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The panoply of non-invasive techniques for brain imaging is responsible for much of

the current excitement in cognitive neuroscience; sensory, perceptual and cognitive

behaviour can now be correlated with cerebral blood flow as assessed by functional

imaging, the electrical fields generated by populations of neurons or changes in

magnetic fields created by electrical activity. Correlations between localized brajn
activity and behaviour, however, do not of themselves establish that any br@a’ %ea is
necessary for a particular task; necessity is the domain of the lesion tech

Transcranial magnetic stimulation (TMS) is a technique that can be use@on-invasively

to produce reversible functional disruption and has already been I.@@O investigate

visual detection, discrimination, attention and plasticity. The er of TMS as a ‘lesion’

technique lies in the opportunity to combine reversible disrygdti
spatial and temporal resolution. In this review we trace s
developments in the use of TMS as a technique for the-

Stimulation of the cerebral cortex as a means of revealing
the localization of brain function has a long and successful

method, which is important for establishing whe

particular brain region is necessary for a given bghijioural
accomplishment. With the development o
magnetic stimulation (TMS) (see Box 1

for producing reversible functional i ents (or even

improvements), cognitive neuroscjen now have the
ability to study the effects of §4 lesions and, because
of the temporal specificity , to test hypotheses not
only about spatial localizatiofl but also about the time
course of mental processes. The study of visual cognitive
processes with TMS is in its infancy, but the progress
made so far suggests that it will play a leading part in estab-
lishing the functional roles of some of the cortical regions
activated in neuroimaging studies, and also in reducing or
even replacing the use of non-human primates in some

types of lesion studies.

History

The fascinating history of magnetic stimulation can be
found in many articles, but three detailed accounts are par-
ticularly useful®®. An alarming case report of a young blind
man who, in 1755, received a current through his head in a
painful and unsuccessful attempt to restore his sight estab-
lished that electrical stimulation could produce phosphenes?
— sensations of light analogous to movements induced by
stimulating motor cortex. Following the discovery of electro-
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with high degrees of
of the major
stigation of visual cognition.

&

{@tic induction by Faraday and Henry it became possible
® attempt to stimulate the nervous system painlessly by ex-

history'. Comparable success can be claimed for the les&

posing subjects to changing magnetic fields. The first suc-
cessful generation of magnetically induced phosphenes by
d’Arsonval in 1896%¢ was replicated by Beer in 1902 and
later by Sylvanus Thompson in 1910. The problem for the
induction and study of phosphenes was to generate a current
of sufficiently high intensity and a rapid enough change of
field strength to induce physiological activity in the brain —a
non-trivial problem. Figure 1 shows one of the arrangements
of coils devised to generate a magnetic field of sufficient
strength to induce phosphenes’®.

By the late 1940s”!° it became clear that the phosphenes
induced in earlier studies originated in the retina rather
than the cortex. Following work on magnetic and electrical
stimulation of isolated nerve fibres, the direct precursors
to non-invasive magnetic stimulation were, firstly, the
demonstration that the position of discrete phosphenes,
evoked by direct electrical stimulation of the cortex, could

11‘12’ and’

be used to map the human primary visual cortex
secondly, the generation of cortically evoked phosphenes
by non-invasive electrical stimulation’. A retinal cause of
the phosphenes was precluded by inducing pressure ischaemia
of the eyes'’. The development of the stimulators that could
produce the discharges required to generate a magnetic
field sufficient to induce current in cortical tissue (see Box 1)
soon followed and the current age of TMS began when
Barker et al.'* successfully stimulated human motor cortex

in 1985.
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Box 1. What is TMS?

Transcranial magnetic stimulation is the application of a brief
magnetic pulse, or a train of pulses, to the scalp, which results
in induction of a local electric field and, thus, TMS-induced
changes in the local electrical field in the underlying surface of
the brain. The modern age of magnetic stimulation began as re-
cently as 1985 when Barker e al* first stimulated the human
motor cortex with a 2 Tesla pulse. Figure A traces the sequence
of events (A-F) in the delivery of a single pulse. An electrical
current of up to 8 kA is generated by a capacitor and discharged
(A) into a circular or figure-of-eight shaped coil, which in turn
produces a magnetic pulse of up to 2.5 Tesla. The pulse has a
rise time of approximately 100 ws and a duration of 1 ms (B)
and, owing to its intensity and brevity, changes at a rapid rate of
around 30kT s (C). The changing magnetic field generates an
electric field of some 500V m™ (D) that induces neural activity
in the form of a tissue current of approximately 15 mA cm™ (E).
The net change in charge density in the cortex is zero after a
small initial induced charge density (F). In addition to single
pulse stimulation some simulators can deliver trains of pulses
up to a rate of 50 Hz. Rapid-rate stimulation can induce
seizures, so there is a trade-off between stimulus intensity
and the rate of repetition. The exact area stimulated by the
pulse and the depth of stimulation depends on several factors
including coil shape® and whether the pulse is monophasic or
biphasic.

References

a Barker, A.T., Jalinous, R. and Freeston, |.L. (1985) Non-invasive

b Jalinous, R. (1991) Technical and practical aspects of ma
nerve stimulation J. Clin. Neurophysiol. 8, 10-25

Jalinous, R. (1995) Guide to Magnetic Stimulation, T@agsﬁm
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d Maccabee, P.J. et al. (1990) Spatial distributiorw electric field
induced in volume by round and fig&’
relevance to activation of sensory nerveffi

Clin. Neurophysiol. 76, 131-141 Q
Fig. The sequencg of nts in TMS. The panels A-F trace the
sequence ofye the delivery of a single TMS pulse, and are
describe e text. The details of the electric current in the
stimulating @il and the subsequent effects on neural tissue are

taken from Ref. c and are calculated for the MagStim 200 with a
70 mm circular coil.

magnetic coils:
Electroencephalogr.

Pioneering studies
The development of TMS as an investigative tool depended
substantially on investigations of functions of the motor
cortex. These resulted from the accessible dorsolateral as-
pect of the motor cortex, our detailed knowledge of the
motor homunculus and the consequent ability to use motor
‘hot spots’ (points on the scalp at which the thresholds for
eliciting an electromyogram are lowest) and recordings
from distal muscles as markers of localization'>"”. Work on
the visual system developed more slowly and until recently
was concerned with localization of the sites most likely to
elicit phosphenes*.

The watershed in using TMS to study visual cognition
occurred in 1989 in a study that demonstrated that TMS
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could be used, in its disruptive mode, in conjunction with

psychology.
Amassian et al."® delivered single-pulse TMS over the occip-

paradigms from classical experimental
ital cortex of subjects performing a letter-identification task
(see Fig. 2). Performance was impaired when TMS was
applied between 60 and 140 ms after the onset of the pres-
entation of the stimuli, and when it was applied between
80 and 100 ms after stimulus onset subjects were incapable
of detecting any of the letters. This result was soon repli-
cated and correlated with visually evoked potential (VEP)
latencies in clinically normal and abnormal subject groups™.

Amassian and colleagues also took their experiment a
significant stage further by showing that TMS could unmask
a visual mask (i.e. like disinhibition) and thus improve
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Fig. 1 Size matters. Early attempts to induce phosphenes by
brain stimulation suffered from the difficulties of producing
the requisite large, rapidly-changing electromagnetic fields.
Here we see the arrangement of coils used by Magnussen and
Stevens®®. Coils were piled upon one another to create the
increase in field strength. (Reproduced, with permission of
Taylor & Francis, from the Philosophical Magazine, Ref. 8.)

performance®. In the latter experiment, subjects were Prg-
sented with the same letter-identification arrays, foll

100 ms later by a high-contrast visual mask, and si Ise

TMS was applied at various intervals after the p, tion of
the mask. The effect of TMS was to preven esentation
identification
of the second stimulus, as occurred ywithetit TMS. Figure 2
shows the reciprocal effects of 1@ the two experiments.

In these two experimentés the foundation for all sub-

sequent studies of visual cognition using TMS: one can either

of the first stimulus (the mask) from im,

impair visual performance by interfering with the trans-
mission of relevant visual signals or one can improve perform-
ance by interfering with the transmission of irrelevant or
competing stimuli.

How cognitive is cognitive?
That one can disrupt or enhance performance in a cognitive
task does not necessarily mean that the cause of the behav-
ioural change is cognitive in nature, and the early work ac-
cordingly led to two strands of enquiry in TMS research,
which might be described as sensory and cognitive. Two ex-
amples of the former, concentrating on changes in thresh-
old sensitivity following TMS, raise the question of the ex-
tent to which apparently cognitive effects can be explained
in terms of sensitivity changes.

First, Miller ez al?' showed that decreasing the lumi-
nance of a target, and thus increasing the time needed to
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Fig. 2 The effects of TMS on detection of trigrams. The black line (ordinate on the left
representing the number of letters correctly identified in trigrams) shows the effects of TMS
on recognition. When TMS was applied at 0-40 ms after the onset of the presentation of the
letters there was virtually no effect of TMS on recognition. But TMS applied between 60
and 140 ms after stimulus onset impaired performance and reduced recognition to zero
between 80 and 100 ms. The blue line (ordinate $o the right showing the proportion of
letters correctly identified in the presence of | mask) resembles the inverse of the
recognition paradigm. (Redrawn from Refs N ahd 20.)

Apart from validating the

\J

ies for TMS effects.
of TMS in studying the
sing, this also highlights the im-

process it, resulted in longer

time course of visual p

portance of low-level ation in visual experiments and

may explain a so timing differences between different

studies. Kam Nusseck? on the other hand argue ex-

suppression effects can be interpreted as a

plicitly tha

change&@sual contrast threshold.
t

n Mternative approach to this question is to attempt to

e the exact site at which TMS suppresses vision?>?

ask whether this is consistent with a sensory analysis

2of results or requires some more cognitive explanation.

Epstein et al.** took this approach and on the basis of local-
ization of induced currents, argue that attentional effects may
need to be considered when explaining effects that appear

sensory in nature.

Creating virtual patients

The second strand of research that sprang from Amassian
et al’s success is exemplified by a number of studies that
attempted to mimic the effects of neurological lesions. The
contemporary use of TMS as a tool in vision research is best
understood as a pulsatile lesioning technique and the ration-
ale of analysis is the same as that applied to neuropsycho-
logical studies of the effects of lesions in neurological patients
or in monkeys.

Visual extinction is a common phenomenon following
damage to the parietal cortex, particularly damage in the
right hemisphere. Patients who can report the identity of a
single stimulus presented in either the right or the left visual
hemifield nevertheless fail to see the stimulus presented in
the field contralateral to the lesion when it is accompanied
by one in the ipsilateral field®. In their pioneering study
Pascual-Leone et al.%® used repetitive-pulse TMS (rTMS)
over the occipital, temporal or parietal cortices and, as
shown in Figure 3, TMS over the parietal cortex increased
errors in the bilateral but not unilateral presentation con-
dition. Their investigation employed rTMS rather than
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50 -
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Fig. 3 Visual extinction produced by TMS. When two stimuli are presented simultaneously,
one in each hemifield (indicated as B on the abscissae), TMS over the parietal lobe of either
right (A) or left (B) hemisphere reduces detection of the stimulus in the contralateral visual
field to chance levels. Detection is not reduced with presentation of a single stimulus to one
hemifield (indicated as L or R on the abscissae). (Redrawn from Ref. 26.)
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Fig. 4 The effects of TMS applied to the
during visual search. The dotted line a
indicates the control reaction time in
solid line that peaks at 100 ms represe
control trials, when a target was
peaks at 160 ms represents
trials when the target was,

single-pulse ause of early difficulties in achieving

visual cognfeg cffects with single pulses. Other cognitive
functions have' been shown to be resistant to single-pulse
stimulation and Pascual-Leone ez al.?” originally showed this
in the induction of speech arrest. One explanation of this re-
sistance of cognitive events to single-pulse TMS (suggested
by a referee of this article) is that cognitive processes ‘might
be processed through parallel pathways and with sufficient
re-entry mechanisms that repetitive stimuli (rTMS) are re-
quired to block them.” Indeed, the visual system possesses a
great deal of redundancy, the effects of which are seen repeat-
edly in the recovery of monkeys from visual cortex lesions, and
which can be exploited during recovery from brain damage.

The cost of using rTMS rather than single-pulse TMS
is, of course, the diminution of temporal resolution, so it
became important to devise a method of using single-pulse
TMS to disrupt activity in higher cortical areas. In their ear-
lier studies (e.g. Refs 26,27) Pascual-Leone et al. had used an
all-or-none response paradigm (subjects were either correct
or they were not) but the deficits of neuropsychological
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patients and monkeys with brain lesions are customarily mea-
sured in terms of elevated thresholds or increases in reaction
time; that is, by continuous rather than discrete measures.
Seyal et al.?® used single-pulse TMS to examine changes in
sensory thresholds (a continuous measure) for detection of a
tactile stimulus and found that detection thresholds were
significantly elevated when using the hand contralateral to
magnetic stimulation if it was applied to the parietal lobe
50 ms before the tactile stimulation. Signally, the effect
was asymmetric in that sensitivity with the hand ipsilateral
to magnetic stimulation was actually enhanced. Again, the
ability of TMS specifically to enhance performance and to
mimic the effects of neurological lesions is evident.
Following this experiment we employed single-pulse TMS
over the parietal cortex while subjects performed visual
search tasks®. TMS had no detrimental effects on perfor-
mance measured as correct responses (target present versus
target absent) but by using a continuous dependent variable

(reaction time) large and sgec c effects emerged. TMS ap-

plied over the right dors alyparietal cortex significantly

slowed responses on V'@

serially but not thgse that could be performed pre-atten-

earch tasks that were performed

tively. This mi ve been just another replication of the
pcrformancq europsychological patients®® but the critical
S

time epended on whether a target was present or

abse ig. 4), something not observed in patients. Using

uous measures, then, and with the high temporal

@%ution of TMS, it is possible to go beyond the findings

of neuropsychological studies.

Functional specialization
One of the most important concepts in understanding
visual function is that of functional specialization®. The
experiments discussed so far were inspired and driven by
psychological theory or findings from studies of neuro-
psychological patients, but none could be said to have ad-
dressed questions of functional localization. If a technique
is to make a new contribution to a field, a good test of its
utility is to attempt to delineate questions within a para-
digm currently in use, such as the functional specialization
of vision. Several studies®*® have examined the effects
of TMS directed at human visual area V5 (equivalent to
monkey MT or middle temporal cortex) (see also Box 2), a
region known to be important for aspects of visual motion
perception, but two are of particular cognitive interest.
While subjects performed motion-direction discrimi-
nation tasks, single-pulse TMS was applied over the left
extrastriate cortex®. As one might expect, TMS elevated
discrimination thresholds, but it did so in both visual hemi-
fields, which was contrary to expectations based on single
unit receptive-field data and on previous studies that failed
to obtain any effects of TMS ipsilateral to the hemifield in
which the stimuli were presented*. As Hotson et 2/*> noted,
V5 has transcallosal homotopic connections, and inter-
hemispheric effects have also been observed following motor
cortex stimulation. Perhaps unilateral stimulation has bi-
lateral physiological effects. Support for this explanation
comes from two studies that combined TMS with positron
)36

emission tomography (PET)? and electro-encephalography

(EEG) recording?, respectively. The combination of TMS

March 1998



Walsh and Cowey - Magnetic stimulation studies

Box 2. Methodological issues in TMS

Localization of stimulation

TMS is sometimes reported to have been applied to a particular
cortical area (for example, area V5 in a recent study®) but it is
clear from studies of blood flow® or electrical activity* following
TMS that the physiological effects of stimulation are not re-
stricted to the small region at which one is aiming. There is a
spread of effects to physically nearby areas® and to areas that are
anatomically connected®. Several steps can be taken to improve
localization. It is preferable, for example, to base the selection of
stimulation sites on MRIs of the subjects’ brains rather than on
EEG scalp electrode coordinates. The choice of coil shape will
also influence localization®.

Anatomical pin-pointing is only one goal, however, and
where the hypothesis is functional (i.e. aims to partition the
components of a cognitive process in time rather than localize
them in space) it is sufficient to demonstrate temporal speci-
ficity without addressing anatomical specificity. The best exam-
ple of this is perhaps the early body of work by Amassian and
colleagues (see main text).

The logic of lesion analysis is also important in assessing lo-
calization. We can take the study of V5 and motion perception
as a case study. For example, if there is an effect on motion
perception following TMS over V5 (Refs a,e), and the effect is
specific to stimulation within a 1 cm region of the scalp, then
one may be confident that the effects were not due to the kind
of spreading of effect seen in the first two frames of Figure 5
(main text). Further, if control stimulations are then applied to
another site, say the parietal cortex to which V5 projects, and
the effect on motion perception is not obtained, one can be
more confident that the results are not due to TMS effects on
areas anatomically connected to the site at which TMS was

applied®. To ensure that the effects are specific to tasks involving

motion one can also apply TMS over V5 during non-motion @

tasks to establish a functional, rather than an anaton&l

o
)

Cces a pro-

dissociation.

Peripheral effects
When TMS is delivered close to the scalp it,gl
nounced click or tapping sensation and the@ ation of facial

nerves often produces slight muscle (Q‘ACS, including eye-
blinks. These effects are time-locked witihvthe magnetic pulse
and could therefore influen Xr and cognitive perfor-
mance. The resolution of thisgroblem is similar to that of lo-
calization. Stimulation at a control site near to the site of inter-
est usually reproduces the unwanted effects of TMS and thus
provides a control. Other measures that have been used to con-
trol for these unwanted confounds are: direct stimulation of the

facial nerve, to produce facial twitches and eye blinks; task dis-

and PET revealed that TMS increased regional cerebral blood
flow in several areas ipsilateral, and some contralateral, to
the site of stimulation (in this case the frontal eye fields).
The TMS-EEG study provided more direct evidence for
transcallosal effects in the occipital lobe (Fig. 5).

A more recent study of the effects of TMS applied over
area V5 has revealed not only that V5 is important for mo-
tion perception in a visual search paradigm but also that dis-
ruption of V5 during performance of non-motion search tasks
can actually improve performance®. This indicates that dif-
ferent visual areas may normally compete with each other

Trends in Cognitive Sciences - Vol. 2, No. 3,

sociation — if TMS impairs performance on one task but im-
proves it on another it is difficult to construct an explanation in
terms of a non-specific artefact; when stimulating at control
sites use a higher intensity of TMS, i.e. produce a greater arte-

fact at the control site.

Duration of effects
One of the attractions of TMS is the apparent precise temporal
resolution in the context of a ‘lesion’ or disruption of function.
However, we have very little understanding of the longevity of
the effects of TMS. Figure 5 (main text) shows clearly that the
effects may last for up to 10 ms at the site of stimulation but ef-
fects in anatomically connected regions can be seen at least
30 ms after stimulation when subjects are not performing any
task. So how do we account for the time specificity (often in the
range of 10-20 ms) reported in many experiments? One can
speculate that during performance of a task, the ‘recovery’ from
TMS is swifter than 30 ms due to the coordingted Jctivity in
other regions involved in the task; it would be j \s

this tested with the paradigm used by Ilmo

possibility is that TMS is more likely to 's;u@a

tihg to see

t al.* Another

function if ap-

plied at a particular time before the neuronal operations

have begun. A precedent for thi%@ in the failure of TMS to
ul

disrupt saccades unless thg p is applied approximately
100 ms before onset!. N Qess, our lack of knowledge con-

cerning the duration c@ effects remains an important issue

to be resolved.

Reference:
a Walsl, \W. Bt al. (1998) Task-specific impairments and enhance-
ents\hduced by magnetic stimulation of human visual area V5

R. Soc. London Ser. B 265, 1-7
Qaus, T. et al. (1997) Transcranial magnetic stimulation during
positron emission tomography: a new method for studying
connectivity of the human cerebral cortex J. Neurosci. 17,
3178-3184
c llmoniemi, R.J. et al. (1997) Neuronal responses to magnetic
stimulation reveal cortical reactivity and connectivity NeuroReport
8, 3537-3540
d Maccabee, P.J. et al. (1990) Spatial distribution of the electric field
induced in volume by round and figure ‘8’ magnetic coils:
relevance to activation of sensory nerve fibers Electroencephalogr.
Clin. Neurophysiol. 76, 131-141
e Hotson, M. et al. (1994) Transcranial magnetic stimulation of
extrastriate cortex degrades human motion direction discrimination
Vis. Res. 34, 2115-2123
Zangmeister, W.H., Canavan, A.G.M. and Hoemberg, V. (1995)
Frontal and parietal transcranial magnetic stimulation (TMS)

-

disturbs programming of saccadic eye movements J. Neurol. Sci.
133, 42-52

(for example, by inhibition during selective attention) and
that disorganizing one area may disinhibit others. Again, this
is not something one could easily infer from studies of neuro-
logical patients. There are many examples of paradoxical im-
provements following brain damage® but the well-known
patient ‘L.M.’, who is impaired on visual search tasks that
require attention to motion, does not show any improve-
ment on tasks that do not require motion processing®.
Thus, because of the short-term and reversible nature of the
lesions induced, TMS can capture effects that perhaps are
masked by reorganization following irreversible brain damage.
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Fig. 5 Duration of changes in neural activity induced by TMS. Four ms after TMS over the occipital lobe most of the electrical ac-
tivity recorded with high resolution EEG is around the area directly under the TMS stimulation site (marked by the X). By 7 ms this has
spread to the midline and by 28 ms there is clearly contralateral activation. (Reproduced, with permission of Oxford University Press, from
Ref. 37.)

The effects of TMS over V5 cannot be correlated with a  as a subject improves on a

ask §ne can never be sure whether
simple increase or decrease in cortical activity; rather, they  the task is being perfor 1) would be with practice by

should be understood as the result of adding noise to the visual ~ an intact brain or wh ne is studying a reorganized sys-

motion system. A quite different effect, which has clear im-  tem. TMS has alrgady pfoved useful in two ways here: it has
plications for cognitive studies using TMS, was reported by ~ been used to s e effects of abnormal reorganization®
Tarazona et al. (Soc. Neurosci. Abstr. 23, p. 1964). Repetitive-  and to examj rmal changes in cortical organization as a

pulse TMS was applied to the motor cortex at either 1 or 10 Hz conseq%e of learning a visual task®. In subjects blind

during learning of a serial reaction-time task, and implicit  fromyBigth it has been shown that blood flow changes can

learning of the task was correlated with a measure of cortical in the primary visual cortex in response to tactile
excitability. The 1Hz stimulation, which decreased excit- t® but whether this is functionally useless activity
ability, correlated with a decrease in implicit learning wher ollowing random recruitment of neurons deprived of a vis-

as the 10 Hz stimulation increased both excitabili@ ual input, or a functionally relevant change was previously
implicit learning. This kind of specificity has nof\yet Been  open to question. Using rTMS Cohen ez a/.*° were able to
demonstrated in visual cognition but may have ations  disrupt tactile information-processing by stimulating the

in visual learning and memory experiments@ occipital cortex of blind subjects but not of sighted subjects.

Plasticity ®~\ merely aberrant neural noise in the system then disrupting
One of the major drawbacks wit.&sion method is that it should not have impaired tactile perception. Thus, the
e

the lesion is usually permane ss cooling or reversible  authors demonstrated that the correlational data from the

If the activity in visual cortex of the blind subjects were

chemical lesions are used kfﬂ‘ﬂows that investigations of  earlier neuroimaging study® did reflect an adaptive func-

patients with brain da r monkeys with aspiration le-  tional reorganization. A similar study might demonstrate a
sions are, in an importagt sense, studies of brains that may  corollary in cortical reorganization in the congenitally
have reorganize rform a task by abnormal means. Thus, ~ deaf™.
.
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Fig. 6 TMS and cortical plasticity. (A) Following a period of training, subjects who were previously impaired by TMS (shown in Fig. 4) were no longer affected by
TMS and the reaction times with TMS (solid and dashed lines) did not differ from those on control trials (dotted line). (B) When the same subjects were introduced
to a new visual search task the effects of TMS over parietal cortex returned, indicating that learning is stimulus specific. (See Ref. 41 for full details.)
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Box 3. Safety and ethical issues in TMS

Magnetic stimulators induce magnetic fields, produce an
audible noise, muscular twitches and can apply pulses at differ-
ent temporal rates. Each of these presents an issue of ethics or
safety.

Jalinous* notes the importance of taking generalized pre-
cautions when dealing with electromagnetic fields. Thus floppy
discs, credit cards, computers and computer screens should
be kept reasonably distant — in our laboratory we keep any ma-
terials that might be affected more than one metre away from
the coil. Any form of medical implant, for example a pace-
maker, should not be brought within the vicinity of an operating
stimulator.

The audible noise (a sharp crack) from the coil can reach
over 100 dB and be uncomfortable. However, few experiments
ever require use of the full power of the stimulators and the use
of earplugs markedly reduces the discomfort and prevents any
short-term changes in acoustic thresholds®. Facial twitches are
another source of potential discomfort. For these or any other
source of discomfort, it is important to allow subjects to opt out
of the experiment at any time they so wish.

It is widely agreed that, with simple precautions, single pulse
TMS has no deleterious effects cither in the short or long term*
although Bridgers! correctly cautions against the use of TMS in
any subject one might suspect is susceptible to adverse effects
(for example, a personal or family history of epilepsy precludes
participation in our experiments). Repetitive pulse stimulation
(rTMS) carries a small risk of inducing a seizure. Pascual-Leone
et al® carried out an extensive study of the effects of different
temporal rates of rTMS and pulse intensity (measured as a per-
centage of motor threshold) and their study now forms the basis
of guidelines adopted by many using rTMS. Although rTMS
appeared not to produce effects on performance in general
neuropsychological tests, cognitive performance, EEG, ECG or
several measures of hormone levels, it is possible that theirfge-
sults are valid only for the specific sites stimulated — (i)

cortex, (ii) 5 cm anterior, and (iii) 5 cm posterior n@ntor

als was exam-

ined in a perceptual learning experi in which subjects

Plasticity in neurologically intact 1§
received TMS over the right
search task (see Fig. 4). Foll

task until the character of theif performance had changed

lobe during a visual
thg extensive training on the

the subjects again received TMS over the same cortical site,
when the effect disappeared (see Fig. 6A). The subjects were
then transferred to a new visual search array and again re-
ceived TMS. Their performance returned to pre-training
standards and the effect of TMS was reinstated (Fig. 6B),
suggesting that TMS had initially disrupted a stimulus-

specific process®.

Conclusions

TMS is a young, but already well-established, ‘lesion” or
‘stimulation’ technique that can be used to test the findings
of brain imaging studies and neuropsychological investi-
gation (the safety and ethical issues surrounding the technique
are discussed in Box 3). More importantly, however, TMS
can address questions outside the domain of other tech-

niques because of its combination of spatial and temporal
resolution, not available with any other lesion technique.

Trends in Cognitive Sciences - Vol.

cortex — and that new guidelines may have to emerge for rTMS
in the visual system. It is also worth noting that Pascual-Leone
et al. administered pulses in trains 10 s long: in experiments on
visual cognition it is unlikely that rTMS will need to be used in
trains longer than one second.

One final ethical consideration is the potential of TMS to
help reduce or replace the use of non-human primates in lesion
experiments. Because of the rapidly and repeatedly reversible
and non-invasive nature of the disruption caused by TMS it
will be possible to use monkeys as their own controls in experi-
ments using TMS. Some studies have already shown that TMS
can be used to good advantage in non-human primates (for ex-
ample, see Ref. ¢), but it is an area in which much remains to be
explored. As a better understanding of the effects of TMS in the
human visual system is obtained, it is not difficult to anticipate
that many questions that would once have required lesions in a
group of primates (for example, whether cortical visual area V5
is important for detection of either first or se rder mo-

tion) will be amenable to an experiment usin; normal

human volunteers. O
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The use of continuous variables enhances the sensitivity of
the technique. Further, as it becomes more common to es-
tablish the sites of stimulation by anatomical MRI and to

3637 we will

combine TMS with other imaging techniques
also be able to build a more accurate picture of which corti-
cal brain regions are necessary for different components of

visual behaviour.
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