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Abstract
Functional neuroimaging studies have implicated a number of brain regions, especially the posterior parietal cortex (PPC), as being
potentially important for visual–tactile multisensory integration. However, neuroimaging studies are correlational and do not prove the
necessity of a region for the behavioral improvements that are the hallmark of multisensory integration. To remedy this knowledge
gap, we interrupted activity in the PPC, near the junction of the anterior intraparietal sulcus and the postcentral sulcus, using MRIguided transcranial magnetic stimulation (TMS) while subjects localized touches delivered to different fingers. As the touches were
delivered, subjects viewed a congruent touch video, an incongruent touch video, or no video. Without TMS, a strong effect of
multisensory integration was observed, with significantly better behavioral performance for discrimination of congruent multisensory
touch than for unisensory touch alone. Incongruent multisensory touch produced a smaller improvement in behavioral performance.
TMS of the PPC eliminated the behavioral advantage of both congruent and incongruent multisensory stimuli, reducing performance
to unisensory levels. These results demonstrate a causal role for the PPC in visual–tactile multisensory integration. Taken together
with converging evidence from other studies, these results support a model in which the PPC contains a map of space around the
hand that receives input from both the visual and somatosensory modalities. Activity in this map is likely to be the neural substrate for
visual–tactile multisensory integration.

Introduction
While riding a bicycle, visual information about the road surface
combined with tactile information from the handlebars allow us to
successfully navigate a slippery route. Multisensory integration is
useful because the combination of information from different
independent sensory modalities allows for more accurate behavioral
decisions. Several studies have shown that vision can enhance touch
perception when subjects view the actual hand or arm being touched
(Kennett et al., 2001; Maravita et al., 2003; Johnson et al., 2006;
Haggard et al., 2007) or just an image of the hand (Tipper et al., 1998;
Schaefer et al., 2005; Igarashi et al., 2008).
Human functional neuroimaging studies have implicated a number
of brain areas in visual–tactile multisensory integration. Regions of
occipital and temporal cortex traditionally classiﬁed as unisensory
visual cortex also respond to touch (Sathian et al., 1997; Amedi et al.,
2001; James et al., 2002; Beauchamp et al., 2007, 2008), whereas
regions of anterior and ventral parietal lobe traditionally classiﬁed as
unisensory somatosensory cortex also respond to visual stimuli,
especially videos of touch (Keysers et al., 2004; Blakemore et al.,
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2005; Schaefer et al., 2005). The posterior parietal cortex (PPC),
traditionally classiﬁed as association cortex, responds to both visual
and tactile stimulation (Bremmer et al., 2001; Saito et al., 2003;
Nakashita et al., 2008) and is active during visually-guided grasping
(Frey et al., 2005; Culham & Valyear, 2006; Valyear et al., 2007;
Filimon et al., 2009).
While neuroimaging studies are invaluable for delineating brain
areas involved in a cognitive task, they provide only correlational
evidence about whether the brain areas are truly necessary for the task.
In order to make inferences about necessity, a brain area must be
lesioned and a behavioral deﬁcit demonstrated. Studies of stroke
patients have demonstrated that visual stimuli can suppress or enhance
the detection of tactile targets (extinction or anti-extinction, respectively), leading to a consensus that the parietal cortex, especially the
PPC, plays an important role in extinction and neglect, and may
be important for multisensory integration (di Pellegrino et al., 1997;
Ladavas et al., 1998; Vandenberghe & Gillebert, 2009).
Another technique, transcranial magnetic stimulation (TMS), allows
for the creation of ‘virtual lesions’ by temporarily inactivating a small
volume of brain tissue in normal subjects. When combined with
magnetic resonance imaging (MRI) data about the anatomical location
of a speciﬁc brain region, such as the PPC, it can demonstrate a causal
link between the PPC and complex cognitive operations, including

ª The Authors (2010). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd

1784 S. Pasalar et al.
cross-modal interactions (Ro et al., 2004; Fiorio & Haggard, 2005;
Bolognini & Maravita, 2007; Ramos-Estebanez et al., 2007). We
performed experiments to assess the causal role played by the PPC in
visual–tactile integration using TMS. To accomplish this task, we
modulated the behavioural sensations of touch by vision. Then, we
used MRI-guided TMS to disrupt brain activity and measured the
effects on behavioral multisensory integration.

A. Control (no pointer)

Materials and methods

Tactile

Experiments were conducted in accordance with the ethical guidelines
of the Declaration of Helsinki and approved by the Committee for the
Protection of Human Subjects of the University of Texas Health
Science Center at Houston. Eight healthy volunteers (three females,
one left handed, mean age 27 years) with no history of neurological or
sensory disorders participated in the study. Subjects were screened for
the exclusion criteria for MRI and TMS and written informed consent
was obtained from each subject prior to experimentation.

Visual

TMS

? ?
Response

Task and stimuli
Subjects reported the location of a weak mechanical touch that was
delivered to either the index (D2) or little (D5) ﬁnger on their right
hand at 1.0 s after trial onset (Fig. 1). The mechanical touches were
delivered with piezoelectric benders (Piezo Systems, Woburn, MA,
USA; Beauchamp et al., 2007, 2009) attached to the tips of D2 and
D5. The benders were actuated with a 150-ms Gaussian-modulated
sine wave voltage, delivered under computer control, which produced
a physical deﬂection in the bender that peaked 75 ms after onset and
resulted in the percept of a faint tap. Because multisensory
integration is strongest with weak unisensory stimuli (Stein &
Meredith, 1993) we determined the deﬂection required to produce a
peri-threshold tactile stimulus was determined separately for D2 and
D5 in each subject. Beginning with a suprathreshold stimulus, the
stimulus intensity was reduced in 1-dB steps until the subject
reported being unable to detect the touch. The stimulus intensity
1 dB above this level was used for the main experiment. The
perithreshold intensity corresponded to a mean mechanical deﬂection
of 0.75 ± 0.25 lm for D5 and 0.99 ± 0.32 lm for D2, consistent
with previous studies on human vibrotactile thresholds (Brisben
et al., 1999).
The visual stimulus consisted of a centrally-presented static image
of an actor’s right hand (palm facing towards the subject) that appeared
at trial onset and remained visible throughout the duration of each trial.
In the ‘Congruent Pointer’ condition, the visual display also contained
an animated triangular shape (the pointer) that appeared in the upper
part of the display at trial onset and moved continuously, making
contact with either D2 or D5 on the still image of the hand 1.0 s after
trial onset. The same ﬁnger received both visual pointer contact and the
mechanical touch. In the ‘Incongruent Pointer’ condition, the animated
pointer appeared at trial onset but 1.0 s after trial onset it contacted the
ﬁnger that did not receive the mechanical touch. In the ‘No Pointer’
condition the visual stimulus consisted of only the still image of the
hand with no animated pointer. In all conditions, the subjects’ task was
to indicate the ﬁnger receiving the mechanical touch as soon as
possible after the touch occurred, using their left hand to signal their
response with a two-button computer mouse.
MRI
Anatomical MRI scans were obtained from each subject using a
3-tesla whole-body MR scanner (Phillips Medical Systems, Bothell,
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Fig. 1. Experimental design. (A) Control (No Pointer) trial. Top row: subjects
viewed a static image of a hand throughout the trial. Second row: tactile
stimulators (black rectangles) were attached to the tips of D2 and D5.
A mechanical tap (red rectangle) was delivered to either D2 or D5 1.0 s after
the start of the trial. Third row: on some trials, TMS was delivered 1.0 s after
the start of the trial. Fourth row: subjects reported the location of the tap.
(B) Congruent Pointer trial. The visual display contained a moving pointer
that contacted either D2 or D5 (the same ﬁnger that received the tactitle
stimulation) 1.0 s after trial start (arrows for illustration only). All other trial
events are identical to control trials. (C) Incongruent Pointer trial. The moving
pointer contacted the ﬁngertip that did not receive tactile stimulation.

WA, USA). Images were collected using a magnetization-prepared
180 radio-frequency pulses and rapid gradient-echo (MP-RAGE)
sequence optimized for gray–white matter contrast with 1-mm-thick
sagittal slices and an in-plane resolution of 0.938 · 0.938 mm. AFNI
software (Cox, 1996) was used to analyze MRI data. Threedimensional cortical surface models were created with FreeSurfer
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Seated subjects viewed visual stimuli on a liquid crystal display screen
placed at eye level 65 cm from the subject. A biphasic TMS unit
(Magstim Rapid; Magstim Co., Whitland, UK) with a 70-mm ﬁgureof-eight coil was used to deliver TMS. The coil was positioned using
an image-guided neuro-navigation system for frameless stereotaxy
(Brainsight, Rogue Research, Montreal, Canada). Neuro-navigation
allowed the TMS to be precisely targeted to speciﬁc anatomical
locations based on high-resolution MRI. Because head position was
continuously monitored, and adjustments in coil positioning were
made if there was misalignment, we ensured that the same brain
location was stimulated throughout each experimental session (Peters
et al., 1996). The stimulation site was plotted as the coordinate on the
surface of the brain closest to the TMS coil, calculated as the position
where a line normal to the surface of the scalp ﬁrst intersects the brain
surface. The hand region of left primary motor cortex (M1) was
identiﬁed on the high-resolution MRI and targeted using neuronavigation. The motor threshold intensity was determined for each
subject (on average 69% of machine output) and used throughout the
session (Ro et al., 2004; Stokes et al., 2005; Balslev et al., 2007). Our
previous study identiﬁed a candidate area for multisensory integration
in posterior parietal cortex (Ro et al., 2004). Thus, we targeted the
same area, 3 cm posterior and 2 cm lateral from the hand region of left
M1, with the coil ﬂush against the scalp and the coil handle facing
backwards at a 45o angle from the mid-sagittal plane. This location
was conﬁrmed to be in the PPC [in close proximity to the intraparietal
sulcus (IPS) and the post-central sulcus (PoCS)] based upon the
subject’s individual MRI. Finally, because TMS produces a loud click
and scalp sensations under the coil, we also performed TMS of a
control site located posterior and ventral to the PPC TMS location.

Experimental design
Trials were presented in two blocks, one in which TMS was delivered
to the parietal site and one in which TMS was delivered to the control
site (block order was counterbalanced across subjects). Within each
block, the ﬁnger of tactile stimulation, the visual trial type and the
presence or absence of TMS was randomly varied from trial to trial.
If TMS was present, a single TMS pulse was delivered at 1.0 s after
trial onset (the same time as the mechanical and visual touch). A total
of 480 trials were delivered (20 repetitions per condition · two
tactile · three visual · TMS ⁄ noTMS · PPC TMS ⁄ Control TMS).
Because the behavioral results for D2 and D5 were similar, they were
grouped for analysis.

Analysis
Because single-pulse TMS brieﬂy disrupts neural processing, our main
measure of performance was reaction time (RT; Walsh et al., 1999;
Pourtois et al., 2001; Cattaneo et al., 2009). RT was deﬁned as the
time between the end of the tactile stimulus and the mouse button
press by the subjects indicating on which ﬁnger they felt the touch.
Only the RTs for correct trials were used in the analysis. A small

Results
The anovas on RT, accuracy and IE showed a signiﬁcant effect of
TMS and of stimulus condition (RT: F2,28 = 5.3, P = 0.02 for TMS
and F2,28 = 16.3, P = 0.0002 for stimulus condition; accuracy: F2,28 =
12.7, P = 0.0007 and F2,28 = 17.5, P = 0.0002; IE: F2,28 = 12.8,
P = 0.0007 and F2,28 = 13.8, P = 0.0005). To better understand these
results, we performed within-subject pair-wise comparisons between
conditions.

Behavioral evidence of multisensory integration
A hallmark of multisensory integration is the improvement of
behavioral performance when subjects receive information from more
than one sensory modality. In our experiment, multisensory integration
was reﬂected in improved behavioral performance for Congruent
Pointer trials (visual + tactile information) compared with No Pointer
trials (tactile information alone). As shown in Fig. 2, RT was faster for
Visually Congruent than for No Pointer trials [RT of 570 ± 40 ms
(mean ± SEM) vs. 680 ± 39 ms, paired t-test, t7 = 6.3, P = 0.0004].
IE also improved (lower IE of 749 ± 99 vs. 1039 ± 123, t7 = 5.1,
P = 0.001), demonstrating that the faster RT was not due to decreased
accuracy.
The visual stimulus in Congruent Pointer trials contained both
spatial information about the location of the weak touch and temporal
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number of trials showed very short or very long RTs; RTs outside of
the 250–1150 ms (mean ± 2 SDs) time range were discarded (Collignon et al., 2008). Because there is a trade-off between speed and
accuracy, performance was also evaluated using the inverse efﬁciency
(IE) measure, deﬁned as the RT divided by the proportion of correct
responses (Townsend & Ashby, 1978; Chambers et al., 2004). An
index of multisensory enhancement was calculated as the percentage
RT decrease between multisensory and unisensory (No Pointer) trials.
The ﬁrst stage of analysis was a within-subject anova with TMS
(parietal, control, and No TMS) and visual–tactile stimulus condition
(Congruent, Incongruent, and No Pointer) as factors. Separate anovas
were performed with RT, accuracy and IE as dependent measures. The
anovas were followed by planned pair-wise within-subject comparisons (t-tests) between conditions.

RT(ms)

(Fischl et al., 1999) and visualized in SUMA (Argall et al., 2006).
Cortical surfaces were partially inﬂated using 500 iterations of a
smoothing algorithm to better visualize the deeper sulcal areas (Van
Essen, 2004). Finally, to allow reporting of the stimulation sites in
standard coordinates, each individual brain was normalized to the N27
atlas brain (Mazziotta et al., 2001).
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Fig. 2. Behavioral performance during the three trial types. (A) The average
RT across subjects during each trial type (error bars show SEM across subjects).
Each trial type is identiﬁed by a different color, as shown in the legend; only
correct trials were included in the analysis. *P < 0.05. (B) The average IE
(deﬁned as RT ⁄ accuracy) across subjects.
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information about the precise time of the touch. We examined the
behavioral response to Incongruent Pointer trials in which the
temporal information about the precise time of the touch was
preserved but spatial information about the location of the touch
was not. Performance in Incongruent Pointer trials (RT of
618 ± 43 ms and IE of 919 ± 121) was signiﬁcantly better than No
Pointer trials (RT of 680 ± 39 ms, t7 = 3.2, P = 0.02 and IE of
1039 ± 123, t7 = 1.9, P = 0.09) but was signiﬁcantly worse than
Congruent Pointer trials (RT of 570 ± 40 ms, t7 = 4.4, P = 0.003 and
IE of 749 ± 99, t7 = 5.8, P = 0.0007). To measure the relative
performance improvement in the different conditions, we calculated
the percentage decrease in RT for multisensory compared with
unisensory trials as an index of multisensory enhancement. The largest
degree of multisensory enhancement was observed in congruent trials
with a 16.36 ± 2.4% decrease in RT (Fig. 3). A smaller degree of
enhancement was observed in incongruent trials, with a 9.15 ± 2.74%
decrease in RT. This indicates that both spatial and temporal
information from the visual pointer were important for the observed
multisensory enhancement.

Modulating multisensory integration with TMS
Next, the effects of PPC TMS on behavioral multisensory integration
were examined. As shown in Fig. 3, PPC TMS eliminated the
multisensory enhancement observed in Congruent Pointer trials
(0.9 ± 3.6% vs. 16.4 ± 2.4%, t7 = 6.8, P = 0.0002). PPC TMS also
eliminated the multisensory enhancement observed in Incongruent
Pointer trials ()3.4 ± 3.4% vs. 9.2 ± 2.7%, t7 = 3.7, P = 0.008).

Control TMS
A possible concern with TMS is that nonspeciﬁc effects (such as the
sound generated by the TMS pulse or scalp muscle stimulation) could
interfere with behavioral performance. To control for this possibility,
we delivered TMS to a control location. Strong multisensory
enhancement in the congruent condition was found for the control
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Fig. 3. Effects of TMS on multisensory enhancement. The RT decrease
between multisensory and unisensory trials was calculated as an index of
multisensory enhancement. Each color corresponds to a different TMS
condition, as shown in the legend. *P < 0.05. (A) Multisensory enhancement
during Congruent Pointer trials. (B) Multisensory enhancement during
Incongruent Pointer trials.

TMS site that was not signiﬁcantly different than that observed in the
no TMS condition (12.8 ± 4.3 vs. 16.4 ± 2.4%, t7 = 0.7, P = 0.5); the
same was true for incongruent trials (4.3 ± 4.6% vs. 9.2 ± 2.7%,
t7 = 1.0, P = 0.4). Because PPC TMS, but not control TMS,
eliminated the behavioral advantage of multisensory trials, nonspeciﬁc
effects of TMS cannot be responsible for the observed disruption of
multisensory integration.

Accuracy
In the absence of TMS, accuracy during Congruent Pointer trials was
79.8 ± 4.3%, which was signiﬁcantly better than PPC TMS
(69.1 ± 4.7%, t7 = 4.2, P = 0.004) but not different from control
TMS (75.3 ± 5.1%, t7 = 1.9, P = 0.1). Similarily, accuracy during
Incongruent Pointer trials was 70.8 ± 4.0% for no TMS which was
signiﬁcantly better than PPC TMS (55.0 ± 4.3%, t7 = 3.3, P = 0.01)
but not different from control TMS (59.4 ± 6.2%, t7 = 1.9, P = 0.1).
Accuracy during No Pointer trials was greater for no TMS than either
of the TMS conditions (69.1 ± 4.5% for no TMS vs. 58.7 ± 3.8% for
PPC TMS, t7 = 2.9, P = 0.02 and vs. 60.0 ± 5.5% for control TMS,
t7 = 4.4, P = 0.003). These effects cannot be attributed to ﬂoor effects
(subjects performing at chance, 50%) or ceiling effects (subjects
performing perfectly, 100%) because we used a pre-experiment
calibration routine that set the perithreshold level of tactile stimulation
separately for each ﬁnger in each subject. The calibration process was
successful, with an average accuracy across all experimental conditions of 66.3 ± 5.3%. In post-experiment debrieﬁngs, subjects
reported being able to detect the tactile stimulus on most trials even
though they were not always able to localize it. This is consistent with
known differences in accuracy between somatosensory detection and
localization tasks (Seyal et al., 1997).

Details of the behavioral results
To learn more about the factors underlying the decrease in multisensory integration observed with PPC TMS, we plotted the RT in each
stimulus and TMS condition (Fig. 4). During Congruent Pointer trials,
performance was signiﬁcantly worse when PPC TMS was delivered
than with No TMS (RT, 677 ± 48 vs. 570 ± 40 ms, t7 = 4.4,
P = 0.003; and IE, 1037 ± 133 vs. 749 ± 99, t7 = 4.3, P = 0.004).
A similar effect was seen during Incongruent Pointer trials (RT,
704 ± 44 vs. 618 ± 43 ms, t7 = 3.5, P = 0.01; and IE, 1350 ± 144 vs.
919 ± 121, t7 = 3.9, P = 0.006).
This impairment was not due to a nonspeciﬁc effect on task
performance. During No Pointer trials, subjects performed the same
task but TMS of the PPC had no impact on performance. They
identiﬁed the location of the touch with TMS as rapidly as they did
with No TMS (RT, 681 ± 35 vs. 680 ± 39 ms, t7 = 0.05, P = 0.96)
and their efﬁciency was also similar (IE, 1210 ± 123 vs. 1039 ± 123,
t7 = 2.1, P = 0.07). Because there was no signiﬁcant difference in
performance between TMS and No TMS trials during No Pointer
trials, the effects of TMS are unlikely to be purely due to changes in
detection of tactile stimuli.
In the three-way anova the interaction of stimulus condition and
TMS was signiﬁcant (F4,28 = 2.8, P = 0.04), showing that TMS has a
differential effect depending on the visual stimulus. This interaction
was primarily driven by the increase in RT during Congruent but not
during No Pointer trials. Unlike PPC TMS, Control TMS did not
change the behavioral measures of response for any of the conditions.
During all trial types, subjects identiﬁed the location of the touch as
rapidly and accurately with control TMS as they did with No TMS
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Fig. 4. Behavioral performance during the three trial types and three TMS conditions. (A) The average RT across subjects to Congruent Pointer trials. Each color
corresponds to a different TMS condition, as shown in the legend. Only correct trials were included in the analysis. (B) RT to Incongruent Pointer trials during the
different TMS conditions. (C) RT to No Pointer trials during the different TMS conditions. *P < 0.05.

(No pointer: RT, 654 ± 54 with control TMS vs. 680 ± 39 ms with No
TMS, t7 = 1.0, P = 0.3; IE, 1204 ± 201 with control TMS vs.
1039 ± 123 with No TMS, t7 = 1.8, P = 0.1; Congruent Pointer:
RT, 564 ± 43 with control TMS vs. 570 ± 40 ms with No TMS,
t7 = 0.2, P = 0.8; and IE, 803 ± 128 with control TMS vs. 749 ± 99
with No TMS, t7 = 1.0, P = 0.4; Incongruent Pointer: RT, 611 ± 27
with control TMS vs. 618 ± 43 ms with No TMS, t7 = 0.3,
P = 0.8; and IE, 1087 ± 91 with control TMS vs. 919 ± 121 with
No TMS, t7 = 1.7, P = 0.1). Therefore, nonspeciﬁc effects of TMS
cannot be responsible for the observed disruption of multisensory
integration.
In summary, the observed increases in RT during multisensory
stimulation are best explained by an impairment in multisensory
integration caused by PPC TMS, and cannot be explained by a
uniform decrease in tactile sensitivity or a nonspeciﬁc effect of TMS.

Location of multisensory integration
TMS of posterior parietal cortex, but not of a control site, eliminated
multisensory integration of viewed touches. To learn more about the
precise location of the stimulated region, we created cortical surface
models of each subject’s brain and plotted the location of the
stimulation sites. Figure 5A shows the cortical surface of a single
subject labeled with the parietal and control TMS sites. The PPC TMS
site for this subject was between the PoCS and the IPS, while the
control site was posterior and inferior to both sulci. Individual subject
brains were normalized to an atlas brain, allowing computation of the
average coordinates of the PPC TMS site (x = )48 ± 3, y = 43 ± 3
and z = 53 ± 3 mm) between the PoCS and the IPS in the superior
parietal lobule. The average coordinates of the control TMS site
(x = )48 ± 4, y = 67 ± 4 and z = 35 ± 6 mm) were in the left angular
gyrus. The average Euclidean distance between the parietal and
control stimulation sites was 34 ± 3 mm.
One subject also participated in a functional MRI (fMRI) study of
responses to viewed touches. For this subject, a conjunction analysis
was used to identify brain areas responsive to both visual and tactile
stimulation. As shown in Fig. 5C, the PPC TMS site that interfered
with multisensory integration was directly adjacent to areas that were

active during the perception of visual and tactile touches (primarily in
the banks of the PoCS).

Discussion
In these experiments, viewing a spatially congruent touch enhanced
subjects’ ability to localize real touches. These behavioral improvements were eliminated by TMS of the PPC. Both ﬁndings can be
accounted for by a multisensory map of space in the PPC that receives
both somatosensory and visual inputs and is centered on the viewed
hand (‘peri-personal’ or ‘peri-hand’ space). In non-human primates,
single neurons in the IPS respond maximally when presented with
visual and somatosensory stimuli that are both spatially and temporally congruent (Cavada & Goldman-Rakic, 1989; Wise et al., 1997;
Duhamel et al., 1998; Rizzolatti et al., 1998; Avillac et al., 2007;
Breveglieri et al., 2008). In our experiment, the Incongruent Pointer
condition contained information about the moment that the touch
occurred because the visual stimulus was temporally congruent,
although spatially incongruent, with the tactile stimulus. Therefore,
multisensory PPC neurons might be expected to show a greater
response in this condition than in the No Pointer condition in which
there was no information about the exact location or timing of the
touch. Correspondingly, subjects were better able to detect touch in the
Incongruent Pointer than in the No Pointer condition. In the Congruent
Pointer condition, the visual and somatosensory stimuli were both
temporally and spatially congruent. Therefore, multisensory PPC
neurons should show an even greater response than in the Incongruent
Pointer condition, corresponding to subjects’ improved performance
in the Congruent Pointer condition compared to the Incongruent
Pointer condition. The baseline visual stimulus presented in the No
Pointer condition consisted of a static image of a hand which itself
modulates touch detection differently than a static image of a shape or
no visual stimulus (Tipper et al., 1998; Igarashi et al., 2008). This can
also be understood in reference to a peri-hand map of space in the
PPC. Simply viewing a hand or a hand-held manipulable object leads
to increased activity in the PPC (Beauchamp et al., 2002, 2003; Frey
et al., 2005) which could boost the ability to detect the small
incremental activity resulting from a weak tactile touch.
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Fig. 5. The anatomical location of TMS as measured with neuro-navigation. (A) A partially inﬂated cortical surface model of one subject’s left hemisphere is shown
from a lateral view (left) and superior–posterior view (right). The fundus of the intraparietal sulcus (IPS) is shown with a black dashed line. The fundus of the
postcentral sulcus (PoCS) is shown with a dashed white line. The red circle shows the location of posterior parietal cortex (PPC) TMS, the blue circle shows the
location of control TMS. (B) The average location of PPC TMS (red circles) plotted on an average anatomical volume created by averaging each subject’s anatomical
MRI in standard space, shown in coronal (left) and axial (right) sections. (C) Location of TMS in a single subject (white open circle) with blood oxygenation leveldependent (BOLD) fMRI activation to viewed and felt touches (orange color).

Compelling behavioral experiments show an interaction between
the visual and tactile spatial maps of peri-hand space: for instance, the
use of a tool extends the peri-hand space (Farne et al., 2007).
Neuroimaging experiments are consistent with the idea that this map
of peri-hand space is located in the PPC (Sereno & Huang, 2006;
Makin et al., 2007). Single-pulse TMS of PPC interferes with
visually-induced enhanced percepts of touch (Ro et al., 2004) and
repetitive TMS of the PPC interferes with visual–tactile remapping in
subjects with crossed hands (Bolognini & Maravita, 2007). In our
study, we used neuro-navigation to target cortex in the PPC between
the IPS and the PoCS; this was the region of the brain closest to the
TMS coil, and hence the region that experienced the largest induced
electromagnetic ﬁelds. While we did not determine the precise extent
of the disrupted cortex, combined studies of motor cortex using TMS
and positron emission tomography suggest that TMS preferentially
activates neurons on the banks of sulci, where the cortex is
perpendicular to the induced current (Fox et al., 2004, 2006).
Therefore, the bulk of the activity induced by TMS in our experiment
was likely to reside within the PPC in the banks of the IPS and the

PoCS, consistent with the fMRI activity we observed for one subject
in the banks of the PoCS. Our experiments demonstrate that disrupting
PPC abolishes multisensory enhancement, suggesting a causal link
between activity in the peri-hand map of space and multisensory
enhancement.
While a model of a multisensory peri-hand map of space in the PPC
offers a complete account for the observed results, we also considered
other explanations for the results, especially attention. The different
visual stimuli in our different experimental conditions could differentially reorient visuospatial attention, a process known to involve the
PPC (Corbetta et al., 2008). Visuospatial attention enhances behavioral
performance, and disrupting the PPC with TMS could interfere with the
allocation of attention and impair behavioral performance (Rushworth
et al., 2001; Rushworth & Taylor, 2006). Simply viewing a static
image of a hand, relative to a simple shape or no visual stimulus,
induces visual–tactile interactions (Tipper et al., 1998; Igarashi et al.,
2008). In the attentional account, this occurs because of the allocation
of visuospatial attention to the location of the hand. However, in the
present experiment, TMS of the PPC did not impair performance in the
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No Pointer baseline (even though performance was above chance,
allowing for performance decreases). Hence, the TMS results from the
No Pointer condition argue against a purely attentional account.
It might be expected that the moving visual pointer would attract
visuospatial attention to the ﬁnger touched by the visual pointer,
similar to the classic cueing experiments of Posner (Posner et al.,
1980). Posner found that an invalid cue (analogous to our Incongruent
Pointer condition) incurred a substantial cost, with performance much
worse than in the neutral cue condition (analogous to No Pointer).
This was not observed in our experiments; instead we observed that
performance in the Incongruent Pointer condition was signiﬁcantly
better than in the No Pointer condition. An alternative account would
hypothesize a different distribution of attention, with attention directed
equally to the ﬁngertips in both moving pointer conditions. While this
hypothesis could produce a behavioral enhancement in the moving
pointer conditions relative to No Pointer, it does not explain why
Congruent Pointer performance was better than Incongruent Pointer
performance. Evidence from other studies also does not support
attention as the sole explanation for multisensory enhancements.
Visual enhancement of tactile grating orientation discrimination is
abolished by TMS of primary somatosensory cortex (S1), but not
secondary somatosensory cortex (S2) (Fiorio & Haggard, 2005),
opposite to the pattern that would be predicted by an attentional
account, as S2 but not S1 is strongly modulated by attention (Hsiao
et al., 2002; Romo et al., 2002).
Previous TMS studies measuring effects on somatosensory reception, have used electrical current applied to the skin to directly
stimulate afferent nerve ﬁbers. In contrast, the present study used
mechanical tactile stimulation, which is slower than electrical stimulation at inducing cortical activity for two reasons: the relatively long
delay between stimulus onset and peak deﬂection of the stimulator
(75 ms in our study) and the delay induced by signal transduction in
the skin mechanoreceptors. In the present study, TMS was delivered at
mechanical stimulus onset, roughly equivalent to delivering TMS 50–
100 ms before electrical stimulus onset. Therefore, our results are
consistent with those of Ro et al. (2004), who found that TMS
delivered 50 ms before an electrical tactile stimulus interfered with
visual–tactile interactions, and of Seyal et al. (1997) who demonstrated that TMS delivered at a range of latencies between 500 ms
before electrical stimulus onset and 200 ms after stimulus onset
interfered with stimulus localization, the task used in the present study.
TMS signiﬁcantly reduces neuronal responses to sensory stimuli
(Allen et al., 2007). Intracranial recordings show that human PPC
contains a multisensory zone in which visual inputs arrive 75 ms
after stimulus onset (Molholm et al., 2006; Moran et al., 2008).
Disrupting neural activity in the PPC during this time might be
expected to interfere with multisensory integration. Electroencephalography and magnetoencephalography studies suggest that multisensory integration may be subserved by neuronal oscillations (Bauer
et al., 2009; Kanayama et al., 2009). Phase resetting, in which a
sensory stimulus causes ongoing oscillations across different areas to
become phase-locked, may be particularly important for integration
(Senkowski et al., 2008). Because TMS interferes with spectral
coherence and phase locking between brain locations (Pasley et al.,
2009), it may be particularly effective at disrupting multisensory
integration. Sensitivity to synchrony in different frequency bands, and
between brain regions that represent the same region of space, could
also help explain the temporal and spatial congruence that are one of
the deﬁning features of multisensory integration. Additional experiments examining the effects of TMS on phase locking and resetting
will provide deeper insights into the neuronal mechanisms underlying
multisensory integration.
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