
served activation in the visual cortex of the superior
parietal and medial parietooccipital regions. The pat-
tern of these distal effects is consistent with the known
anatomic connectivity of the frontal eye fields. Such
studies may shed light on the mechanisms of action

- rTMS on nonmotor cortical areas and their distrib
functional connectivity without requiring the
to engage in any specific behavior. \

What fTMS parameters are opum.xl t duce a
lasting enhancement or decrease in co xcmbnluv
or how consistent these effects ar ss subjects is

" not clear. It might be necessary t vidualize rTMS
parameters to achieve a consiy @incrcase or decrease
in cortical excitability acr s%bjecm (Pascual-Leone

-and Wassermann, 1996)-8\g., the same rTMS parame-
ters can result in | rease in cortical excitability
in | subject but decvease in another (Tergau et al..
1997) (Fig. 5). These differential effects appear to be
particularly influenced by the frequency of rTMS. and
difterent subjects apparently have different *"trequency
“tuning curves' for (TMS effects on cortical excitabil-
ity (Tergau et al., 1997) (Fig. 5). Furthermore. the
etfects probubly depend not only on the rTMS fre-
quency and the subject’s frequency tuning but also on
the context of the application. For example. the sume

~ parameters of subthreshold rTMS to the motor cortex

when the subject is thinking of flexing the wrist will
tacilitate MEP to wrist fexors but suppress MEP to

<
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F1G. 5. Modulation of area of the average motor evoked potential
(MEP) evoked by 20 singie-pulse transcranial magnetic stimulations
(TMS) from the abductor pollicis brevis muscle after exposure (0
subthreshold repetitive TMS (\TMS) at different stimulation fre-
quencies. Results express the change in MEP area after (TMS as

compared with area betore (TMS (baseline). Results in 3 normal
subjects are shown (open. gray, and solid circles). Interindividual

results varied markedly. \*

wrist extensors after the ¥PMS train. The opposite ef-
fect can be demon when the subject is thinking
of extending th@t during application of rTMS.

@ODULATION OF CORTICAL
BI

EX

@ CL

LITY INDUCED BY RTMS HAVE
INICAL APPLICABILITY?

K@ articularly tantafizing is the possibility that modu-

lation of cortical excitability by rTMS might have ther-
apeutic applications in neuropsychiatric illnesses.
Given a knowledge of alterations of cortical excitabil-
ity associated with a given pathology. it might be possi-
ble to target the dysfunction and normalize it: with
rTMS at appropriate stimulation parameters. Much re-
search needs to be done in this area, but results of
several studies support this notion.

Most of the research in this area to date has consisted
of applying rTMS to patients with major depressive
disorder (MDD) (Fig. 6). Patients with MDD fre-
quently have a decreased level of excitability in the
prefrontal cortex and enhancement of cortical excit-
ability with rTMS might result in symptomatic im-
provement. Several dilterent groups of researchers
have published preliminary results regarding the anti-
depressant effects of rTMS. Hoflich et al. (1993) ap-
plied TMS to 2 depressed patients and noted only mini-
mal benehicial effects. However, they stimulated at 0.3
Hz and with the stimulation coil centered over the
vertex. thus affecting both hemispheres simultane-
ously. In a follow-up study. using the same technique.
Kolbinger et al. (1995) studied |5 patients with MDD
randomized into three groups of 3 patients: patients

2 Clin Neurophiesicd, Ved. 15, Now 4. 1998
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FIG. 6. Effects of repetitive transcranial magnetic stimulation
(rTMS) to the right or lett dorsolateral prefrontal conex (DLPFC)
on score in the 16-item Hamilton Depression Rating Scale (HDRS)
in patients with medication resistant depression. Patients receiving
right DLPFC stimulation (open symbols). Patients receiving left
DULPFC TMS (solid symbols). HDRS score was obtained and is
plotted at the end of the 10 days of stimulation and moathly therea
ter. The difference between the two study groups was marked. Rig
DLPFC rTMS had no effect, whereas left DLPFC rTMS res
marked improvement in HDRS scores and a sustained ef] X

months in some patients. E

who received 250 TMS stimuli at i’@ics below
the motor threshold on 5 consecwiiveldays showed a
significant reduction in depressi n\,mptoms. Grisaru
et al. (1994), using a nonfocal<CiteTlar stimulation coil,
reported antidepressant ¢ @ of rTMS in 10 patients
in an *‘open-label’’ stuésing focal, high-frequency
TMS. George et al_({895) reported striking beneficial
effects of rTMS to\the left prefrontal cortex in 4 of 6
patieats with faedication-resistant depression. How-
ere open studies without control for
potential placebo effects of the intervention.

Last year, in the first randomized. multiple cross-

“over, placebo-controlled trial of rTMS in depression

(Pascual-Leone et al., 1996), we swdied 17 patients

- with medication-resistant MDD of the psychotic sub-
“type (DSM-III-R). Sham rTMS and stimulation of dif-

ferent cortical areas were used as conirols. Daily rTMS
sessions were applied for 5 consecutive days in form
of 20 trains of 10-5 duration with 1-min intertrain inter-

vals. Stimulation parameters were 10 Hz and 90% of
" “the patient’s motor threshold intensity. Oaly rTMS of

DLPFC resulted in a significant decrease in scores on
the 2l-item Hamilton Depression Rating Scale
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(HDRS) and the self-rated Beck Questionnaire (BQ).
Eleven of the 17 patients showed matked beneficial ;
effects that lasted ~2 weeks. None of the subjects
experienced any significant undesirable side effects;
specifically. no seizures were induced by rTMS.

In a follow-up study (Fig. 6), we applied right or
left prefrontal rTMS to patients with MDD (DSM IV
and SCID) (Catald et al., 1996; Tormos et al., 1996).
The study was designed as a cross-over trial in which
patients received daily rTMS sessions for 10 consecu-
tive days followed by a 4-month follow-up period.
Daily stimulation sessions consisted of 1,600 stimuli
applied in trains of 2-8 s with at least 30-s intertrain
intervals. Stimulation parameters varied across patients
depending on the effects of different rTMS parameters
on motor corticoso'\6 excitability. In all patients,
stimulation para ere used that induced an in-
crease in cortic rQ‘itability when applied to the motor
cortex. In mgst Cases, this resulted in stimulation pa-
rameters% ~20 Hz and 80-100% of patient’s motor
thresh@ ntensity. Left prefrontal rTMS resulted in

ignificant decreases in HDRS and BQ scores in almost
of the patients and in some cases lasted as long as
months despite unchanged. minimal antidepressant
medication. All patients tolerated the procedure with-
out complications. In particular, no seizures were in-
duced by (TMS except in | patient who started using
tricyclic and neuroleptic medications against our ad-
vice and without communicating it to the investigators.

In a single case study, George et al. (1995).showed
that clinical antidepressant response to daily rTMS ap-
plied to the left prefrontal cortex apparently is associ-
ated with increased brain metabolism on "“FDG-PET
scans. In our study, we also noted that a positive re-
sponse to rTMS in depression appears to be associated
with normalization of the left prefrontal dysfunction,
as shown by SPECT and a global increase in CBF
(Tormos et al., 1996). Therefore, neuroimaging data,
although still preliminary, appear to support the notion
that rTMS results in beneficial, antidepressant effects
by normalizing the disturbed level of cortical excita-
bility. - :

Other potential therapeutic applications of rTMS are
being explored. based on the same principle of modula-
tion of cortical excitability with rTMS. For example.
patients with bradykinetic Parkinson’s disease have a
decreased level of activity in motor cortex and SMA
and rTMS can enhance activity in these regions and
decrease slowness of movement tor days to weeks
(Pascual-Leone et al.. 199db, 1995). On the other hand.
low-frequency rTMS appears capable of normalizing
abnormally enhanced motor cortical excitability in pa-
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tients with dystonia and lead to a symptomatic im-
provement for hours to days (Siebner et al., 1993).
Similar approaches might be used to study the effects
of rTMS of the orbitofrontal cortex in obsessive com-
pulsive disorder (Greenberg et al., 1997), of the supple-
mentary motor cortex on tics, of the motor cortex on
cortical myoclonus, or of a seizure focus on spike and

-seizure frequency in focal epilepsy. Even if the effects

of rTMS prove to be too short-lived or 0o variable to
have a therapeutic effect, the effects of medications
might be enhanced by coupling them with rTMS.
The long duration of the symptomatic effects of
rTMS in all these conditions raises further questions
regarding the mechanisms of action: A sustained effect
for weeks to months cannot be explained solely on

" the basis of modulatory effects of rTMS on cortical

excitability. rTMS may exert effects not only on the

~ cortical region directly targeted by the stimulation, but
- also may have more widespread effects on other corti-

cal and subcortical structures transsynaptically. Studies

- combining rTMS with SPECT or PET support this.

notion (described herein). In addition to widespread
effects on functional cortico-subcortical networks,
rTMS may induce expression of early genes that may
have a critical role in a cascade of events resulting in
the sustained behavioral effects noted.

Finally, the potential of this modulatory effect of
TMS on vortical excitability in acquisition of new

“skills or recovery of function after brain lesions cou
- be explored. Could rTMS, by modulating cortical

citubility. serve as a guide of neurul plasticity n-
hance it or suppress it for the best functional oufeome
in a given subject and circumstance? Agai ch re-
_search is needed. However, a few ex support

this hypothesis. Implicit procedura @'ning of a se-
quence of finger movements in th’% al reaction time
task is associated with enhang t of motor cortical

.-excitability (Pascual-Leone QI.. 19944). In a recent.
7

study, Tarazona et al. howed that the degree

of implicit leaminﬁ reased after low-frequency
rTMS and increased by higher frequency rTMS to the
motor cortex. The parameters of rTMS used were
shown respectively to decrease and increase motor cor-

- tical excitability in the subjects studied. Sham rTMS
* did not affect implicit learning, and real rTMS affected
. implicit learning independently of the effects on reac-

tion and movement time. In another pertinent study.
we used transient immobilization of a hand as an exam-
ple of undesirable plasticity (Puscual-Leone et al.. sub-
mitted). The nondominant hand of normal volunteers
was immobilized for 5 days in a cast, resulting in a

decrease in motor cortical excitability for the motor

cortical outputs to muscles of the immobilized hand
that was coupled with a transient motor dysfunction
after the immobilization. However, these changes were
prevented by subthreshold high-frequency (TMS ap-
plied daily to the contralateral motor cortex at rTMS
parameters that increased cortical excitability.

CONCLUSIONS

We have reviewed the ways in which TMS can be
applied in a variety of paradigms to evaluate cortical
excitability in neuropsychiatric disorders. These stud-
ies enhance our understanding of pathophysiology and
may provide objective guides for neuropharmacology
in the future. In addition to this *‘diagnostic’’ applica-
tion, trains of rTMS may have a *‘therapeutic™ role.
particularly in MDD. The peutic potential of
r'TMS is based on the possi modulating cortical
excitability for longer pe than the duration of the
rTMS trains themselyes, This modulation of excitabil-
ity doés not remajiChyitited to the cortical area directly
targeted by rTi ut affects a wide distributed func-

tional ncWough transynaptic effects.
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