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Abstract We compared the effect on reaction times of
transient interference with function of the dorsal pre-
motor cortex (PMd) using a pair (25-ms interval) of
transcranial magnetic stimulation (TMS) pulses with
long-term interference produced by a new repetitive
TMS paradigm known as ‘‘theta burst stimulation’’
(TBS). Pairs of TMS pulses over left PMd increased
choice but not simple reaction times of the right hand if
given at the onset of the reaction interval. There was no
effect of stimulation over right PMd or at a midline
parietal control site (Pz). In contrast, TBS over either
left or right PMd increased choice RTs of both hands for
at least 5–10 min after the end of TBS. Pairs of TMS
pulses over left PMd also increased error rates whereas
TBS had no effect on error rates despite the effect on
RTs. We suggest that TBS leads to widespread changes
in activity and more complex effects on behaviour than
expected from the paired pulse TMS and conclude that
transient and long-term forms of interference with
function may influence behavioural tasks in subtly dif-
ferent ways.
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Introduction

The term ‘‘virtual lesion’’ was introduced by Walsh and
Cowey (2000) to describe the temporary interruption of
processing that occurs during and after transcranial
magnetic stimulation (TMS) of the human brain. In
recent years, the technique has been used in two different
ways. In the first, a small number of pulses (usually 1–4
pulses) at high frequency (10–50 Hz) have been used to
disrupt function for a brief period (approx 50–200 ms)
(Day et al. 1989; Priori et al. 1993; Terao et al. 2001;
Oliveri et al. 2003). The second method has used repet-
itive TMS (rTMS) which leads to longer term changes in
the underlying cortex that outlast the period of stimu-
lation for several minutes or even hours depending on
the parameters of stimulation (Pascual-Leone et al.
1994; Enomoto et al. 2001; Huang et al. 2005). The
advantage of the first method is that it can be used to ask
questions about when a particular area of brain is active
in a task. If the TMS pulse is given to an area of cortex
that is active at the time and is processing information
relevant to the task, then performance will decline.
However, a disadvantage of this design is that the TMS
pulse causes a noise and a sensation on the scalp that can
itself interfere with the subjects’ attention and indirectly
influence the task. Although such effects can be con-
trolled for by additional experiments, some authors have
instead used the longer lasting disruption caused by
rTMS. The advantage of this is that the effects on pro-
cessing outlast the stimulation so that the task can be
performed in the absence of TMS. The disadvantage is
that the timing element is lost.

Although both techniques have been used success-
fully, there has never been any comparison between
their effects; indeed the assumption has been that they
are approximately equal. However, this may not be
the case. As the effects of rTMS last for a consider-
able period there is plenty of time available for other
areas of the brain to react to, or be influenced by, the
disruption. It is also possible that repetitive stimula-
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tion will more readily produce activity in complex
circuits than a single pulse (Kobayashi and Pascual-
Leone 2003). Indeed, functional imaging studies have
already shown that rTMS leads to widespread changes
in patterns of neural activity at the site of stimulation
as well as in connected sites at a distance (Chouinard
et al. 2003).

In the present study we have compared the effect of
short- and long-lasting ‘‘virtual lesions’’ of the dorsal
premotor cortex (PMd) in a choice reaction time task.
The experiments were based on the original observa-
tions of Schluter et al. (1998, 1999) who used TMS
over PMd to investigate its role in selection of
movements in a choice reaction time (RT) task. Their
data suggested that during the first 100–200 ms after
presentation of the choice signal, stimulation over the
left PMd had a bilateral influence on choice RTs of
either hand, whereas activity in right PMd only had a
small effect on RTs of the left hand. Schluter et al.
(1998, 1999) used a single high-intensity TMS pulse to
interrupt function in PMd. However, we found that
this often produced a twitch in contralateral hand
muscles, presumably because of spread of the stimulus
to the adjacent motor cortex, which made interpreta-
tion of the results difficult. To circumvent this, in the
present experiments we used two smaller pulses of
lower intensity over PMd and compared the effect on
response accuracy and RTs with that seen after
applying a new rTMS protocol termed ‘‘theta burst
stimulation’’ (TBS), which has an effect on cortical
excitability that outlasts the stimulation for 30 min
(Huang et al. 2005).

Methods

Subjects

Twelve healthy volunteers (four women and eight men;
21–49 years old) participated in this study. All subjects
were right handed based on the Edinburgh Handedness
Inventory (Oldfield 1971) and they all gave written in-
formed consent for the study. The experimental proce-
dures used were approved by the local Ethics Committee
and were carried out in accordance to the Declaration of
Helsinki.

RT recording

Electromyographic (EMG) recordings were recorded
bilaterally from the first dorsal interosseous (FDI)
muscles using 9-mm diameter, Ag–AgCl surface cup
electrodes. The active electrode was placed over the
muscle belly and the reference electrode over the meta-
carpophalangeal joint of the index finger. Responses
were amplified with a Digitimer D360 amplifier (Digiti-
mer Ltd, Welwyn Garden City, Hertfordshire, UK)
through filters set at 20 Hz and 2 kHz with a sampling

rate of 5 kHz, then recorded by a computer using
SIGNAL software (Cambridge Electronic Devices,
Cambridge, UK). We analysed the onset latency of
EMG in each trial.

TMS

Two Magstim 200 machines or one Magstim Super
Rapid Package (Magstim Co., Whitland, Dyfed, UK)
and a small custom-made figure-of-eight-shaped coil
(mean diameter 5 cm) were used for the experiments.

The TMS was delivered to one of the three different
locations, right or left PMd was regarded as active
location; Pz of the international 10–20 system was used
as a control site. In all cases, the coil was oriented to
induce anteriorly directed current in the brain. First we
defined the hand motor area of M1, where stimulation
evoked the largest MEP from the contralateral FDI
muscle. PMd was defined as being 2.5 cm anterior and
1 cm medial site to that point as recommended in pre-
vious reports (Fink et al. 1997; Picard and Strick 2001;
Mochizuki et al. 2004). The stimulus intensity was ad-
justed to be 120% of resting motor threshold (RMT) for
the double pulse experiments or 80% of active motor
threshold (AMT) for the rTMS experiments. In some
subjects, if TMS over PMd at an intensity of 120%
RMT evoked small MEPs in the contralateral FDI
muscle, we changed the angle of the coil by 10–30� until
the MEP was no longer present. We defined RMT as the
lowest intensity that evoked five small responses (about
50 lV) in the contralateral FDI muscle in a series of ten
stimuli when the subject kept the FDI muscles relaxed in
both hands. AMT was the lowest intensity that evoked
five small responses (about 200 lV) in a series of 10
stimulations when the subject made a 5% maximal
voluntary contraction.

Task (summarised in Fig. 1)

This study involved three experiments. The first experi-
ment examined paired pulse TMS effects in a simple
reaction task, the second examined paired pulse TMS
effects in a choice reaction task and the third one
examined the after effects of TBS in a choice reaction
task. During all the experiments, subjects sat relaxed in a
comfortable chair holding a 4 cm-diameter block on the
table between the thumb and the forefinger of each hand
with the FDI muscles relaxed (without any EMG
activity). The task consisted of a rapid isometric squeeze
of the block as soon as possible after an auditory reac-
tion signal given via a loudspeaker. At the start of each
block of trials, the high and low tones were assigned
randomly to indicate that subjects had to react with the
right or left hand; these instructions were counterbal-
anced within and across subjects and were written on a
paper that was left in front of the subjects throughout
each session (‘‘high-right, low-left’’ or ‘‘low-right, high-
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left’’). The order of different experimental blocks was
counterbalanced across subjects. Before each test ses-
sion, at least ten practice trials were given until at least
five continuous RTs were within 150% of mean RT.

Experiment 1: simple (fully pre-cued) RT with paired
pulse TMS (Fig. 1a)

Ten subjects [three women and seven men; 33±8 years
old (mean ± SD)] participated in this experiment. In
each trial, subjects first heard a high (1,000 Hz, 80 ms)
or a low (100 Hz, 80 ms) frequency warning tone (ran-
domly presented) that indicated which hand was to be
used to react in that trial according to the instructions
printed on the paper before them. Randomly, from 1 to
3 s later, a GO sound (500 Hz, 40 ms) signalled subjects
to contract the hand as quickly as possible. The inter-
trial interval was 6 s.

Pairs of TMS pulses at an intensity of 120% RMT
were given with an interstimulus interval of 25 ms.
The first stimulus of the pair was delivered at �150 or
�50 ms before or 50 ms after the onset of the GO
sound. A block of trials consisted of eight conditions

(one control without TMS and three different timings
of TMS for right and left FDI muscles) with each
condition repeated 10–20 times (i.e. a total of 80–160
trials). In addition we included about 15% random
catch trials in which TMS was applied but no GO
sound was given. These ensured that subjects reacted
to the GO sound rather than the TMS pulses. If the
subject inadvertently responded in any of the catch
trials, all the responses between the previous and next
catch trials were discarded. TMS was applied at only
one location in each block: over either the left or right
PMd (at 120% RMT) or over Pz (control site, at
130% RMT to give a similar scalp sensation).

Experiment 2: choice RT and paired pulse TMS
(Fig. 1b)

Ten subjects (three women and seven men; 32±8 years
old) participated in this experiment. Each trial began
with an auditory warning (500 Hz, 40 ms). The reaction
signal was given randomly 1–3 s later and consisted of
either a high (1,000 Hz, 80 ms) or low (100 Hz, 80 ms)
frequency tone pulse that indicated which hand to con-

Fig. 1 Experimental paradigms
in this study. Experiment 1:
first, subjects heard a selective
sound (high or low sound) and
prepared to contract right or
left FDI muscle. Randomly,
from 1 to 3 s later, subjects
heard GO sound and must
contract it as quickly as
possible. Experiment 2: first,
subjects heard a short warning
sound. Randomly, from 1 to 3 s
later, subjects heard high or low
sound and would contract right
or left FDI muscle as quickly as
possible. Experiment 3: choice
reaction task is same as
experiment 2. Two sessions
were recorded before (for
baseline) and then 5 and 20 min
after applying theta burst TMS
(TBS)
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tract according to the instructions written on the paper
in front of the subjects. The inter-trial interval was 6 s.

The first of the pair of TMS pulses was given over
right or left PMd at 100, 150, 200 or 250 ms after the
onset of the reaction signal. We did not apply TMS at 0
and 50 ms because this caused some subjects to confuse
the frequency of the reaction tone. In two subjects whose
expected RT was more than 340 ms, TMS pulses were
also applied at 300 ms. As in experiment 1, the control
site was Pz. Each block of trials had 10 or 12 conditions
(one control without TMS and four or five different
timings of TMS for right and left FDI muscles) repeated
10–20 times.

For the purposes of analysis the data were re-
grouped according to the interval between the onset of
the TMS pulses and the mean RT in the control
condition without TMS (control RT). Thus, if the
subjects had a control RT of 300 ms, TMS pulses at
200 ms after the reaction signal occurred 100 ms be-
fore the expected time of reaction (i.e. �100 ms). Fi-
nally, these adjusted TMS timings were binned into
50 ms-bins (the �50 ms bin contained timings from
�40 to �89 ms; �100 ms from �90 to �139 ms; �150
from �140 to �189 ms).

Experiment 3: TBS and choice RT (Fig. 1c)

Nine subjects (two women and seven men; 33±8 years
old) participated in this experiment. The task was the
same as in experiment 2. However, in this case, no TMS
was given during the reaction session. Instead, RTs were
measured before and then 5 min and 20 min after
applying theta burst TMS over PMd at an intensity of
80% AMT. Theta burst TMS consisted of a three-pulse
burst at 50 Hz repeated every 200 ms for 20 s (equiva-
lent to ‘‘continuous theta burst stimulation, cTBS’’ in
Huang et al. 2005). In each case, choice RTs were
measured in two blocks of trials. In one of them (at
random), the high tone indicated movement of the right
hand whereas in the other it indicated movement of the
left hand, and vice versa for the low tone. Each block
consisted of 10–15 trials of each of the two conditions.
TBS was applied over the Pz control site using 90%
AMT. Each TBS experiment was performed on separate
days.

Data analysis

First, comparisons of control simple or choice RT were
performed with two factor analysis of variance (ANO-
VA) (main factors of high- or low-frequency TONE and
left or right HAND) using the ratio (RT of each con-
dition)/(mean RT of four conditions) in order to nor-
malise data from each subject (and reduce intersubject
variability). Next, all RTs with TMS were normalised to
the control RT (experiments 1 and 2) or baseline before
TBS (experiment 3) and expressed as a percentage
change. In these experiments a three factor ANOVA
(main factors of TMS site [left/right PMd and Pz (con-
trol)], left/right HAND, and TIME) was used to assess
the effects on RT and a two factor ANOVA (main fac-
tors of TMS site and TIME) was used for accuracy
measures. If an ANOVA showed significant main ef-
fects, we performed post hoc analyses with Scheffe’s
method. The statistical significance was set at P=0.05.

Results

No subject noted any adverse effect during or after the
experiments.

Comparison of control simple and choice RTs

Table 1 summarises the control RTs in the simple and
choice reaction time tasks for the left and right hands
and for the high and low reaction tones. As expected, the
simple RTs were shorter than the choice RTs (global
mean RTs: simple, 186±47 ms; choice, 266±42 ms).
Interestingly, the right hand RTs were slightly faster
than the left RTs in the choice but not the simple reac-
tion task (two factor ANOVA on choice RT with
HAND and TONE as main factors: main effect of
HAND (F(1,32)=18.7, P<0.001)).

Simple RT with pairs of TMS pulses over left or right
PMd or Pz

The results of experiment 1 are shown in Fig. 2. A three
factor ANOVA with HAND (right, left), TIME and

Table 1 Comparison of simple and choice RTs

HAND Right Left Two factor ANOVA (with factors of HAND and TONE)

TONE High Low High Low HAND TONE Interaction

F P F P F P

Simple RT (ms) 185±50 184±40 189±45 188±55 1.3 0.27 0.1 0.75 0.2 0.63
Choice RT (ms) 257±46 263±43 275±38 269±43 18.7 <0.001 0.01 0.93 2.4 0.13

Values represent mean ± SD. RT, reaction time
The values of simple RT are obtained from the results of experiment 1, and those of choice RT are from the results of experiments 2 and 3
Two factor ANOVA was performed with the RT ratio value (RT of each condition/mean RT of four conditions) of each subject
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SITE (of TMS pulses) showed an effect of TIME but no
other significant main or interaction effects (TIME,
F(2,162)=7.45, P=0.001). Post hoc analysis showed
that the RT at �50 ms was significantly longer than that
at 50 ms (P=0.001). The accuracies of all sessions were
almost 100% (always more than 97%; not illustrated).

Choice RT with pairs of TMS pulses over left or right
PMd or Pz

Results of one session of a subject when TMS were
applied over left PMd are shown in Fig.3. In this subject
since the average control RT was 306 ms on the right
and 326 ms on the left, a TMS pulse that occurred
250 ms after the reaction tone was regarded as being
�50 ms before the expected time of reaction etc. (see
Methods). The RTs of right hand with TMS at �50 and
�100 ms were delayed by more than 10% of the control
RT (Fig. 3a). There was no obvious change in the dis-
tribution of the reaction times even though TMS at
200 ms prolonged mean RT by about 50 ms. The RTs of
the left hand in trials with TMS were slightly shorter
than control RT without TMS (Fig. 3b).

The results of experiment 2 are shown for all subjects
in Fig. 4. A three factor ANOVA revealed two signifi-
cant interaction terms involving TMS·HAND
(F(2,162)=3.96, P=0.02) and TMS·TIME
(F(4,162)=2.60, P=0.04). In order to investigate these

in further detail we performed separate two factor
ANOVAs on the data from each HAND separately.
These showed a significant TIME·TMS interaction for
the right HAND (F(4,81)=2.44, P=0.05) which was
due to the fact that stimulation over left PM cortex in-
creased RT at �100 ms. The ANOVA on the data from
the left HAND showed only a main effect of TIME but
no interactions. The latter was due to the gradual de-
crease of choice RTs at longer intervals when compared
with control RTs (Fig. 4b). Note also that the RTs of
the Pz control site tended to be shorter than control
(under 0%) at all time points: we presume this was
caused by the phenomenon of intersensory facilitation
(Nickerson 1973; Terao et al. 1997) due to the sound
and sensation of the TMS coil on the head.

Two factor ANOVA for performance accuracy
(Fig. 4c) showed only a significant main effect of TMS
site (TMS, F(2,108)=4.30, P=0.02). Post hoc analyses
showed that the accuracy of TMS over left PMd was
lower than that observed after TMS over right PMd
(P=0.04) or Pz stimulation (P=0.04).

Choice RT before and after TBS over left or right PMd
or Pz

The results of experiment 3 are shown in Fig. 5. The
only significant interaction term in the three factor

Fig. 2 Paired pulse TMS effects on simple reaction time (RT) in
right (a) or left (b) FDI muscle. There was no significant TMS site
effect, but RT at �50 ms was significantly longer than that at
50 ms. Error bars indicate standard errors

Fig. 3 The distributions of choice reaction time (RT) of a subject
when TMS was applied over left PMd. In right FDI muscle
reaction (a), RTs with TMS at 200 and 250 ms were delayed more
than 10% from control RT. In left FDI muscle reaction (b), there
were no delay effects. Filled triangles indicate average values. Five
vertical lines of each row indicate 10, 25, 50, 75 and 90% value of
RT data. So, each box indicates 50% of RT data (from 25 to 75%)
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ANOVA involved TMS·TIME (F(4,144)=9.86,
P<0.001). There were no interactions or a main effect
involving HAND, indicating that the reaction times in
both hands were affected similarly. In a subsequent
analysis we therefore averaged the data from both hands
for a two factor ANOVA that revealed a highly sig-
nificant TMS·TIME interaction (F(4,72)=10.35,
P<0.001). Post hoc analyses showed that TBS over
right and left PMds had larger delaying effects on RT
than stimulation over the Pz control site at 5 min after
TBS (right PMd, P<0.001; left PMd, P<0.001), and
that the effect of TBS over left PMd was larger than that
over right PMd (P=0.02). Two factor ANOVA for
performance accuracy (Fig. 5c) showed no significant
main effects or interactions.

Discussion

The results show that RTs in a choice reaction task are
affected less by a short-lasting ‘‘virtual lesion’’ over PMd
with a pair of TMS pulses than they are during the long-
lasting ‘‘virtual lesion’’ produced by theta burst condi-
tioning. The short-lasting pair of TMS pulses increased
RTs in the right hand if given over the left PMd during
the reaction period of the choice task, but there was no
effect if the pulses were given over the right PMd. In
contrast, TBS of either hemisphere led to significant
increases in RT of both hands that lasted for at least 5–
10 min after the end of stimulation. The effect of TBS
over left PMd was marginally larger than the effect of
TBS over right PMd. The conclusion is that the two
types of ‘‘virtual lesion’’ approach do not necessarily
lead to similar conclusions about function. We speculate
that it may be possible to generalise these conclusions
into other situations. That is, long-lasting effects pro-
duced by repetitive TMS paradigms (such as the TBS
paradigm) are likely to lead to more widespread effects

Fig. 4 Paired pulse TMS effects on choice reaction time (RT) in
right (a) or left (b) FDI muscle and accuracy (c). When TMS was
delivered to left PMd, there were significant RT delays in right FDI
muscle than those of the others. The accuracy of TMS over left
PMd was lower than that observed after TMS over right PMd or
stimulation over the Pz control site. Error bars indicate standard
errors

Fig. 5 Theta burst TMS (TBS) effects on choice reaction time (RT)
in right (a) or left (b) FDI muscle and accuracy (c). TBS over right
and left PMds increased choice RT significantly more than Pz
stimulation at 5 min after TBS; the effect of left PMd was greater
than that of right side. There were no significant main effects of
TMS or TIME on accuracy. Error bars indicate standard errors
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on function than the short-lasting interference produced
by a smaller number of pulses given during a reaction
period. As we argue below, neither effect should be re-
garded as superior.

Comparison of the effect of a transient ‘‘virtual lesion’’
with previous results

Although our experimental paradigm was based on
that of Schluter et al. (1998), it differed in that
movement choices were indicated by the frequency of
an auditory signal rather than by a visual cue. How-
ever, both types of cue are known to evoke activity in
the PMd in a conditional motor task in monkeys
(Vaadia et al. 1986) or in human beings (Iacoboni
et al. 1998), so that they can both be considered as
reasonable tests of premotor involvement in movement
preparation. We also used a pair of smaller intensity
TMS pulses rather than a single large pulse to inter-
fere with function. This had the advantage that it re-
duced stimulus spread to motor cortex and never
evoked any muscle twitches during the experiments in
any subject that might have interfered with the inter-
pretation of the data. Despite these differences, our
results were consistent with the hypothesis of Schluter
et al. (1998, 1999) that the left PMd plays a greater
part in selecting movements in a choice RT involving
either hand than the right PMd. In addition we con-
firmed that stimulation over PMd had no effect on
simple RTs, as expected since these movements are
fully pre-cued and therefore require no on-line selec-
tion of movement parameters during the reaction
period.

In the experiments of Schluter et al. (1998, 1999)
subjects had too few incorrect responses to allow anal-
ysis of error rates. However, in our choice RT experi-
ments we found that pairs of TMS pulses led to a small
but significant increase in error rate in trials with TMS
over left PMd. In any choice reaction task there is a
trade off between error rate and response latency, with
faster responses being more likely to contain errors than
slower ones (Mulert et al. 2003). The fact that TMS
increases error rates as well as delaying response latency
suggests that the stimulus not only delays neural pro-
cessing but also introduces noise into the decision-
making process that reduces mean accuracy.

Comparison of short- and long-term ‘‘virtual lesions’’

In some ways it is surprising that TBS had a more
widespread effect on RTs than the pair of TMS pulses.
The pair of pulses was applied at almost twice the
intensity of TBS (120% RMT vs 80% AMT) and would
have activated a much larger population of neurones in
PMd as well as projection fibres to and from that area.
However, this disadvantage in terms of numbers of
neurones activated may have been offset by two aspects

of TBS. First, the stimulation frequency of TBS was
much higher than for the double pulse TMS, and this
would have had a much more powerful influence on the
activity of the smaller population of neurones stimulated
during TBS. Second, even though the low intensity of
pulses used in TBS would have been unlikely to produce
direct activation of output projections, they might nev-
ertheless lead to changes in the ongoing activity of
connections to or from PMd and secondarily influence
activity in many distant areas of cortex. If any of these
areas was providing background facilitation of task
performance, then a reduction in their contribution
would make behavioural performance much more sen-
sitive to disruption of processing in PMd.

If this is the case, then short-lasting disruption of
function, as with the double pulse protocol used in the
present experiments, is more likely to give information
on when the function of a cortical area is essential for a
behavioural task. Long-lasting disruption, as after TBS,
is more likely to give an insight into the changes that
might occur after injury to an area of cortex: disruption
of tonic connections to other regions would lead to
widespread changes in activity (Kobayashi and Pascual-
Leone 2003; Chouinard et al. 2003) and more complex
effects on behaviour than expected from the short-last-
ing ‘‘lesion’’ approach.

It is interesting to note that in contrast to the short-
lasting disruption produced by a pair of TMS pulses,
TBS did not cause any increase in subjects’ error rates.
As suggested above, an increase in error rates may well
reflect the fact that the double pulse TMS introduces
noise into the decision signal that is used to trigger
movement. If so, then it is possible to imagine that TBS
increases RT without an increase of neural noise.
Alternatively, it may be that after TBS, subjects have
time to adjust for increased neural noise and compensate
by increasing the level of the signal that is needed to
trigger a movement. Effectively, the decision process
would be made less subject to error by waiting longer for
more information before initiating a voluntary reaction
movement.

Conclusion

The short-lasting pair of TMS pulses increased RTs in
the right hand if given over the left PMd during the
reaction period of the choice task, but there was no ef-
fect if the pulses were given over the right PMd. In
contrast, TBS of either hemisphere led to significant
increases in RT of both hands. We suggest that TBS
leads to widespread changes in activity and more com-
plex effects on behaviour than expected from the short-
lasting ‘‘lesion’’ approach. Pairs of TMS pulses over left
PMd also increased error rates whereas TBS had no
effect on error rates despite the effect on RTs. Thus
transient and long-term interference with function may
lead to different conclusions about the role of cortical
areas in behavioural tasks.
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