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Acute Changes in Frontoparietal Activity after Repetitive
Transcranial Magnetic Stimulation over the Dorsolateral
Prefrontal Cortex in a Cued Reaction Time Task
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Lesion and functional imaging studies in humans have suggested that the dorsolateral prefrontal cortex (DLPFC), ventrolateral prefron-
tal cortex (VLPFC), and intraparietal sulcus (IPS) are involved in orienting attention. A functional magnetic resonance imaging study
supplemented by a behavioral experiment examined the effects of 5 Hz repetitive transcranial magnetic stimulation (rTMS) conditioning
to the right and left DLPFC on reaction times and synaptic activity as indexed by changes in the blood oxygenation level-dependent
(BOLD) signal during a cued choice reaction time task. Orienting precues were either correct (valid) or incorrect (invalid) with respect to
the subsequent move cue. The effects of real and sham rTMS were compared for each site of stimulation. Invalid trials showed a significant
increase in response times and increases in the BOLD signal in right frontal and parietal regions when compared with valid trials.
Conditioning left DLPFC with rTMS led to decreased BOLD signal during performance of this reorienting task in areas including left
VLPFC and left IPS. Comparing invalid to valid trials after right DLPFC conditioning revealed decreased BOLD signal in right VLPFC. Data
from the behavioral study showed that right DLPFC rTMS selectively increases response times in invalid trials. This effect was only
present in the first 10 min after rTMS conditioning. No effect was found in either validly or invalidly cued trials with left DLPFC
conditioning. These results suggest that 5 Hz rTMS over right DLPFC exerts remote effects on the activity of areas that functionally
interact with the DLPFC during attentional processes, particularly when the reorienting of attention is more demanding as in invalid
trials.
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Introduction
The “Posner task” has been used extensively in the study of reori-
enting attention (Posner et al., 1984). Neuropsychological studies
in patients with frontal and parietal lesions showed that damage
to parietal cortex leads to impaired stimulus detection, particu-
larly when misleading advance information is provided, such as
when trials are invalidly precued (Posner et al., 1984, 1987; Pe-
tersen et al., 1989; Losier and Klein, 2001). Patients with prefron-
tal damage are also very slow in such tasks (Mesulam, 1981; Pos-
ner et al., 1987; Petersen et al., 1989). Neuroimaging studies
identified a specific network for reorienting attention comprising
the middle frontal gyri bilaterally and the intraparietal sulcus

(IPS) (Steinmetz and Constantinidis, 1995; Coull and Nobre,
1998; Corbetta and Shulman, 2002; Giessing et al., 2004; Thiel et
al., 2004). However, recent evidence shows diverging lateralized
networks in the context of shifting visual attention (Corbetta et
al., 2000; Liu et al., 2003) compared with shifting attention for
task-relevant information (Banich et al., 2000; Dove et al., 2000;
Stephan et al., 2003). Previous neuroimaging experiments with
repetitive transcranial magnetic stimulation (rTMS) delivered to
the primary motor cortex (M1) or dorsal premotor cortex (PMd)
showed changes in task-related activity and connectivity, suggest-
ing that the brain reorganizes in response to rTMS conditioning
(Lee et al., 2003; Rounis et al., 2005). The aim of this study was to
test whether similar reorganization occurs when rTMS is deliv-
ered to the lateral prefrontal cortex, known to play a crucial role
in the process of reorienting attention (Asaad et al., 2000; Wallis
et al., 2001; Wallis and Miller, 2003).

Physiological studies of the effects of “off-line” 5 Hz rTMS to
motor (Peinemann et al., 2004) and dorsal premotor (Rizzo et al.,
2004) cortices have shown that it induces efficient, long-lasting
increases in neuronal excitability. By analogy with on-line “vir-
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tual” lesions caused by single-pulse TMS applied during task per-
formance (Jahanshahi and Rothwell, 2000), we hypothesized that
persistent effects of conditioning 5 Hz rTMS over dorsolateral
prefrontal cortex (DLPFC) would alter behavioral performance
and lead to changes in brain activity measured with functional
magnetic resonance imaging (fMRI) in a variant of the original
Posner paradigm in which subjects performed a cued visual
choice reaction time (RT) task that required bimanual responses.
This was based on evidence from a preliminary behavioral study
suggesting that right DLPFC conditioning leads to selective pro-
longation of RTs in invalid trials (Siebner et al., 2003).

In the present study, the combined fMRI/rTMS investigation
was supplemented with a separate behavioral study performed
outside the scanner to replicate the rTMS effect reported by Sieb-
ner et al. (2003). In both studies, a counterbalanced design was
used in which RTs of validly and invalidly cued trials were com-
pared between real and sham sessions on separate days. Although
it was not possible, for technical reasons, to start fMRI measure-
ments earlier than �6 min after the end of rTMS stimulation, the
advantage of the behavioral study outside the scanner was that it
enabled us to test for rTMS-induced effects immediately after the
end of the stimulation.

Materials and Methods
Subjects
Twelve healthy, right-handed volunteers (three females) aged between 24
and 48 years (mean age, 31.1 years) and an additional eight healthy,
right-handed volunteers (two females) aged between 23 and 50 years
(mean age, 35 years) with normal vision and no history of neurological
disorder or head injury were recruited from the database of volunteers at
the Functional Imaging Laboratory (Institute of Neurology, University
College London, UK) for the neuroimaging and the behavioral studies,
respectively. Written informed consent was obtained from all partici-
pants. The study was approved by the joint ethics committee for the
National Hospital for Neurology and Neurosurgery (University College
London Hospitals National Health Service Trust) and the Institute of
Neurology (University College London).

Experimental design
Subjects in the fMRI experiment attended four separate 20 min event-
related fMRI scanning sessions (Fig. 1) all preceded by an off-line session
of 5 Hz rTMS. On the first two scanning sessions, they received either real
or sham rTMS conditioning to one DLPFC. On two subsequent scanning
sessions, they received real or sham rTMS to the other side (left DLPFC if
they had started with right and vice versa).

Subjects in the behavioral experiment also attended four separate test-
ing sessions, in which they underwent the same conditioning protocol as
above, which was followed by behavioral testing (without fMRI scan-
ning) on the same task as the fMRI participants (Fig. 2).

Session order by side (right or left DLPFC) and type (real or sham)
were counterbalanced across subjects. This generated two between-
session factors (side and type of rTMS conditioning) plus within-session
factors generated by the experimental task (see below). The use of sepa-
rate sham conditioning of both hemispheres was motivated by the
knowledge that there may be lateralized task-related changes of blood
oxygenation level-dependent (BOLD) activity in the reorienting task we
used (Corbetta and Shulman, 2002). We were particularly interested in
the effects of conditioning on task performance in all trial types (task �
TMS interaction), in the changes of local brain activity associated with
valid and invalid trials separately (main effect of task type), and in inter-
actions between validity and side of hand response (conditioning � va-
lidity interactions and conditioning � validity � hand interactions).
Given that the right and left DLPFC were conditioned in separate ses-
sions and that previous imaging studies suggested lateralization in reori-
enting attention (Rushworth et al., 1997, 2001a,b; Corbetta and Shul-
man, 2002; Liu et al., 2003), we hypothesized that the effects of rTMS
conditioning might be hemisphere dependent.

Experimental task
fMRI study
A cued choice reaction time task was used (Fig. 3). Stimuli were presented
in the scanner against the gray background of an liquid crystal display
monitor projected (NEC LT 157 projector; NEC Visual Systems, Itasca,
IL) onto a screen via a mirror at a distance of 105 cm from the subjects’
eyes. Responses were made with subjects’ index fingers using two MRI-
compatible keypads. Subjects were instructed to fixate a central black
cross subtending 1° of visual angle. Each trial began with the presentation
of a cue in the form of directional arrows subtending 3.5° of visual angle
to the left or right of the fixation cross, present on the screen for 250 ms.
The side of cue indicated whether subjects should prepare to respond
with a movement of the left or right finger. After disappearance of the
cue, the fixation cross was visible alone for 750 ms and then followed by
a visual target (on the screen for 250 ms). The target stimulus was a “0”

Figure 1. Experimental design for the fMRI study. A, Subjects attended on four separate
sessions in which they received real and sham 5 Hz rTMS conditioning to their right and left
DLPFC, followed by a 20 min fMRI scanning session. Subjects were allocated to each session in a
counterbalanced order. B, Description of each individual session. Subjects had a 10 min practice
session to ensure familiarity with the task, followed by all of the procedures before rTMS con-
ditioning (left): motor hot spot identification, marking of the DLPFC site to be stimulated, and
measurement of the AMT. These were all performed in a separate testing room outside of the
scanner. After rTMS, subjects were wheeled into the scanner room with an MRI-compatible
wheelchair and set up to begin fMRI scanning. This took on average 6 � 2.4 min, accounting for
the time to scout and allow the scanner to perform shimming before fMRI data acquisition.

Figure 2. Experimental design for the behavioral study. Subjects attended on four separate
sessions in which they received real and sham 5 Hz rTMS conditioning to their right and left
DLPFC, followed by two (time 1, 0 –10 min; time 2, 10 –20 min) 10 min blocks of behavioral
testing starting immediately after the end of rTMS conditioning in the same testing room. There
was no gap between the time 1 and time 2 testing blocks. Subjects were allocated to each
session in a counterbalanced order.
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centered 4° to either the left or right of the fixation cross. Subjects were
required to respond as rapidly and accurately as possible by a finger press
on the side at which the target stimulus appeared. In 80% of trials, the
target location was correctly indicated by the cue (valid trials). In 20% of
trials, subjects were cued toward the wrong location (invalid trials). In
this case, subjects had to move the index finger opposite to the one they
had prepared to move. After disappearance of the target, the fixation
cross was presented alone for 1550 ms before the next trial sequence
began. Each trial was 2.8 s in duration. Validly and invalidly cued trials
were presented randomly and were interspersed by null events in which
no cues were presented other than the central fixation cross. In each
scanning session, subjects were presented with a total of 475 trials com-
prising 20% null events and 80% cued response trials, of which 20% were
invalidly cued and 80% were validly cued. The random presentation of
stimuli in each scanning session controlled for any order effects of stim-
ulus presentation. Before scanning, subjects practiced for 10 min to fa-
miliarize themselves with the task.

Previous imaging studies of Posner-type paradigms have shown that
invalid trials introduce consistent behavioral effects and changes in local
brain activity (Corbetta et al., 1993; Nobre et al., 1997; Nobre, 2001; Thiel
et al., 2004).

COGENT 2000 software (available at www.fil.ion.ucl.ac.uk/cogent2000/)
was used to generate visual stimuli and record behavioral responses and
reaction times. The behavioral data were subsequently analyzed using
Matlab 6.5 (MathWorks, Sherborn, MA) and SPSS 11.5 (SPSS, Chicago,
IL). In three subjects, eye movements were monitored with an infrared
eye tracker (model R-LR06; Applied Science Laboratories, Bedford, MA)
sampled at 60 Hz to confirm correct performance of the task. These data
were not formally analyzed for any other purpose.

Behavioral study
This experiment used the same task as in the fMRI experiment to study
the effects of 5 Hz rTMS over DLPFC on reaction times. It complemented
the behavioral data obtained during imaging in that it allowed the effects
of rTMS to be tested immediately after conditioning and outside the
scanning environment. Indeed, as can be seen in Figure 1, BOLD fMRI
scanning and hence behavioral testing in the fMRI study started 6.0 � 2.4

min on average after the end of rTMS conditioning for technical reasons
related to fMRI scanning.

A preliminary study, published previously in abstract form (Siebner et
al., 2003), compared RTs with the same task before and after 5 Hz rTMS
to the left and right dorsomedial PFC and DLPFC. It showed that right
DLPFC conditioning selectively prolonged RTs in invalid trials. Al-
though RT data collection in that study also started immediately after the
end of stimulation, the results cannot be extrapolated to neuroimaging
behavioral data in this study because of differences in design [RTs in the
study by Siebner et al. (2003) were compared before and after rTMS]. We
set out to investigate whether the changes in RTs observed by Siebner et
al. (2003) could be replicated in a counterbalanced design in which valid
and invalid trials were compared between real and sham 5 Hz rTMS
conditioning on separate days.

The fMRI task was used, as illustrated in Figure 3. Stimuli were pre-
sented against the gray background of a cathode ray tube monitor re-
freshing at 120 Hz (screen 40 cm away from the subjects’ eyes). Responses
were made on two separate one-key button boxes (one for each hand).
This experiment duplicated the size of stimuli and timings used during
fMRI. As in the scanning experiment, valid and invalidly cued trials were
presented randomly and were interspersed by null events. Although the
proportions of null, valid, and invalidly cued trials remained the same,
subjects were only presented with a total of 400 stimuli split in two
blocks. Each block consisted of 200 trials, comprising 20% null events
and 80% cued response trials, of which 20% were invalidly cued and 80%
were validly cued. The length of each block was �10 min. RT measure-
ments were therefore collected within the first 10 min after 5 Hz rTMS
conditioning (time 1) and 10 –20 min after conditioning (time 2). Eye
movements were monitored with an infrared eye tracker (Eye-trac model
310; Applied Science Laboratories) and sampled at 200 Hz (12 bit analog-
to-digital card; DAQ 1200; National Instruments, Austin, TX). If the eyes
strayed horizontally from fixation by �3° of visual angle, a trial was
repeated.

rTMS
In each rTMS conditioning session, 1800 biphasic stimuli, at a stimula-
tion intensity of 90% of active motor threshold (AMT) for the right first
dorsal interosseous (FDI) muscle, were given over left or right DLPFC
area using a MagStim (Whitland, Wales, UK) rapid stimulator connected
to four booster modules. The conditioning rTMS stimuli were delivered
in six 1-min trains of 5 Hz at 90% of AMT separated by an intertrain
interval of 1 min. A standard figure-of-eight-shaped coil (Double 70 mm
Coil Type P/N 9925; MagStim) was used for real rTMS. For sham rTMS,
a specially designed sham coil that induced no magnetic field but pro-
vided a comparable acoustic stimulus was used (MagStim). The coil was
positioned with the handle at 45° to the sagittal plane. The current flow in
the initial rising phase of the biphasic pulse in the TMS coil induced a
posterior-to-anterior current flow in the underlying cortex.

The site of rTMS stimulation was located 5 cm anterior to the “motor
hot spot” on a line parallel to the midsagittal line (Fig. 4). This is the same
location of DLPFC stimulation as in the studies by Mottaghy et al. (2002)
and Siebner et al. (2003). The motor hot spot was defined functionally as
the point of maximum evoked motor response in the slightly contracted
right FDI. The active motor threshold was defined as the lowest stimulus
intensity that elicited at least five twitches in 10 consecutive stimuli given
over the motor hot spot. The contracted FDI was used to define the active
motor threshold because TMS-evoked twitches are clearly visible and it
has a threshold below other intrinsic hand muscles (Wassermann et al.,
1996). This ensured that the intensity used for rTMS was below motor
threshold for all hand muscles. The use of subthreshold intensity reduced
the spread of stimulation away from the targeted site (Pascual-Leone et
al., 1994; Gerschlager et al., 2001; Munchau et al., 2002). An intensity of
90% AMT was used according to the stimulation protocol known to
produce robust increases in corticospinal excitability when delivered to
the PMd (Rizzo et al., 2004).

rTMS conditioning was performed off-line (Pascual-Leone et al.,
1994; Jahanshahi and Rothwell, 2000) before scanning or testing but after
an initial practice session. The total duration of stimulation was 11 min.
In the fMRI study, scanning was initiated at �6 � 2.4 min after the end

Figure 3. Task. The task was a Posner-type cued choice reaction time task. Subjects main-
tained fixation on a central black cross against a gray background. A cue in the form of two
directional arrows placed on either side of the fixation cross indicated whether the subjects
should prepare a response with their left or right index finger. After the disappearance of the
cue, a target stimulus was presented to the left or right of a fixation cross. Subjects were
required to respond as rapidly and accurately as possible by pressing the index finger corre-
sponding to the side where the target stimulus appeared. In 80% of the trials, the target
location was correctly indicated by the cue (valid trials). In 20% of the trials, the cue was
incorrect and the target appeared in the opposite direction to that indicated by the cue (invalid
trials).
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of the stimulation period. In the behavioral study, testing was initiated
immediately after the end of the stimulation period. Previous studies
have shown that the effects of 5 Hz rTMS conditioning on cortical excit-
ability or regional neuronal activity can last for up to 1 h after the end of
the stimulation (Peinemann et al., 2004; Rounis et al., 2005).

fMRI
Scanning procedure
The experiment was performed on a 1.5 T Sonata whole-body scanner
(Siemens Medical Systems, Erlangen, Germany) using a whole-body coil
for receptive field transmission and a head coil for signal reception. A
gradient echo planar imaging sequence was used (echo time, 50 ms;
repetition time, 3.6 s). Each brain image was acquired in a descending
sequence comprising 40 slices (2 mm thick with 1 mm gap), providing
whole-brain coverage and consisting of 64 � 64 voxels. Head movement
was minimized during scanning by a comfortable external head restraint.
A total of 390 whole-brain images were obtained over 23.4 min. Whole-
brain structural scans with fiducials marking the location of rTMS con-
ditioning were also acquired in each subject using a T1-weighted three-
dimensional modified driven equilibrium Fourier transform sequence
with optimized parameters, as described previously (Deichmann et al.,
2004).

Statistical analysis
fMRI study
Behavioral data. Mean reaction times for each subject for each condition
were calculated and entered into a four-way repeated-measures ANOVA
with the following factors: between-session factors of (1) type and (2)
side of rTMS conditioning with two levels (real vs sham for factor 1; right
vs left for factor 2) and within-session factors of (3) cue type and (4) hand
for motor response with two levels (invalid vs valid for factor 3; right vs
left for factor 4). RTs larger than 3 SDs from the mean were excluded on
a trial-by-trial basis. Error trials were also excluded from the RT analysis.
A Greenhouse–Geisser correction was used when appropriate. Two
classes of errors (errors of omission when subjects failed to respond to the
target and errors of commission when subjects responded in the opposite
direction) were combined and entered into four-way ANOVAs with the
same factors.

When an F value was significant, post hoc paired-sample t tests were
performed. Data are presented as means � SD. A p value of �0.05 was
considered significant.

Imaging data. The imaging data were analyzed with SPM2 (http://
www.fil.ion.ucl.ac.uk/spm/spm2.html) using Matlab 6.5 (MathWorks).
The first five volumes were discarded to allow for T1 equilibration. The
remaining 385 scans for each subject were realigned to the first image and
unwarped (corrected for movement � distortion interactions) (Anders-
son et al., 2001). Using a nonlinear warping procedure (Ashburner and
Friston, 1999), the images were then spatially transformed to standard
stereotaxic space [with respect to the Montreal Neurologic Institute
(MNI) coordinate system (x, y, z)] and spatially smoothed with a three-
dimensional Gaussian kernel (full-width half-maximum of 8 mm).

In the subsequent statistical analysis, statistical parametric maps based
on t statistics were calculated for condition-specific effects using a general
linear model (Friston et al., 1995). Within each session, the four condi-
tions of the 2 � 2 factorial experimental design (valid vs invalid cues for
left- vs right-sided responses) were modeled by representing each correct
response as a delta function convolved with two basis functions: a canon-
ical hemodynamic response function and its temporal derivative. Incor-
rect (errors of commission) and missing (errors of omission) responses
were modeled separately. Effects of interest were examined in each sub-
ject using linear contrasts. A high-pass filter (1⁄128 s cutoff) was used to
control for low-frequency drifts; the data were whitened using a first-
order autoregressive [AR(1)] model to control for serial autocorrelation
(Friston et al., 2002).

The resulting subject-specific contrast images were then entered into
second-level random effects analyses using one-sample t tests. All re-
ported results are significant at a threshold of p � 0.05 whole-brain
corrected at the cluster level (using a standard p � 0.001 cutoff at the
voxel level).

Behavioral study
For each subject, the mean RT and error rates were calculated in each
condition, separately for each block (at time 1 and time 2). RTs larger
than 3 SDs from the mean were excluded on a trial-by-trial basis. Error
trials were also excluded from the RT analysis. Reaction times and error
rates were entered into four-way repeated-measures ANOVAs, as above,
using the Greenhouse–Geisser correction when appropriate. The factor
type of stimulation had two levels (real vs sham), and the factor side of
rTMS conditioning had two levels (right vs left) and so did the within-
session factors cue type (valid vs invalid) and hand for motor response
(right vs left). When an interaction F value was significant, follow up
ANOVAs and/or post hoc paired-sample t tests were performed. Data
were analyzed using SPSS 11.5 (SPSS). Results were considered signifi-
cant if the p value was �0.05.

Results
fMRI study
No subject reported adverse side effects during the course of the
study. Mean active motor threshold for right FDI was 53% of
maximum stimulator output (range of 46 – 63%). Mean active
motor threshold for left FDI was 49% of maximum stimulator
output (range of 39 – 67%).

Behavioral data
Subjects made two types of errors in this task: errors of omission
accounting for 10% of the total trials (missed responses) and
errors of commission (responding to the opposite side of the
target) accounting for 3%, making the total average of wrong
responses 13%. Errors of omission were not significantly differ-
ent in either validly or invalidly cued trials after 5 Hz rTMS con-
ditioning to either hemisphere. Errors of commission, however,
did show a trend for a main effect of cue type (F(1,11) � 4.712; p �
0.073), suggesting an increase in error rates in invalid compared
with validly cued trials. No effects of 5 Hz rTMS were revealed on
errors of commission.

A four-way repeated-measures ANOVA with stimulation type
(real vs sham rTMS), stimulation side (right vs left DLPFC), cue
type (valid vs invalid), and hand for motor response (right vs left)
revealed a significant main effect of cue type (F(1,11) � 52.89; p �
0.001). Post hoc t tests revealed that reaction times on invalid trials
were slower than on valid trials (t(11) � �5.503; p � 0.001) (Fig.
5). No other significant main effects or interactions were found
(Table 1). Table 1 and Figure 5 summarize the RT results.

Imaging data
Structural data. Inspection of structural T1-weighted scans with TMS
surface markers was used to obtain fiducial locations for all 12 subjects.
The average location of fiducials adjacent to the DLPFC were as follows:

Figure 4. rTMS conditioning protocol. rTMS conditioning protocol for the DLPFC. The 5 Hz
rTMS was delivered in six 1 min blocks (300 pulses) at 90% AMT separated by an intertrain
interval (ITI) of 1 min (Rizzo et al., 2004). The site of stimulation was determined functionally to
be 5 cm anterior to the motor hot spot (Mottaghy et al., 2002). R, Right; L, left.
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x � 37 � 3.5, y � 46 � 3.6, z � 51 � 4.1 (right); and x � �34 � 5.1, y �
44 � 3.4, z � 55 � 4.3 (left) in native space. These coordinates are more
dorsal than those reported in previous fMRI studies (Corbetta and Shul-
man, 2002; Boettiger and D’Esposito, 2005). The location on the right is
very close to a cluster of significant activation we found in the right
DLPFC, in the contrast of invalid versus valid cues (described below and
see Table 4), located at (33, 42, 42) (local maximum, p � 0.001; Z �
4.06). The MNI coordinates from the right DLPFC group activation
found in this contrast were identified and transformed onto the native
space of each subject using the inverse of the deformation field produced
by the spatial normalization step. The Euclidian distance between this
site (right DLPFC activation) and the fiducial location (i.e., the site of
stimulation) in native space was estimated for each subject, and the av-
erage was found to be 18 � 4.3 mm.

Main effects and interactions. The fMRI results in this study, a 2 � 2 �
2 � 2 factorial design with the factors side of stimulation, type of stimu-
lation, validity of cue, and hand response were analyzed in a similar way
to the behavioral results. All main effects, two-way, three-way, and four-
way interactions, and simple main effects were analyzed. However, be-
cause of the fact that both the effect of validity and the effect of rTMS over
DLPFC did not lead to any significant BOLD changes relating to the side
of target response (left or right), all results presented in this section are
pooled across this level.

The effect of cue validity on brain activity. Tables 2 and 3 show the
activations induced by valid and invalid conditions, respectively, pooled

across all levels of stimulation type, stimulation site, and hand responses.
As shown in Figure 6 and Table 4, the main effect of invalid versus valid
trials, pooled across all levels of stimulation type, stimulation site, and
hand responses, was associated with increased brain activity in the right
frontal and parietal lobes, including the right DLPFC and ventrolateral
prefrontal cortex (VLPFC), right inferior frontal gyrus and insula, as well
as the IPS bilaterally.

The effects of 5 Hz rTMS over DLPFC. The effect of real rTMS versus
sham rTMS (task � TMS interaction) across both hemispheres and all
conditions revealed no significant change in task-related BOLD signal.
This supports our original hypothesis for possible hemisphere-
dependent changes in activity given that the right and left DLPFC were
conditioned in separate sessions and that previous imaging studies sug-
gested lateralization in reorienting attention (Rushworth et al., 1997,
2001a,b; Corbetta and Shulman 2002; Liu et al., 2003). Data on the effects
of rTMS over DLPFC are therefore presented separately for the two
hemispheres.

Left DLPFC conditioning. Compared with sham rTMS, real 5 Hz rTMS
over left DLPFC caused widespread decreases in task-related activity re-
gardless of the validity of the cue (i.e., task � rTMS interaction). The
areas affected included the bilateral superior parietal gyri, left IPS, left
VLPFC, left superior temporal gyrus, and lateral occipital cortex, as well
as the right primary sensorimotor area, right insula, and right cerebellum
(Table 5). In left VLPFC, the decrease in task-related activity was located
at MNI coordinates (�39, 42, 3) (local maximum, p � 0.012; Z � 4.08)
(Fig. 7). There were no changes in task-related activity at the site of
stimulation with rTMS. There was no significant three-way interaction
(task � validity � rTMS), suggesting that rTMS-induced decreases in
BOLD signal occurred during trials with valid and invalid precues. No
relative increases in BOLD signal were found after left-sided 5 Hz rTMS
conditioning.

Right DLPFC conditioning. The initial comparison of real versus sham
5 Hz rTMS on valid and invalidly cued trials analyzed together did not
reveal a significant task-� rTMS interaction. However, right DLPFC
conditioning led to a significant three-way task � validity � rTMS in-
teraction. The right VLPFC showed a stronger decrease in task-related
BOLD signal change for invalidly cued trials relative to validly cued trials
after rTMS conditioning compared with sham [local maximum, (36, 42,
12); Z � 4.31; p � 0.013] (Fig. 8). Activity in this area is located approx-
imately at the border of ventral area 9/46 and rostral area 47/12 (Petrides
and Pandya, 2002).

Behavioral study
No subject reported adverse side effects during the course of the
study. Mean active motor threshold for rTMS over the right FDI
was 46%, ranging from 36 to 59% of maximum stimulator out-
put, and over the left FDI was 49%, ranging from 37 to 61% of
maximum stimulator output.

The numbers of errors in the two blocks of trials were small
(block 1, 4% of total trials; block 2, 3% of total trials pooled across
all factors). Given that no differences relating to the validity of
trials or conditioning were found with the different error types in
this experiment, errors of omission were combined with errors of
commission and entered into a four-way ANOVA as described in
Materials and Methods. Analyzed across the entire experiment,
error rates were not affected by 5 Hz rTMS to either hemisphere.
However, they were affected by the validity of cues as revealed by
a main effect of cue type in both time 1 (F(1,11) � 14.913; p �
0.006) and time 2 (F(1,11) � 16.164; p � 0.004). Error rates were
larger in invalid (10.6% in time 1; 10.3% in time 2) compared
with valid (4.6% in time 1; 4.2% in time2) trials.

The effect of real 5 Hz rTMS compared with sham over the
right or left DLPFC on response times (Fig. 9) was examined with
two separate four-way repeated-measures ANOVA for time 1
(the first 10 min after stimulation) and time 2 (10 –20 min after
stimulation).

In the analysis performed for time 1, a significant main effect

Figure 5. fMRI study. behavioral effects of cue type and conditioning of DLPFC on RTs. The 5
Hz rTMS conditioning did not lead to any significant changes in RTs in either valid or invalid trials
whether applied over the left or right DLPFC. However, a significant main effect of cue revealed
slower RTs in invalidly cued trials (352 � 12 ms) than in validly cued trials (267 � 7 ms) when
pooled across all levels of stimulation type, stimulation site, and hand response.

Table 1. Behavioral effects of 5 Hz rTMS over the DLPFC

Invalid/valid RT � 100 After real rTMS After sham rTMS t value (df � 11) p value

Right side 129.54 � 25.02 132.99 � 22.64 �0.92 0.377
Left side 127.19 � 18.90 130.89 � 12.55 �1.15 0.275

Mean � SD group data for the ratio between invalidly versus validly cued reaction times in each condition in each
session.
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of cue type revealed, as expected, that RTs
on invalid trials were slower than on valid
trials (main effect of cue validity, F(1,7) �
184.200; p � 0.001). In addition, a main
effect of side of rTMS conditioning (F(1,7)

� 56.342; p � 0.001) and significant two-
way (TMS side � cue type, F(1,7) � 14.912,
p � 0.006; TMS type � cue type, F(1,7) �
9.651, p � 0.017; and TMS type � TMS
side, F(1,7) � 99.232, p � 0.001) and three-
way (TMS type � TMS side � cue type,
F(1,7) � 10.293; p � 0.015) interactions
were found. We therefore ran two three-
way ANOVAs testing each side of 5 Hz
rTMS conditioning separately. RTs after
left DLPFC conditioning showed no sig-
nificant interactions, the only significant
main effect being the main effect of cue
type (F(1,7) � 57.745; p � 0.001). How-
ever, the ANOVA for RTs with right
DLPFC conditioning demonstrated a sig-
nificant two-way interaction (TMS type �
cue type, F(1,7) � 13.717; p � 0.008) along-
side significant effects of cue type (F(1,7) �
168.099; p � 0.001) and TMS type (F(1,7)

� 21.364; p � 0.002). Additional analysis
of the right-sided stimulation data with
two two-way repeated-measures ANOVAs
tested the effects of 5 Hz rTMS on valid
and invalidly cued trials separately. The
two-way ANOVA for validly cued trials re-
vealed a significant main effect of hand
(F(1,7) � 7.012; p � 0.033). Post hoc t tests
suggested that right-hand were faster than
left-hand responses, but this was not a sig-
nificant effect (t(7) � �1.442, p � 0.09 for
the real rTMS condition; t(7) � �2.188,
p � 0.065 for the sham). The two-way
ANOVA for invalidly cued trials revealed a
significant main effect of TMS type (F(1,7)

� 27.165; p � 0.001), whereas post hoc t tests confirmed that right
DLPFC selectively increased RTs in the real rTMS condition
compared with sham (t(7) � 5.335, p � 0.001 for left cue, right-
hand responses; t(7) � 3.689, p � 0.008 for right cue, left-hand
responses).

The analysis performed for time 2 revealed main effects of cue
type (F(1,7) � 133.226; p � 0.001) and TMS side (F(1,7) � 7.610;
p � 0.028). However, as opposed to the effects obtained in time 1,
no other interactions were significant, suggesting that the selec-
tive prolongation of invalidly cued RTs was no longer present
10 –20 min after 5 Hz rTMS conditioning ( post hoc t tests of 5 Hz
rTMS over right DLPFC on invalidly cued trials: t(7) � �0.368,
p � 0.724 for left cue, right-hand responses; t(7) � 0.905, p �
0.396 for right cue, left-hand responses).

Discussion
We examined changes in task-related BOLD activity and behav-
ior during performance of a precued choice reaction time task
induced by off-line 5 Hz rTMS to the right or left DLPFC. Con-
ditioning of neither the left nor the right DLPFC resulted in sig-
nificant changes in cortical activity at the site of stimulation. In
contrast, changes in task-related activity were seen remotely in
areas that have been implicated previously in attentional reori-

enting tasks. Behavioral testing outside the scanner showed that
conditioning of the right DLPFC resulted in a selective slowing of
invalidly cued RTs, which only occurred within the first 10 min
after the end of stimulation. The possibility that our findings
might constitute an adaptation to the physiological changes in-
duced by rTMS, given that the cognitive demands of this task
were not manipulated, is discussed below.

Table 2. Task-related activity: areas of activation associated with presentation of the valid trials only (kE

indicates cluster size)

Anatomical location kE Side

MNI coordinates Cluster activation

x y z p value z value

Pre-supplementary motor area 2 Right 9 �9 69 0.012 3.97
Primary sensorimotor/PMd 2 Right 27 �24 52 0.04 3.60
Anterior insula 9 Left �36 6 6 0.035 4.09
IPS 22 Left �39 �60 57 0.021 3.92
IPS/angular gyrus 19 Left �36 �51 63 0.01 4.34

�42 �45 60 0.01 3.73
5 Right 42 �54 48 0.042 3.48

Inferior occipital gyrus 80 Right 9 �72 �3 �0.001 4.00
Superior occipital gyrus 197 Right 9 �93 21 �0.001 4.17

18 �90 27 �0.001 4.15
Superior cerebellum 77 Right 34 �60 �21 0.002 4.35

Table 3. Task-related activity: areas of activation associated with presentation of the invalid trials only (kE

indicates cluster size)

Anatomical location kE Side

MNI coordinates Cluster activation

x y z p value z value

Dorsolateral prefrontal cortex 4 Right 30 30 45 0.02 3.54
2 24 42 42 0.028 3.48

Ventrolateral prefrontal cortex 13 Right 29 31 �9 0.001 3.27
44 27 12 0.016 3.65

Anterior insula 49 Right 42 9 9 0.001 4.84
42 17 0 0.001 3.26

IPS 22 Left �52 �38 42 0.03 3.88
IPS/angular gyrus Left �58 �42 42 0.03 3.88

11 Right 42 �48 54 0.033 3.65
Inferior occipital gyrus 8 Left �12 �102 �6 0.037 3.42
Superior occipital gyrus 205 Right 12 �96 21 �0.001 4.18

15 �90 27 �0.001 3.79
44 Left �15 �88 30 0.003 3.93

�15 �100 18 0.003 3.76
Lingual gyrus 92 Right 12 �81 �6 �0.001 3.82
Superior cerebellum 77 Right 30 �60 �21 �0.001 4.10

24 �60 �21 �0.001 3.69
18 Left �42 �42 �37 0.043 3.36

Posterior cingulate gyrus 27 Left �12 �36 46 0.035 4.47

Figure 6. BOLD signal increases in invalid compared with valid trials. A direct contrast of
invalid versus valid trials pooled across all levels of stimulation site, stimulation type, and hand
response is displayed on the rendered T1-weighted canonical template from SPM2 (extent
threshold, p � 0.001). RIPS, Right IPS; RDLPFC, right DLPFC; RVLPFC, right VLPFC; LIPS, left IPS.
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rTMS conditioning of the DLPFC and task-related behavior
An initial analysis of the behavioral RTs averaged over the total
length of fMRI scanning showed that rTMS conditioning of
DLPFC did not affect performance. However, preliminary results
(Siebner et al., 2003) had suggested an effect of 5 Hz rTMS over
the right DLPFC on invalidly cued trials, possibly reflecting the
roles of PFC in inhibiting prepared responses (Aron et al., 2004)

and covert reorienting of attention (Mesu-
lam, 1981). Differences in the designs of
the two studies, which may have ac-
counted for this discrepancy, did not allow
direct comparisons between these results
to be made. The order of intervention by
Siebner et al. (2003) was task– off-line rT-
MS–task, whereas the effects of rTMS in
the current study were assessed by making
comparisons between separate sessions of
real and sham rTMS in a counterbalanced
design. Moreover, Siebner et al. (2003)
tested task performance immediately after
the end of rTMS, whereas �6 min elapsed
in the present study between the end of
rTMS and the beginning of the task. For
these reasons, we decided to run a behav-
ioral companion study, in which the coun-
terbalanced design of the fMRI study was
kept, whereas RT measurements started
immediately after the end of rTMS condi-
tioning, to parallel the time course by Sieb-
ner et al. (2003) and possibly capture ef-
fects early after stimulation.

The selective prolongation in RTs in in-
validly cued trials after right DLPFC con-
ditioning with 5 Hz rTMS (Siebner et al.,
2003) was confirmed in this study. The ef-
fect only lasted for the first 10 min after the
end of the stimulation period. This is at
odds with evidence from electrophysiolog-
ical studies showing that the conditioning
effects of the same 5 Hz rTMS protocol on
motor cortical excitability may last for up
to 1 h (Peinemann et al., 2004; Rizzo et al.,
2004). Most information about the dura-
tion of 5 Hz rTMS is extrapolated from
data on motor cortical excitability. It re-
mains unknown whether the duration of
changes induced by rTMS might differ ac-

cording to the site of stimulation. In the absence of physiological
data from the prefrontal cortex, it is difficult to speculate on the
time course of rTMS conditioning effects on the DLPFC. How-
ever, we suggest that a rapid functional reorganization of brain
areas involved in orienting might have occurred to recover task
performance. The lasting physiological effects of rTMS might
therefore have been masked in the behavioral results presented
here. The DLPFC lies at an anterior point of rich convergence of
many neuronal pathways (Young, 1992). Its interaction with
multiple association networks may be sufficiently complex that
disruption of one area alone may not result in long-lasting behav-
ioral deficits.

rTMS to the DLPFC did not alter activity at the site
of stimulation
Despite accurate localization of the sites of DLPFC and little vari-
ance across subjects, as revealed by the structural data, no signif-
icant BOLD signal changes were observed at the stimulated sites
after conditioning with rTMS. Several “on-line” fMRI studies
suggest that stimulation of an area with rTMS at subthreshold
intensities does not necessarily lead to acute changes in BOLD
signal at the site of stimulation (Bohning et al., 1999; Baudewig et
al., 2001; Bestmann et al., 2003); however, acute activity changes

Table 4. Effects of validity: areas of activation associated with presentation of the invalid trials compared with
valid trials (kE indicates cluster size)

Anatomical location kE Side

MNI coordinates Cluster activation

x y z p value z value

Dorsolateral prefrontal cortex 21 Right 45 42 33 �0.001 5.87
33 42 42 �0.001 4.06
27 57 30 �0.001 3.57

Ventrolateral prefrontal cortex 15 Right 48 42 �6 0.004 4.22
42 39 0 0.004 3.54

Anterior insula 10 Right 36 18 �3 0.043 3.61
42 15 3 0.043 3.35

Inferior frontal gyrus 13 Right 51 9 24 0.01 3.79
48 9 15 0.01 3.73

Intraparietal sulcus 31 Left �39 �39 42 �0.001 4.99
�51 �45 45 �0.001 3.71
�33 �54 45 0.003 3.96

IPS/angular gyrus 136 Right 33 �66 57 �0.001 4.44
45 �57 51 �0.001 4.27
54 �48 48 �0.001 4.27

Table 5. Main effects of 5 Hz rTMS over left DLPFC in all conditions: areas of deactivation associated with 5 Hz rTMS over
the left DLPFC preconditioning with real rTMS compared with sham on all trials (kE indicates cluster size)

Anatomical location kE Side

MNI coordinates Cluster activation

x y z p value z value

Decreases in BOLD after left DLPFC
conditioning with rTMS (sham TMS)

Ventrolateral prefrontal cortex 11 Left �39 42 3 0.004 3.87
Superior parietal gyrus 47 Right 6 �60 60 �0.001 4.08

Left �3 �48 66 �0.001 3.92
Posterior intraparietal sulcus 27 Left �18 �69 51 0.006 4.15

�21 �60 48 0.006 3.65
Superior cerebellum 20 Right 21 �60 �21 0.031 4.11
Primary sensorimotor area 24 Right 45 �21 57 0.012 4.07
Anterior insula 35 Right 45 15 �3 0.001 3.99

48 6 3 0.001 3.45
Superior temporal gyrus 28 Left �57 �15 3 0.005 4.00

�45 �18 12 0.005 3.75
Lateral occipital cortex 32 Left �51 �72 �9 0.002 4.00

�42 �69 �9 0.002 3.5

Figure 7. Effects of left DLPFC conditioning on BOLD activity during the performance of the
reorienting task. BOLD activity decreases in the VLPFC [local maximum, (�39, 42, 3); Z � 4.08;
p � 0.012] are displayed on transverse (left) and sagittal (right) sections of average anatomical
MRI scans from all subjects (extent threshold, p � 0.001). L, Left; R, right; P, posterior; A,
anterior.
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have been reported in anatomically connected areas. Off-line
studies using 1 Hz rTMS over the M1 and PMd areas (Lee et al.,
2003; Siebner et al., 2003) using positron emission tomography
have shown that subthreshold rTMS stimulation failed to evoke
significant changes in regional cerebral blood flow (rCBF) during
task performance at the site of stimulation despite physiological
evidence that this protocol of stimulation decreases excitability
(Chen et al., 1997; Maeda et al., 2000; Touge et al., 2001; Rizzo et
al., 2004). However, changes in rCBF were induced over these
areas at rest (Siebner et al., 2001). This is in line with observations
that the absence of changes in rCBF does not rule out the presence
of significant neuronal activity (Nielsen and Lauritzen, 2001). A
recent study on the lasting effects of off-line low- and high-
frequency rTMS (Rounis et al., 2005) suggests that similar effects
may occur with higher frequencies of stimulation (5 Hz). Given
electrophysiological evidence of the effects of 5 Hz rTMS (Peine-
mann et al., 2004) on cortical excitability, there appears to be a
dissociation between excitability changes and local changes in
rCBF or BOLD signal. Off-line rTMS delivered over the DLPFC
could have induced changes in neuronal activity at the site of
stimulation at rest, which failed to reveal task-related activity
changes in the stimulated area observed using fMRI.

rTMS to DLPFC led to BOLD signal changes in remote areas
Decreases in task-related responses were observed in adjacent
and remote cortical areas including the VLPFC and IPS after
DLPFC conditioning at 5 Hz during performance of our task.
Evidence from off-line rTMS connectivity studies (Lee et al.,
2003; Rounis et al., 2005) suggests that rTMS may change the
internal processing of the stimulated area, leading to an alteration
in its output to other cortical areas as well as a change in the
responsiveness to inputs from remote areas, while keeping the
overall synaptic activity constant.

Changes in activity of remote areas requires evidence that the
stimulated DLPFC and the aforementioned VLPFC and IPS are
anatomically and/or functionally related in the performance of
this task. Excitability changes in DLPFC induced by conditioning
may lead to changes in postsynaptic activity in anatomically con-
nected regions via direct activation of projecting fibers or indi-
rectly by modulation of intermediate regions. The presence of
direct connections between the DLPFC and both VLPFC and IPS
in humans remains speculative because it relies on comparative
work to establish correspondences between macaque and human
brain areas (Petrides and Pandya, 1999, 2002). However, there is
good evidence of coactivation in these areas during performance
of attentional tasks (Rushworth et al., 1997, 2001a; Corbetta and
Shulman, 2002; Liu et al., 2003).

Task-related BOLD signal changes after rTMS conditioning
rTMS changed activity within areas of the reorienting network,
remote from the site of stimulation, selectively in invalidly cued
trials. As mentioned above, 5 Hz rTMS leads to activity changes
within entire functional networks, possibly through alterations in
effective connectivity of the stimulation site with other regions
involved in the task (Pleger et al., 2006). A disruption of the
DLPFC with rTMS might have compromised its outputs to func-
tionally connected areas during reorienting of attention, leading
to activity changes being observed in remote areas, particularly
because these were most prominent in the invalidly cued condi-
tion. Previous studies have shown evidence of adjustment in the
activity of the lateral prefrontal areas after modulation of task
difficulty (Dove et al., 2000; Nagahama et al., 2001). In their study
proposing a two-stage model of spatial working memory process-

Figure 8. Validity � conditioning interaction after 5 Hz rTMS to the right DLPFC. The effect
of right DLPFC conditioning on BOLD activity during the performance of invalidly compared with
validly cued trials. Top, A significant decrease in BOLD activation was revealed in the right VLPFC
[local maximum, (36, 42, 12); Z � 4.31; p � 0.013] displayed on transverse (left) and sagittal
(right) sections of average anatomical MRI scans from all subjects (extent threshold, p �
0.001). Bottom, Parameter estimates showing mean � SE activation of the invalid–valid con-
trast during the two experimental sessions: sham (left) and real (right). L, Left; R, right; P,
posterior; A, anterior.

Figure 9. Behavioral study: behavioral effects of cue type and conditioning of DLPFC on RTs.
At time 1, 5 Hz rTMS conditioning over the right DLPFC led to a significant increase in RTs in
invalidly cued trials (338 � 17 ms) compared with sham (295 � 15 ms). This was not the case
for left DLPFC conditioning (RTs in invalid trials: 285 � 10 ms for real-rTMS; 297 � 12 ms for
sham). At time 2, 5 Hz rTMS conditioning did not lead to any significant changes in RTs in either
valid or invalid trials whether applied over the left or right DLPFC. Note that RTs, pooled across
all levels of stimulation type, stimulation site, and hand response, averaged over time 1 and
time 2, were significantly slower (303 � 16 ms) in invalidly cued trials than in validly cued trials
(227 � 10 ms). *p � 0.015.
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ing, Owen et al. (1996) suggested differential involvement of the
VLPFC and DLPFC in the active manipulation of on-line infor-
mation that may depend on the working memory demands of the
task (Petrides, 1994; Owen et al., 1996).

Conditioning the left or the right DLPFC with rTMS resulted
in different changes in the activity pattern observed in remote
areas. Studies by Rushworth et al. (1997, 2001a,b) have suggested
a hemispheric asymmetry in the parietal cortex concerning reori-
enting in the context of visual versus motor attention. This asym-
metry might also apply in the prefrontal regions and might ac-
count for our results given that our task involved both visual and
motor attention switching.

The main effect of conditioning the left DLPFC was a decrease
in activation of the left VLPFC, the left IPS, and the right primary
motor cortex. These results are reminiscent of evidence that
changes in DLPFC excitability affects areas at earlier levels of
stimulus processing (Moore and Armstrong, 2003). The lack of
validity � conditioning interactions after conditioning of left
DLPFC is likely to be attributable to the absence of any left
DLPFC activity in the direct comparisons of invalid versus valid
trials. Such an interaction was only found with right DLPFC con-
ditioning in the right VLPFC. The functional significance of this
finding points toward the possibility of a degenerate but poten-
tially functional network in the prefrontal cortex for cued choice
reaction tasks. This network may have a role in recovery from
suitably sited brain injury and may differ according to the de-
mands of the task being used.
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