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man and Luck 1999). The N2pc originates from ventral occipital cortex in humans (Hopf et al. 2000) and is interpreted as a
marker for a shift of attention to the search target location. In
the present study, we combined TMS and electroencephalographic (EEG)/ERP recordings in a task where targets were
defined by a conjunction of color and orientation. Single-pulse
TMS was applied over rPPC, behavioral and ERP measures
were obtained in parallel, and compared with blocks where
TMS was applied to a control site (vertex). We expected RTs
on target-present trials to be delayed with rPPC relative to
vertex TMS. If this was due to a specific impairment of spatial
attention shifts caused by rPPC stimulation, the N2pc should
be delayed and/or attenuated when TMS is applied over rPPC
but not for vertex stimulation.

INTRODUCTION

METHODS

Numerous studies have used visual search to study the role
of spatial attention in target selection when no advance spatial
information is available (Treisman and Sato 1990). Functional
brain imaging studies have suggested the involvement of a
dorsal frontoparietal attentional network in visual search (Nobre et al. 2003). However, the specific functions of different
parts of this network such as the frontal eye fields (FEFs) or
posterior parietal cortex (PPC) are still poorly understood, and
there is little direct evidence of the interactions of these areas
with sensory cortex. Dissociating the roles of such areas
requires methods that afford high-temporal resolution to capture the dynamics of cortico-cortical interactions and to identify the effects of these areas on different stages of visual
processing. Here, we combined event-related potentials (ERPs)
and transcranial magnetic stimulation (TMS) to obtain new
insight into how PPC contributes to selectivity in visual search.
Previous TMS studies have provided evidence of the role of
right PPC (rPPC) in visual search (Ashbridge et al. 1997;
Fierro et al. 2001; Muri et al. 2002; Walsh et al. 1999).
Single-pulse TMS over rPPC applied 100 ms after search array
onset, for example, delays reaction times (RTs) to conjunction
targets (Ashbridge et al. 1997). Previous ERP studies have
shown that target detection in visual search gives rise to an
enhanced N2 component at occipital electrodes contralateral to
the side of a target (N2pc) that is typically elicited at latencies
beyond 200 ms (Eimer 1996; Luck and Hillyard 1994; Wood-
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Data from seven healthy right-handed volunteers (1 female, aged
24 – 43 yr) with normal or corrected-to-normal vision were analyzed.
Three other participants were excluded due to excessive eye-movement artifacts. Subjects gave written informed consent. The study was
approved by the Psychology Ethics Committee, Birkbeck College.

Stimuli and procedure
Subjects were seated 57 cm in front of an LCD monitor. The screen
was divided into a virtual array of 36 positions (6 columns ⫻ 6 rows),
with the innermost positions located 3° to the left and right of a black
fixation cross (0.7 ⫻ 0.7° visual angle). On each trial, target and/or
distractors appeared randomly in eight of these positions with four
stimuli to the left and four to the right of fixation. The target (a green
vertical bar) and the distractors (green horizontal and blue vertical
bars) subtended 1.5 ⫻ 0.5° of visual angle and were presented against
a gray background.
Sixteen experimental blocks with 84 visual search trials per block
were run. Search arrays were presented for 720 ms. Intertrial interval
was 2,426 ms. Subjects reported the presence or absence of a target as
fast and accurately as possible by pressing the 1 or 2 key on a
keyboard. Within blocks targets were presented with equal probability
in the left or right visual field on 48 trials and was absent in 24 trials.
In half the trials, TMS was delivered 100 ms after search array onset;
no TMS was applied in the other half. A TMS pulse was delivered
without any visual stimulus on 12 randomly interspersed trials (TMSonly trials). The TMS coil was changed after every two blocks of trials
to prevent overheating. A head and chin rest was used to minimize
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insight into the neural basis of visual attention, we combined transcranial magnetic stimulation (TMS) and event-related potentials
(ERPs) during a visual search task. Single-pulse TMS over right
posterior parietal cortex (rPPC) delayed response times to targets
during conjunction search, and this behavioral effect had a direct ERP
correlate. The early phase of the N2pc component that reflects the
focusing of attention onto target locations in a search display was
eliminated over the right hemisphere when TMS was applied there but
was present when TMS was delivered to a control site (vertex). This
finding demonstrates that rPPC TMS interferes with attentional selectivity in remote visual areas.
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head movements, and a coil holding device was employed to ensure
stable coil position.

RESULTS

TMS

To control for interindividual RT differences, and for the
order of TMS locations, RT data were normalized by computing the ratio between mean RTs for trials with and without
TMS for different trial types. A main effect of coil position
[rPPC versus vertex: F(1,6) ⫽ 7.1, P ⬍ 0.05] and a main effect
of target [present vs. absent: F(1,6) ⫽ 11.8, P ⬍ 0.05] showed
that RTs were delayed with rPPC relative to vertex stimulation
(see Fig. 1). The interaction coil position ⫻ target was also
significant [F(1, 6) ⫽ 9.9, P ⬍ 0.05]; post hoc comparisons
showed that RTs on target-present trials were delayed with
rPPC relative to vertex stimulation (P ⬍ 0.01). Further analyses were conducted for raw RTs. Mean raw RTs were delayed
on target-present trials with rPPC stimulation relative to noTMS trials (571 vs. 543 ms, P ⬍ 0.05), whereas no significant
difference between TMS and no-TMS trials was found for
blocks with vertex stimulation (546 vs. 540 ms). When rPPC
stimulation was applied, RTs to left and right targets did not
differ significantly (572 vs. 569 ms), thus ruling out the
possibility that lateralised auditory or tactile effects of rPPC
stimulation might have triggered automatic attention shifts
toward the right. Errors were ⬍5% for all trial types.

EEG recording and analysis
EEG was recorded with a DC 32-channel-amplifier (1-kHz sampling rate; 250-Hz high cutoff frequency) from 25 Ag-AgCl electrodes with linked-earlobes reference. Horizontal EOG (HEOG) was
recorded from electrodes positioned on the outer canthi of both eyes.
Impedance was kept ⬍5k⍀. Because EEG acquisition was continuous, EEG waveforms included a TMS artifact induced by the magnetic pulse (18-ms duration with a rebound residual after 30 ms).
Artifacts were removed by cutting out 40-ms segments (from 2 ms
prior to TMS onset to 38 ms after TMS onset) from EEG waveforms
for all TMS trials and electrodes. EEG data points before and after
each removed segment were then joined. This induced a random
voltage step between the joined data points for single trials, which was
eliminated by EEG averaging.
Only EEG data for TMS trials with correct responses and reaction
times (RTs) between 150 and 1,300 ms were analyzed. EEG was
epoched from 100 ms prior to search array onset to 740 ms after array
onset (without the 40-ms segment removed through artifact cutting).
Epochs with eye movements and muscle or movement artifacts (as
indicated by HEOG activity exceeding ⫾40 V, and activity at other
electrodes exceeding ⫾80 V) were excluded from analysis. ERPs
were computed for different combinations of target location (left,
right) and TMS condition (vertex, rPPC), relative to a 100-ms prestimulus baseline. To remove contribution of TMS-induced auditory
and somatosensory activity to these ERPs, EEG recorded on TMSonly trials was averaged and then subtracted from ERPs on visual
search trials with TMS, separately for blocks with TMS applied to
rPPC or vertex (see Thut et al. 2005 for details of this artifact template
subtraction technique). ERPs were then filtered using 0.01-Hz highpass, 40-Hz low-pass, and 50-Hz notch filters. Differential effects of
TMS applied to rPPC versus vertex on the N2pc were quantified on
the basis of ERP mean amplitudes in two time windows (250 –300 ms
and 363– 413 ms after array onset). Separate repeated-measures
ANOVAs were conducted for parieto-occipital electrodes over the
right hemisphere where TMS was applied (P8, PO8), and over the left
hemisphere (P7, PO7), for the factors electrode site, coil position
(rPPC, vertex), and contralaterality (target contralateral versus ipsilateral to electrode). Greenhouse-Geisser epsilon adjustments for
nonsphericity were applied where appropriate. Post hoc paired t-test
were Bonferroni corrected for multiple comparisons.
J Neurophysiol • VOL

ERP effects
Figure 2 shows ERPs at right posterior electrodes P8 and
PO8 in response to arrays with contralateral (left) or ipsilateral
(right) targets, when TMS was delivered to the vertex (A) or to
rPPC (B). The early phase of the N2pc component (250 –300
ms poststimulus) was present with vertex TMS but absent for
rPPC stimulation as reflected by a contralaterality ⫻ coil
position interaction [F(1,6) ⫽ 7.1, P ⬍ 0.05]. Post hoc comparisons revealed a significant N2pc (1.270 V, P ⬍ 0.01)
with vertex TMS, and no N2pc (⫺0.621 V, P ⫽ ns) for rPPC
stimulation. In the late N2pc time window (363– 413 ms
poststimulus), a main effect of contralaterality [F(1,6) ⫽ 6.0,
P ⬍ 0.05], but no contralaterality ⫻ coil position interaction
was present at P8 and PO8, suggesting that later phases of the
N2pc were not affected by TMS (see Fig. 2). At left posterior
electrodes (P7, PO7, not shown in Fig. 2), no significant

FIG. 1. Mean normalized response times (RT ⫾ SE) for target-absent and
target-present trials with transcranial magnetic stimulation (TMS) applied over
right posterior parietal cortex (rPPC) or vertex.
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Single-pulse TMS was delivered via a 70-mm figure-eight coil
connected to a Magstim super rapid transcranial magnetic stimulator
(Magstim, Dyfed, UK). A single TMS application time (100 ms after
array onset) (based on pilot data and on Ashbridge et al. 1997) was
chosen to limit the number of conditions and number of trials required
to compute reliable ERP waveforms. Stimulation sites were vertex
(Cz) and rPPC. The rPPC site was identified within a 2-cm radius
from electrode location P4 by using a hunting procedure as described
previously by Ashbridge et al. (1997) and employed by Ellison et al.
(2004). A recent study (Okamoto et al. 2004), which used craniocerebral projections to characterize the relationship between standard10-20 positions and underlying cortical structures, has demonstrated that P4 is usually located above the right angular gyrus. PPC
and vertex stimulation were delivered in separate halves of the
experiment in counterbalanced order across subjects. To compensate
for the increased distance between coil and scalp necessitated by the
EEG cap, TMS intensity was slightly higher (on average 85% of
maximum stimulator output) than in previous behavioral studies.

Behavioral effects
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contralaterality ⫻ coil position interactions were present for
either time window.
DISCUSSION

To investigate the role of rPPC for target selection in a
conjunction search task, we used a combined TMS/ERP procedure where single-pulse TMS was delivered 100 ms after
search array onset over rPPC or a control site (vertex). RTs on
target-present trials were delayed with rPPC relative to vertex
stimulation. This impairment of search performance was reflected by systematic TMS effects on the N2pc component over
the right hemisphere where TMS was delivered. For trials with
rPPC stimulation, this component was absent between 250 and
300 ms poststimulus and only appeared in a later time window
(363– 413 ms). In contrast, the N2pc was present in both time
windows with vertex stimulation. No differential effects of
TMS on N2pc amplitudes were found over the unstimulated
(left) hemisphere.
Magnetoencephalographic results (Hopf et al. 2000) have
suggested that the initial portion of magnetic equivalent of the
N2pc reflects neuronal activity in the posterior parietal lobe
that is linked to processes involved in the initiation of attention
shifts, whereas the later portion of the N2pc reflects attentional
modulation of visual processing in extrastriate occipito-temporal areas. Our observation that TMS over rPPC affects early but
not later phases of the N2pc could thus be interpreted as
evidence for a disruption of posterior parietal attentional conJ Neurophysiol • VOL

trol processes. However, the N2pc as seen in ERP waveforms
appears to be primarily generated by occipito-temporal sources
(Hopf et al. 2000) and is usually interpreted as a result of
re-entrant feedback signals from regions involved in higherorder attentional control processes (such as PPC) to extrastriate
ventral visual regions (Woodman and Luck 1999). The differential effects of rPPC versus vertex stimulation during the early
phase of the N2pc are therefore more likely to reflect a delay
of spatially selective processing in extrastriate visual cortex
that is caused by TMS-induced disruptions of attentional control mechanisms in PPC (see Rushworth et al. 2005 for details
of connections between posterior parietal regions and ventral
visual areas in the temporal lobe).
In summary, the current results show for the first time that a
TMS-induced disruption of attentional control mechanisms in
right posterior parietal cortex not only impairs performance in
a visual search task but also delays the onset of the N2pc
component. The observation that TMS over rPPC can affect
the spatially selective processing of visual stimuli in remote
extrastriate areas within 250 ms after stimulus onset provides
new evidence for cortico-cortical links that implement topdown attentional modulations of sensory processing.
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FIG. 2. Grand-averaged event-related potentials (ERPs) elicited at right posterior electrodes P8 and PO8 in response to arrays containing a target in the
contralateral (left, - - -) or ipsilateral (right, —) visual field. A: TMS over vertex. B: TMS over rPPC.
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