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Fifteen years ago, Pascual-Leone and colleagues used transcranial magnetic stimulation (TMS) to investigate
speech production in pre-surgical epilepsy patients and in doing so, introduced a novel tool into language
research. TMS can be used to non-invasively stimulate a specific cortical region and transiently disrupt information processing. These ‘virtual lesion’ studies offer not only the ability to explore causal relations between
brain regions and language functions absent in functional neuroimaging, but also spatial and temporal precision
not typically available in patient studies. For instance, TMS has been used to demonstrate functionally distinct
sub-regions of the left inferior frontal gyrus; to clarify the relationship between pre-morbid language organization and susceptibility to unilateral lesions and to investigate the contribution of both left and right hemisphere
language areas in recovery from aphasia. When TMS is used as a measure of functional connectivity, it demonstrates a close link between action words and motor programmes; it suggests a potential evolutionary link
between hand gestures and language and it suggests a role in speech perception for the motor system underlying speech production. In combination with functional neuroimaging, it can elucidate the circuits responsible
for this involvement. Finally, TMS may even be useful for enhancing recovery in aphasic patients. In other words,
TMS has already become an important tool for studying language at both the cognitive and neural levels, and
it is clear that further developments in TMS methodology are likely to result in even greater opportunities
for language research.
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Language can be stimulating. Throughout history poets,
preachers and politicians have utilized language to stimulate
their audience. The ability to stimulate language, in contrast,
is a modern development largely due to the pioneering work
of the neurosurgeons Wilder Penfield and George Ojemann
who used direct cortical stimulation in awake neurosurgical patients to probe language (Penfield and Jasper, 1954;
Ojemann, 1979). For instance, Ojemann showed that the
application of a direct current to a focal brain region could
not only evoke spontaneous vocalizations but could also

selectively disrupt specific linguistic processes (Ojemann,
1983). Although this work continues to provide novel
insights (e.g. Matsumoto et al., 2004; Engel et al., 2005), its
utility is limited by its highly invasive nature and questions
regarding the generality of the results given the prolonged
neurological dysfunction associated with intractable epilepsy.
In 1985 Barker et al. (1985) introduced a non-invasive
alternative to brain stimulation called transcranial magnetic
stimulation (TMS) in which a rapidly changing current
within a conducting coil is used to induce a strong, but
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TMS and language
relatively focal, magnetic field. When the coil is placed on
the scalp, the magnetic field induces a physiological response
(i.e. depolarization and/or spiking) in the underlying neural
tissue (Jahanshahi and Rothwell, 2000; Pascual-Leone et al.,
2000). This introduces transient noise into the neural
computation being performed which, in most brain regions,
can lead to longer reaction times (RTs) or even errors. Consequently, a TMS-induced change in behaviour can be used
to investigate causal relations between specific brain regions
and individual cognitive functions (Pascual-Leone et al.,
1999; Walsh and Rushworth, 1999).
Similar to patient studies, TMS can be used to draw causal
inferences, as the cortical disruption induced by stimulation
can act like a ‘virtual lesion’ lasting from tens of milliseconds
up to 1 h, depending on the specific type of stimulation
(Pascual-Leone et al., 2000). Moreover, TMS avoids some of
the well-known difficulties of patient studies, which limit
their interpretation, including potential differences in premorbid ability, compensatory plasticity following the lesion,
the large and varied extents of naturally occurring lesions,
and damage to sub-adjacent fibres-of-passage. By comparing
stimulated to unstimulated trials, participants in TMS
experiments act as their own controls, avoiding the potential
confound of pre-morbid differences. In addition, there is
insufficient time for functional re-organization to occur
during single TMS events. Consequently, the results should
not be substantially confounded by any recovery processes
(Walsh and Cowey, 1998). Finally, the induced disruption is
generally more focal than naturally occurring lesions and
does not affect deep white matter pathways.
There are, of course, disadvantages to TMS as well.
These include the need to choose appropriate stimulation
parameters (single versus repetitive stimulation, intensity,
timing, location, type of coil, coil orientation, etc.), restricted
access limited to only surface structures, and the fact that TMS
produces both sound and somatosensory stimulation which
can also influence behaviour (Walsh and Rushworth, 1999).
Occasionally, TMS can cause discomfort or pain, primarily when
stimulation affects either muscles on the head or peripheral
cranial nerves, although it may be possible to adjust the
stimulation parameters to reduce this problem. In addition, the
basic physiological mechanisms underlying TMS effects are not
yet fully understood (Rothwell, 1997; Di Lazzaro et al., 1998;
Houlden et al., 1999), complicating the interpretation of results.
Even so, TMS offers a spatial and temporal resolution
rarely available in patient studies and complements the
information available from functional neuroimaging techniques such as event-related potentials (ERPs), magnetoencephalography (MEG), positron emission tomography
(PET) and functional MRI (fMRI). In addition, TMS can be
used with neurological patients to investigate the mechanisms of recovery (Winhuisen et al., 2005) and, in some cases,
may even be useful for enhancing recovery in aphasic
patients (Naeser et al., 2005a).
TMS can also be used to measure functional connections
between linguistic processes and the motor cortex, by
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measuring motor excitability during various language tasks.
In this mode, stimulation of the motor cortex elicits
a contraction of specific muscles observable often as a twitch
of the muscle and measurable as a motor evoked potential
(MEP) that serves as an index of motor excitability. When a
language task enhances MEPs in a region of motor cortex,
this provides evidence of a functional link between the task
and the motor cortex. In contrast to the use of TMS to
disrupt neural computation, this mode of use provides a
quantifiable measure of behavioural facilitation (i.e. a positive effect) that may be more sensitive. The lack of a clear
understanding of the basis of this apparent ‘priming’,
however, limits the interpretation.
Here, we review these functions of TMS and their role
in developing a more complete understanding of the
neurological basis of language. Our aim is not to synthesize
a single model of language (see, for instance, Levelt, 1999;
Price, 2000) but to emphasize the novel contributions of
TMS and to highlight its relationship with other tools of
cognitive neuroscience. Consequently, we have not attempted to review all TMS studies on language (see Devlin and
Watkins, 2006) nor to provide a detailed account of TMS
methodology (see Pascual-Leone et al., 1999; Walsh and
Pascual-Leone, 2003; Paus, 2005), but instead focus on a
few, highly informative areas where TMS has significantly
extended our knowledge of either the cognitive or neural
basis of language.

Speech production
The first language study to use TMS was by Pascual-Leone
et al. (1991) who induced speech arrest in pre-surgical
epilepsy patients in order to determine whether TMS could
be used as a non-invasive alternative to intracarotid amobarbital testing (IAT, Wada and Rasmussen, 1960). Trains
(10s) of repetitive TMS (rTMS) were delivered at rates of
either 8, 16 or 25 Hz over 15 different scalp positions
surrounding perisylvian cortex in each hemisphere defined
by the international 10–20 electrode system. Patients were
asked to count aloud from ‘one’ and 4–6 s after stimulation
of the left inferior frontal cortex, a reproducible speech
arrest was observed in each of the six patients. One noted,
‘I could move my mouth and I knew what I wanted to say,
but I could not get the numbers to my mouth’ (p. 699,
Pascual-Leone et al., 1991). In contrast, no speech arrest
was seen during any right hemisphere stimulation. IAT
with these same patients revealed left hemisphere language
dominance in all six, suggesting that the TMS-induced
speech arrest offered a non-invasive alternative for
determining language dominance.
Subsequent studies, however, have called into question the
usefulness of rTMS in pre-surgical planning. Jennum et al.
(1994) were only able to induce complete speech arrest in
14/21 patients, although when slowed speech was included
there was still a 95% concordance between the rTMS and
IAT findings. In contrast, Michelucci et al. (1994) produced
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speech arrest in only 7/14 subjects which, they argued, called
into question the reliability of rTMS for determining language dominance. Epstein et al. (1996) hypothesized that
some of this inter-study variability may have been due to the
specific stimulation parameters chosen, and systematically
investigated the effects of both intensity and rate of
stimulation on speech arrest in normals. As expected, higher
intensities led to stronger speech arrest effects, but
surprisingly it was the lower rates of stimulation (4–8 Hz)
that were more reliable at inducing speech arrest than those
used in previous studies (16–32 Hz; Pascual-Leone et al.,
1991; Jennum et al., 1994; Michelucci et al., 1994). Higher
frequencies led to prominent facial and laryngeal muscle
contractions and significantly increased the discomfort or
pain associated with stimulation, making speech arrest more
difficult to determine. Stimulation at 4 Hz, on the other
hand, not only consistently disrupted highly over-learned
speech such as counting, it also interfered with reading
aloud and spontaneous speech (Epstein et al., 1999). Consequently, this paradigm was used to test the reliability of
rTMS relative to IAT in 16 pre-surgical epilepsy patients
(Epstein et al., 2000). rTMS indicated left hemisphere
language dominance for 12 patients and right dominance for
the remaining 4 while IAT indicated that all 16 patients were
left dominant. Despite the significant correlation between
IAT and rTMS (r = 0.57, P < 0.05), rTMS overestimated
right hemisphere involvement in a considerable proportion
of patients. The IAT findings were a better predictor of
postoperative language difficulties than the rTMS. As the
purpose of determining language dominance is to minimize
the impact of the surgical resection on language abilities,
rTMS appears to be less reliable than IAT.
The comparison, however, is not entirely a fair one. IAT
affects the functioning over a large region of one hemisphere
for several minutes, whereas TMS disruption is far more
focal and transient, particularly with rTMS at rates >1 Hz.
As mentioned above, not all sites are accessible to stimulation
as they may be located at different depths from the scalp or
oriented differently in the two hemispheres. It may be
important, therefore, to independently assess effects in each
hemisphere using a variety of stimulation parameters before
accepting potentially false negative results with regard to the
involvement or relative involvement of each hemisphere in a
task. Nonetheless, there is still reason to be optimistic
regarding the possibility of using TMS as a reliable
alternative to IAT. Studies by Stewart et al. (2001) and
Aziz-Zadeh et al. (2005) showed that speech arrest can be
induced from two different sites within the inferior frontal
cortex. At the more posterior site, stimulation of either the
left or right hemisphere induced speech arrest, although the
effect was typically stronger on the left. In addition, stimulation at these sites evoked a clear facial muscle response as
measured with EMG. In contrast, only left hemisphere
stimulation of the more anterior site led to speech arrest and
it did not evoke an EMG response. The authors hypothesized that the posterior site may correspond to the ventral
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limb of the precentral gyrus where both motor and premotor
regions innervate the mouth and jaw. Consequently, stimulation of either hemisphere can induce speech arrest by
interfering with the motor output of speech. The more
anterior site may correspond to prefrontal cortex (i.e. Broca’s
area in the left hemisphere) where stimulation would be
expected to interfere with the formation of an articulatory
plan rather than the implementation of the motor sequence.
These findings may help to explain the relatively high
concordance between rTMS and IAT in some studies
(Pascual-Leone et al., 1991; Jennum et al., 1994) but not
others (Michelucci et al., 1994; Epstein et al., 2000). Further
work is clearly warranted to determine whether anterior
inferior frontal stimulation corresponds more closely with
IAT and can accurately predict postoperative language
deficits following surgical intervention in intractable epilepsy.
As in the ‘virtual lesion’ studies of language, the earliest
work examining motor excitability during speech production was aimed at assessing lateralization of function
(Tokimura et al., 1996). MEPs in a hand muscle were
measured in response to single pulses of TMS over the
hand area of the contralateral motor cortex while subjects
read aloud, read silently, spoke spontaneously or made
non-speech vocal sounds. The MEP size was facilitated
equally for left and right hemisphere stimulations during
spontaneous speech, whereas this effect was lateralized to the
dominant hemisphere during reading aloud. In contrast,
the silent reading condition and the non-speech sound
production did not result in changes in excitability. In other
words, the authors demonstrated a functional connection
between speech output and the hand area of the left motor
cortex.
Recent studies confirm and refine this finding. The basic
laterality effect has been replicated in several studies (Lo
et al., 2003; Meister et al., 2003, Seyal et al., 1999 but see
Floel et al., 2003) demonstrating that the functional link
between speech production and the hand motor area is
left lateralized. In addition, Meister et al. (2003) found
evidence that increased excitability during reading aloud
was restricted to the hand area as MEPs from the leg area
were unchanged by the task (but see Lo et al., 2003).
It seems, then, that speech production increases motor
excitability not only in the face area of the left hemisphere,
but also in the hand area (see also Salmelin and Sams, 2002;
Saarinen et al., 2006). This evidence for a functional link
between the hand area and language may reflect the irrepressible use of hand gestures when speaking or indicate an
evolutionary link in the development of speech and language
through hand gestures (Rizzolatti and Arbib, 1998; Corballis,
2003; Gentilucci and Corballis, 2006).

Speech perception and the motor system
It may seem obvious that speech production affects motor
system excitability, but it is potentially surprising that
perception should as well. The initial studies to investigate

TMS and language
production–perception links focused on visual perception of
hand actions, with the aim of providing evidence for an
action observation–execution matching mechanism in the
human brain (e.g. Strafella and Paus, 2000; Gangitano et al.,
2004) akin to the ‘mirror-neuron’ system in the macaque
brain (di Pellegrino et al., 1992; Gallese et al., 1996). As in
the case of mirror neurons recorded from macaque ventral
premotor cortex during auditory perception of actions
(Kohler et al., 2002), Aziz-Zadeh et al. (2004) used TMS to
show increased excitability of the motor system underlying
hand actions while subjects listened to sounds associated
with actions performed by the hands. Interestingly, the
facilitation of MEP size seen for these bimanual sounds
(tearing paper, typing) was lateralized to the left hemisphere.
In other words, in both humans and monkeys, hearing a
sound known to be related to a particular hand action
activates that corresponding motor system.
In the speech domain, the suggestion of motor involvement in perception was not new—Liberman et al. (1967)
had proposed that phonemes were perceived by mapping
them onto the articulatory gestures used in speech production (Liberman and Mattingly, 1985). The TMS studies
described below are consistent with a role in speech perception for the motor system underlying speech production,
where presumably articulatory gestures are represented; they
are, in part, responsible for renewed interest in the motor
theory of speech perception.
To date, three studies used TMS to examine the effects of
speech perception on the motor system underlying speech
production. The first of these found increased MEP size in
the lip muscles (orbicularis oris) during visual observation
of speech that required lip movements (e.g. /ba/ versus /ta/,
Sundara et al., 2001). Auditory perception of the same
syllables, however, did not facilitate motor excitability. In
contrast, Watkins et al. (2003) found that both visual and
auditory perception of speech separately facilitated MEP
responses (Fig. 1A and B). EMG was recorded from the lips
(orbicularis oris) while subjects either listened to continuous
prose passages while viewing noise or viewed lip movements
of continuous speech while listening to white noise. MEP size
was significantly facilitated during both auditory and visual
speech perception, but only for stimulation over the left
hemisphere and not for the right (Fig. 1B). Finally, Fadiga
et al. (2002) found that auditory presentation of specific
phonemes facilitated motor excitability measured from
specific muscles used in the production of those phonemes.
They measured MEPs from the tongue while subjects
passively listened to stimuli with or without consonant
sounds that required tongue movements in their production
such as the labiodental ‘rr’ in the Italian word ‘terra’ or the
lingual-palatal frictative ‘ff’ in the Italian word ‘zaffo’. MEP
size was facilitated when subjects listened to words and nonwords containing the ‘rr’ phoneme (i.e. requiring tongue
movements in their production) but not the ‘ff’ phoneme
(i.e. which did not require tongue movement in production). These data suggest that the representation of the
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specific articulatory gesture used to produce a phoneme is
‘primed’ or ‘excited’ by auditory perception of this phoneme. Such conclusions are reminiscent of predictions
made by Liberman’s motor theory of speech perception.
Whether this increased excitability reflects a corollary of the
perception process or in some way aids perception remains
to be tested.
TMS studies of this type reveal a functional connection
between speech comprehension and specific components of
the motor system but they do not provide any anatomical
information to suggest how this link is mediated. By combining TMS and PET, Watkins and Paus (2004) investigated
the brain regions that mediate the change in motor excitability during speech perception. They obtained measures
of motor excitability by TMS over the face area of left motor
cortex eliciting MEPs from orbicularis oris muscle during
auditory speech perception. These measures were then
correlated with regional cerebral blood flow measures across
the whole brain obtained simultaneously. Increased motor
excitability during speech perception correlated with blood
flow increases in the posterior part of the left inferior frontal
gyrus (LIFG) (Broca’s area; see Fig. 1C), the human homologue of the region containing mirror neurons in the
macaque (Kohler et al., 2002). In other words, Broca’s area
plays a central role in linking speech perception with speech
production, consistent with theories that emphasize the
integration of sensory and motor representations in understanding speech (Hickok and Poeppel, 2000; Scott and
Wise, 2004).
The results from these studies support the notion that
passive speech perception induces activation of brain areas
involved in speech production. The increased motor excitability of the speech production system could reflect covert
imitative mechanisms or internal speech, which might, in
turn, improve comprehension of the percept. From this
limited set of initial studies in speech perception, two conclusions arise: increased motor excitability during auditory
perception of actions is specific to the effector used to
produce the sound (Fadiga et al., 2002), and understanding
actions through sound is lateralized to the left hemisphere
(Watkins et al., 2003; Aziz-Zadeh et al., 2004).

Syntax, verbs and action
TMS is not limited to studying production and perception
mechanisms but can also provide fundamental insights to
central aspects of language such as grammar. For instance,
TMS has demonstrated a link between grammatical
processing and left prefrontal cortex, which is in accord
with a number of patient studies (e.g. Zurif et al., 1972;
Shapiro and Caramazza, 2003). Sakai et al. (2002)
investigated whether, and when, Broca’s area was involved
in syntactic processing using a sentence validation task.
Participants viewed sentences and had to identify each as
correct, grammatically incorrect or semantically incorrect.
All sentences used a simple noun phrase–verb phrase
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Fig. 1 Motor excitability during speech perception. (A) Data from stimulation of the left primary motor face area in a single subject when
listening to speech, listening to non-verbal sounds, viewing speech and viewing eye movements. EMG recordings from individual trials are
superimposed and the dotted line indicates the time of stimulation. (B) Average MEP sizes for the same four stimulus conditions with
stimulation to the left face area, right face area and hand area of motor cortex. The x-axis through the 0% level represents the mean MEP
size in the control condition and error bars represent standard error of the mean. Panels A and B are modified and reprinted from
Neuropsychologia, 41, Watkins, K. E., Strafella, A. P. and Paus, T. ‘Seeing and hearing speech excites the motor system involved in speech
production’, pp. 990–2, Copyright (2003), with permission from Elsevier. (C) The relation between regional cerebral blood flow in Broca’s
area and the size of the MEP evoked by single-pulse TMS over the mouth region of primary motor cortex (left panel). On the right, an
activation map showing the anatomical location of the significant positive relationship illustrated in the graph. Reprinted from the Journal of
Cognitive Neuroscience, 16(6), Watkins, K. E. and Paus, T. ‘Modulation of motor excitability during speech perception: The role of Broca’s
area’, pp. 990–2, Copyright (2004), with permission from MIT Press.

(NP–VP) construction, with the VP appearing 200 ms
after the NP. TMS to Broca’s area was delivered 0, 150 or
350 ms after the VP onset. Relative to sham stimulation,
TMS selectively facilitated RTs for syntactic, but not

semantic, decisions and the effect was specific to the 150 ms
time window, which the authors interpreted as strong
evidence that Broca’s area is causally involved in syntactic
processing.

TMS and language
As mentioned earlier, this type of facilitation effect is
somewhat difficult to interpret for two reasons. First, it is
clear that stimulation can lead to reductions in RTs due
to inter-sensory facilitation, which need to be ruled out
carefully (Walsh and Pascual-Leone, 2003). Second, stimulation induces small currents in neural tissue, which are
expected to introduce noise and therefore interfere
with, rather than facilitate, processing. It is theoretically
possible that sub-threshold stimulation could ‘prime’ the
tissue and thereby enhance processing, but there is no clear
physiological evidence to support this hypothesis. Consequently, the fact that Broca’s area stimulation influenced
behaviour in the syntactic but not semantic condition suggests that Broca’s area was involved in syntactic processing.
What was particularly intriguing about this study,
however, was the timing of the TMS effect—150 ms after
the onset of the VP. Electrophysiological studies often report
a waveform called the early left anterior negativity (ELAN),
which is sensitive to syntactic processes and occurs in
roughly that same time window (150–200 ms) (Friederici,
2002). The ELAN effect, however, is generally associated
with morpho-syntactic violations such as disagreement
between a noun and verb form (e.g. ‘he lie’ rather than ‘he
lies’) whereas in Sakai et al.’s (2002) study, the syntactic
violation was a disturbance of verb argument structure (e.g.
‘someone lies snow’). Here, ‘lies’ does not take a direct
object because one cannot ‘lie snow’ and this type of
syntactic violation is more typically associated with an
N400–P600 complex, occurring much later (Friederici and
Kotz, 2003). In other words, there appears to be a timing
mismatch between this TMS study and previous ERP
findings, with TMS revealing effects that occur considerably
before they are seen in ERP. This mismatch may be due to
TMS ‘priming’ the region before it was required for the
syntactic judgements or it may reflect the fact that synchronized neuronal activity necessary to produce an ERP or
MEG signal is delayed relative to the physiological source
(Walsh and Cowey, 2000; Walsh and Pascual-Leone, 2003).
Clearly, systematic comparisons between the neurophysiological measures (electrical and magnetic) of the time course
of information processing will be necessary to determine the
temporal signatures underlying language processes.
The other aspect of grammar that has been investigated
with TMS is that of grammatical class. Both neuropsychological (Caramazza and Hillis, 1991) and electrophysiological studies (Federmeier et al., 2000) suggest that there may
be different neural substrates for processing nouns and
verbs. Cappa et al. (2002) postulated that verb-specificity
may be due to the close relation between verbs and actions
and used TMS to investigate the role of left dorso-lateral
prefrontal cortex (DLPFC) in action naming. A set of
Italian-speaking participants were shown pictures of
common objects and asked to either name the object [e.g.
‘telefono’ (a telephone)] or the associated action [‘telefonare’ (to telephone)]. rTMS of left DLPFC decreased
naming latencies for verbs relative to right DLPFC and sham
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stimulation. In contrast, the latencies for object naming were
unaffected. Based on this condition-specific facilitation
effect, the authors suggested that verbs may be preferentially
impaired by left frontal lesions because damage to DLPFC
affects action observation and representations which are
more tightly linked with verbs than nouns.
The work of Shapiro et al. (2001), however, calls this
interpretation into question. In their study, participants
were asked to inflect nouns and verbs (e.g. ‘song’!‘songs’ or
‘sing’!‘sings’) either before or after 10 min of 1 Hz
stimulation over left DLPFC. RTs were significantly slowed
for verbs, but not nouns. In order to determine whether this
effect was due to the action-related meaning of the verbs, a
second experiment used pseudowords (e.g. ‘flonk’) treated
as either nouns or verbs. Because pseudowords do not
have any associated meaning, the authors reasoned that
TMS would only affect RTs if the region was important
for processing the grammatical class of verbs rather than
words with action-related meanings. Once again, DLPFC
stimulation selectively slowed RTs only in the verb
condition—a finding interpreted as evidence for a neuroanatomical basis for grammatical categories per se rather
than a by-product of the differences in meaning between
nouns and verbs.
Despite the fact that DLPFC stimulation led to facilitation
in one study (Cappa et al., 2002) but inhibition in the other
(Shapiro et al., 2001), the data strongly suggest that left
DLPFC is preferentially important for processing verbs
relative to nouns, although its precise role remains unclear.
It is theoretically possible that a particular portion of left
DLPFC is dedicated to processing the grammatical class
of verbs but this seems unlikely given the wide variety of
non-linguistic tasks that also engage the region (Duncan
and Owen, 2000; Petrides, 2000). In contrast, the relation
between verbs and actions is appealing, if for no other
reason than verbs imply acts via their thematic roles, even
when the action is either unspecified (‘flonks’) or not particularly active (‘sleeps’). That is, ‘he flonks’ suggests someone
(an agent) who is flonking (an action) whereas ‘the flonks’
suggests multiple somethings (no action). Additional evidence for this relation between verbs and actions comes
from studies highlighting functional connections between
language and the motor system.
fMRI has been used to demonstrate somatotopic brain
activation when subjects passively read words that refer to
actions executed by different effectors such as the feet (kick),
hands (pick) and mouth (lick) (Hauk et al., 2004). The
findings suggest a functional link between the meaning of
the words and specific motor centres that would be used to
execute corresponding actions. Buccino et al. (2005) used
TMS to measure this even more directly. In their experiment, MEPs were measured from the hand and foot muscles
while subjects listened to sentences related to hand actions
(e.g. ‘he sewed the skirt’), foot-actions (e.g. ‘he jumped the
rope’) or more abstract actions (e.g. ‘he forgot the date’).
MEPs recorded from hand muscles were significantly
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modulated by sentences referring to hand actions but not
foot or abstract actions. Similarly, sentences with foot, but
not hand or abstract actions modulated MEP responses in
the foot muscle. In other words, the size of the MEP in each
effector muscle was only affected when listening to sentences
containing actions related to that effector. A similar study by
Pulvermüller et al. (2005) showed that single-pulse TMS
over the arm or leg motor cortex in the left hemisphere
led to faster RTs on lexical decisions for actions related to
arms (e.g. ‘folding’) and legs (e.g. ‘stepping’), respectively.
This selective speed-up may have been due to sub-threshold
stimulation (i.e. below that necessary to evoke an MEP)
‘priming’ subjects, perhaps by partially activating the
representation of actions related to the specific effector
being stimulated.
Although none of these studies specifically investigated
verbs, their results nonetheless provide additional evidence
for the close relation between verbs and actions by demonstrating a functional link between the meaning of individual
verbs and regionally specific enhanced excitability of the
motor cortex. As mentioned previously, stimulation of left
dorso-lateral prefrontal cortex (DLPFC) preferentially affected verbs relative to nouns (Shapiro et al., 2001; Cappa et al.,
2002). This may indicate that the functional link with hand
or leg regions of motor cortex is mediated via DLPFC in
much the same way the ventrolateral prefrontal cortex
mediates the link between perceiving speech and the mouth
region of motor cortex (Watkins and Paus, 2004).

Functional anatomy of Broca’s area
Another area where TMS has provided novel insights
concerns the functional organization of Broca’s area.
Although traditionally associated with both speech production and syntactic processing, Broca’s area is part of a larger
region that plays an important role in processing meaning,
sounds and syntax as well as many non-linguistic functions
(Zurif et al., 1972; Levy and Anderson, 2002; Hagoort et al.,
2004). Functional imaging studies have suggested that within
the LIFG, the site of Broca’s area, there is a rostro-caudal
division of labour for semantic and phonological processing
that was not apparent from previous neuropsychological
studies (Buckner et al., 1995; Fiez, 1997). This claim has
received considerable support from recent TMS studies that
not only confirm this division of labour, but also clarify
the specific regional contributions to semantic and phonological processing. Devlin et al. (2003) investigated whether
stimulation of rostral LIFG interfered with a simple semantic
decision such as deciding whether a visually presented word
referred to man-made (e.g. ‘kennel’) or natural object (e.g.
‘dog’). Relative to no stimulation, TMS significantly increased RTs in the semantic task, but not when participants
focused on visual properties of the presented words.
Similarly, Kohler et al. (2004) used fMRI-guided rTMS to
stimulate rostral LIFG and showed that semantic decisions
were significantly slowed, consistent with the claim that
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rostral LIFG is necessary for semantic processing. The other
half of this division of labour was investigated by Nixon et al.
(2004) who examined whether stimulation of caudal LIFG
interfered with a phonological working memory task.
Participants saw a word on a computer screen (e.g. ‘knees’)
and then held it in memory during a 1–2 s delay before
deciding whether it sounded the same as a subsequently
presented non-word (e.g. ‘neaze’). rTMS during the delay
period selectively increased the error rate during the
phonological task, but not of a comparable visual working
memory task. Aziz-Zadeh et al. (2005) also included a
phonological task in their study of speech arrest by
investigating ‘covert speech arrest’, which was measured by
participants silently reading a visually presented word and
counting its syllables. Once again, rTMS over caudal LIFG
increased RTs relative to unstimulated trials, consistent with
a role in phonological processing. Taken together these
studies significantly extend the previous neuroimaging
results by demonstrating that rostral LIFG is necessary for
semantic processing while caudal LIFG is necessary for
phonological processing.
A number of functional imaging studies, however, have
shown that phonological and semantic tasks commonly
engage both rostral and caudal LIFG (Barde and ThompsonSchill, 2002; Gold and Buckner, 2002; Devlin et al., 2003)
raising the possibility that both regions are necessary for both
types of processing. In other words, LIFG may act as a single
functional region that is required for semantic and
phonological processing with regional shifts in the peak
activation, or there may be sub-regions within LIFG
specialized for semantic and phonological processing but coactivated due to incidental processing (Raichle et al., 1994;
Price et al., 1996). The TMS results do not distinguish between
these possibilities as each of the single dissociations would be
predicted by both accounts. Consequently, Gough et al. (2005)
designed a TMS experiment to test for a double dissociation
between semantic and phonological processing in LIFG.
Participants saw two letter strings presented simultaneously
on a computer screen and had to decide whether they meant
the same (e.g. ‘idea-notion’), sounded the same (e.g., ‘noseknows’), or looked the same (e.g. ‘fwtsp-fwtsp’). Relative to no
stimulation, TMS of rostral LIFG selectively increased
response latencies when participants focused on the meaning
of simultaneously presented words (i.e. semantics) but not
when they focused on the sound pattern of the words (i.e.
phonology). In contrast, the opposite dissociation was
observed with stimulation of caudal LIFG, where stimulation
selectively interfered with the phonological, but not semantic,
task (Fig. 2). Neither site of stimulation affected the RTs in the
visual control task. In other words, the authors demonstrated a
functional double dissociation for semantic and phonological
processing within LIFG in sites separated by <3 cm. Although
this double dissociation was first suggested by functional
imaging, it required the spatial precision of TMS to
independently disrupt the regions and clarify their distinct
contributions to word processing.
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Fig. 2 Effects of stimulation on rostral and caudal LIFG. (A) The bar plots show the mean normalized TMS effects as per cent change in RTs
from the non-TMS baseline during synonym judgements (left), homophone judgements (middle) and visual matching (right). Error bars
indicate the standard error of the mean and significant differences are indicated with an * (P < 0.05). (B) The bottom panel shows the
location of stimulation sites for four participants on their mean structural image with rostral locations marked with crosses and caudal
locations marked with circles. Next to it is a 3D rendering with the stimulation sites shown as ovals representing the spatial 85% confidence
interval. Stimulation sites were on average 2.5 cm apart on the cortical surface. From Gough et al. (2005), copyright 2005 by the Society for
Neuroscience.

TMS and aphasia
Finally, TMS has been particularly beneficial in evaluating
the neural mechanisms of compensation following aphasic
brain injury. Questions of central importance to both
cognitive and clinical neuroscience include ‘What are the
mechanisms that support recovery following damage?’ and
‘Can these be enhanced to improve outcomes?’ In both
cases, TMS is providing new insights.
It is often assumed that following left hemisphere
damage, homologue areas in the right hemisphere are
recruited to (at least partially) take over lost functions. For
instance, Coltheart (1980) suggested that following extensive left hemisphere lesions, the right hemisphere is capable
of supporting partial reading ability primarily limited to high
frequency, concrete nouns (e.g. ‘apple’ but not ‘cognition’).
Functional imaging studies confirm that such patients
activate their right hemisphere when reading, but the activation is also present in neurologically normal control subjects

(Price et al., 1998). To explore whether right hemisphere
involvement in reading was qualitatively different between
‘right hemisphere readers’ and controls, Coslett and
Monsul (1994) delivered a single TMS pulse to the right
temporo-parietal junction at 145 ms after the onset of a visual
word. In the patient but not in controls, this significantly
reduced the number of correctly read words from 17/24
without TMS to 5/24 with TMS. Such a dramatic effect on
accuracy using single-pulse stimulation is rare, if not unique,
and suggests that reading processes in this patient were
particularly fragile. Moreover, the pattern of errors induced
by TMS was an exaggeration of normal difficulty effects (i.e.
more errors for low than for high frequency items)—exactly
opposite to what one would expect for ‘right hemisphere
reading’. If the right hemisphere selectively supports highly
frequent, concrete items, then stimulation of this hemisphere should preferentially impair those items. In contrast,
right hemisphere stimulation affected low frequency items to
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a greater extent. So while the findings do not support the
right hemisphere reading hypothesis, they do provide clear
evidence that in this patient, reading relied on the right
temporo-parietal junction to a greater extent than in
normals.
Other studies have investigated the role of the right
inferior frontal gyrus (RIFG) in patients recovering from
either left hemisphere strokes (Winhuisen et al., 2005) or
brain tumours (Thiel et al., 2005) using a combination of
PET and TMS. In both cases, PET was used to identify
activation in the left and right inferior frontal gyri for each
subject as they performed either a verb–picture matching or
a word generation task. The activations were then used to
individually target TMS to the site of activated tissue in each
hemisphere. In one study, all eleven stroke patients showed
LIFG activation and stimulating this region increased latencies or errors in 10/11 patients (Winhuisen et al., 2005). Five
of eleven patients showed stronger activation in RIFG than
LIFG and of these, four had longer response latencies with
RIFG stimulation. In the other study, all 14 of the tumour
patients showed LIFG activation with 7/14 also showing
RIFG activation (Thiel et al., 2005). Once again, a majority
of patients (11/14) showed latency increases with LIFG
stimulation while the five patients with the most rightward
activation asymmetry also showed a latency increase with
RIFG stimulation. Taken together these findings demonstrate that in most patients, LIFG remains essential for word
generation tasks even after left hemisphere damage. Moreover, in a subset of patients RIFG is also essential, but only
in those showing the strongest rightward asymmetries.
Why do only some patients show evidence of compensatory right hemisphere involvement? One possibility is that
this reflects differences in pre-morbid language organization.
To investigate this, Knecht et al. (2002) first identified a set
of neurologically normal participants who varied in their
degree of language lateralization. Functional transcranial
Doppler sonography was used to measure hemispheric
perfusion increases during a word generation task across a
large sample of the population (Knecht et al., 2000) and then
20 subjects were selected who covered the full range of
hemispheric dominance from strongly left to strongly right
lateralized. Each performed a picture-word verification task
before and after 10 min of 1 Hz stimulation over either left
or right Wernicke’s area. Participants with left, but not right,
language dominance were significantly slowed by left hemisphere stimulation while the opposite pattern was observed
for right hemisphere stimulation. In addition, the amount
of interference correlated with the degree of language
lateralization—in other words, strongly lateralized subjects
were more severely affected by unilateral TMS than those
with more bilateral language organization. Pre-morbid differences, therefore, render the right hemisphere more or less
receptive for language before any re-organization takes place
and may play an important role in determining the likelihood of right hemisphere compensation following leftsided damage. In addition, these findings provide strong
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evidence for the hypothesis that crossed aphasia—that is,
aphasia resulting from purely right hemisphere lesions—is a
result of atypical pre-morbid organization.
Finally, among the most intriguing patient studies are
those in which TMS is used to actually enhance recovery. In
such studies, longer-term effects are induced by stimulation
sessions repeated daily for over a week and sometimes for
several weeks. Hoffman et al. (1999), for example, hypothesized that auditory hallucinations are due to over-activation
in auditory cortex and used a 4 day schedule of 1 Hz
stimulation over left auditory association cortex to suppress
activity in the region. After treatment, all three patients
reported reduced auditory hallucinations and in two of the
patients, the effect lasted for 2+ weeks. A similar approach
was adopted in a series of studies by Naeser, Martin and
colleagues (Martin et al., 2004; Naeser et al., 2005a, b) who
investigated whether rTMS could be used to improve recovery in chronic non-fluent aphasics. In such patients, strong
right hemisphere activation is often observed, even in the
absence of behavioural improvements (Naeser et al., 2004).
In order to reduce this potentially maladaptive right hemisphere activation, 10 min of 1 Hz rTMS was delivered to
each of four different right hemisphere perisylvian sites
including rostral RIFG, caudal RIFG, posterior superior
temporal gyrus, and the mouth area of primary motor
cortex in six non-fluent patients. Only following rostral
RIFG stimulation were the patients able to correctly name
more pictures than before TMS (Martin et al., 2004). Consequently, this region was targeted for 20 min each day with a
10 day regime of 1 Hz rTMS in four of the patients to
determine whether a lasting facilitation could be achieved
(Naeser et al., 2005b). Immediately following the final rTMS
session, picture naming performance was significantly enhanced in each patient but the critical finding was that these
effects were still present 2 months later without any additional TMS sessions or intervening speech therapy (Fig. 3A,
Naeser et al., 2005b). One patient was seen again 8 months
after TMS treatment and her performance remained stable at
a level significantly better than before treatment (Fig. 3B,
Naeser et al., 2005a). Admittedly these are preliminary
findings based on only a small set of patients (n = 4) and no
control groups. The results are nonetheless remarkable in
that they demonstrate a very long lasting effect of TMS—far
beyond transient first-order effects of stimulation. Presumably TMS modulated activity throughout the language
system via cortico-cortico spreading (Ilmoniemi et al., 1997;
Paus et al., 1997), and this activity was sufficient to promote
plastic changes (i.e. re-organization) that improved performance. Although speculative, the underlying mechanism is
similar to Ramachandran et al.’s (1995) explanation for why
visual perception of limb movements can help patients
recover from phantom-limb syndrome. In that case, the
induced sensori-motor plasticity was driven by an endogenous top-down signal due to the illusion of moving the
phantom arm, whereas in the aphasic patients, TMS was an
exogenous source of input driving the plasticity. Regardless
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Fig. 3 Effects of rTMS treatment on aphasic patients. (A) Picture naming accuracies and response times for four patients (P1–4)
shown before (white bars) and after (black bars) 10 sessions of rTMS to RIFG. Reprinted from Brain and Language, 93, Naeser et al.,
‘Improved picture naming in chronic aphasia after TMS to part of right Broca’s area: an open-protocol study,’ p. 101, Copyright (2005),
with permission from Elsevier. (B) The white triangle indicates the site of RIFG stimulation in a single patient who was followed up two
and eight months post-TMS treatment. The bar plots show her picture naming accuracy improving after treatment. From Neurocase,
‘Improved naming after TMS treatments in a chronic, global aphasia patient—case report’, (2005a), by kind permission of Psychology
Press, www.psypress.co.uk/journals.asp, 2006.

of the mechanism, the results are encouraging. If these
findings can be independently replicated and shown to rely
on a controlled regimen of TMS ‘treatments’ then rTMS
might become an important part of rehabilitative therapy to
improve recovery, at least in some aphasic patients.
In summary, TMS studies of patients challenge the notion
that homologous regions assume lost language functions
following left hemisphere lesions—at the very least, the story
is considerably more complicated. For one thing, TMS

confirms the importance of residual left hemisphere function
(Thiel et al., 2005; Winhuisen et al., 2005), as suggested
by previous functional imaging studies (Karbe et al., 1998;
Musso et al., 1999; Warburton et al., 1999). In fact, left
hemisphere stimulation interfered with performance more
consistently than right hemisphere stimulation, which only
affected the subset of patients with the strongest rightward
asymmetries. The reason for these asymmetries remains
unclear, but one factor likely to play a role is pre-morbid
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language organization (Knecht et al., 2002). Another complicating finding is that in some cases, right hemisphere
stimulation interfered with performance (Coslett and
Monsul, 1994; Thiel et al., 2005; Winhuisen et al., 2005)
while in others, it improved performance (Martin et al.,
2004; Naeser et al., 2005a, b). There are, of course,
significant differences between the studies including the
types of patients and the type of TMS; nonetheless, the
findings demonstrate that one cannot draw a simple conclusion regarding right hemisphere involvement in recovery.
Understanding these differences poses a major challenge for
cognitive neuroscience and may require adopting more
sophisticated models of recovery that move beyond the
simple notions of ‘homologous transfer of function’ and
‘necessary and sufficient’ brain regions (Price and Friston,
2002; Friston and Price, 2003).

Summary and future directions
After 15 years of language research using TMS, the field is
still in its infancy but even so several important themes have
begun to emerge. When used in its virtual lesion mode, TMS
offers the spatio-temporal accuracy to complement the
information from imaging and patient studies, making TMS
an essential tool for studying language at both the cognitive
and neural levels. Such studies have helped to clarify the role
of the different regions of LIFG in semantic and phonological processing (Gough et al., 2005), to illustrate the
critical relationship between pre-morbid language organization and susceptibility to unilateral lesions (Knecht et al.,
2002), and to demonstrate that left hemisphere activation
in aphasic patients is more consistently critical for performance than right hemisphere activation (Thiel et al., 2005;
Winhuisen et al., 2005). When TMS is used as a measure of
functional connectivity, it demonstrates a close link between
action words and motor programmes (Pulvermuller et al.,
2005); it suggests a potential evolutionary link between hand
gestures and language (Meister et al., 2003); and demonstrates that speech perception potentiates the specific parts
of the motor system engaged to produce equivalent movements (Fadiga et al., 2002; Watkins et al., 2003; Watkins and
Paus, 2004). TMS even offers the potential for enhancing
recovery processes and aiding rehabilitation (Martin et al.,
2004; Naeser et al., 2005b).
Recent developments in TMS methodology offer even
greater opportunities, particularly for investigating cortical
connectivity, and suggest that the application of these tools
could help to trace the neural circuitry underlying human
language processing. The combination of TMS and other
imaging modalities such as PET, fMRI and EEG/MEG offers
the potential to identify both functional and anatomical
connectivity (e.g. Fox et al., 1997; Ilmoniemi et al., 1997;
Paus et al., 1997; Ruff et al., 2006), to investigate the neural
mechanisms underlying TMS effects (Bohning et al., 2000),
and to probe the time course of modulatory TMS
effects (Komssi and Kahkonen, 2006). Similarly, multifocal
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stimulation can be used to explore both functional
connectivity (e.g. Munchau et al., 2002) and the specific
mechanisms of recovery (Price and Friston, 2002). Over the
next 15 years, the field seems poised to expand enormously
in virtually all areas of language research, building on the
early successes and developing novel methods capable of
answering an even wider range of questions.
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