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Abstract: Previous research has shown that information from one sensory modality has the potential to
influence activity in a different modality, and these crossmodal interactions can occur early in the cortical
sensory processing stream within sensory-specific cortex. In addition, it has been shown that when sensory
information is relevant to the performance of a task, there is an upregulation of sensory cortex. This study
sought to investigate the effects of simultaneous bimodal (visual and vibrotactile) stimulation on the modu-
lation of primary somatosensory cortex (SI), in the context of a delayed sensory-to-motor task when both
stimuli are task-relevant. It was hypothesized that the requirement to combine visual and vibrotactile stim-
uli would be associated with an increase in SI activity compared to vibrotactile stimuli alone. Functional
magnetic resonance imaging (fMRI) was performed on healthy subjects using a 3T scanner. During the scan-
ning session, subjects performed a sensory-guided motor task while receiving visual, vibrotactile, or both
types of stimuli. An event-related design was used to examine cortical activity related to the stimulus onset
and the motor response. A region of interest (ROI) analysis was performed on right SI and revealed an
increase in percent blood oxygenation level dependent signal change in the bimodal (visual þ tactile) task
compared to the unimodal tasks. Results of the whole-brain analysis revealed a common fronto-parietal net-
work that was active across both the bimodal and unimodal task conditions, suggesting that these regions
are sensitive to the attentional and motor-planning aspects of the task rather than the unimodal or bimodal
nature of the stimuli.Hum Brain Mapp 31:14–25, 2010. VC 2009Wiley-Liss, Inc.
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INTRODUCTION

Previous studies suggest that a number of factors can
modulate neural activity in modality-specific sensory cortex,

including attention [Johansen-Berg et al., 2000; Steinmetz
et al., 2000] and cross-modal influences [Burton et al., 1997;
Macaluso et al., 2000]. More recently, the interaction
between these two factors has emerged as a promising area
of research for understanding how sensory information is
processed in the cortex [Driver and Spence, 1998; Eimer and
Driver, 2000; Spence, 2002]. Presumably, the goal of these
interactions is to facilitate the extraction of relevant sensory
information early in the processing stream to ensure task-
relevant information is passed on for further processing in
higher-order cortical areas. Evidence for attentional modula-
tion is most abundant in studies of visual [Andersen et al.,
2008; Corbetta et al., 1991; Gazzaley et al., 2007; Moran and
Desimone, 1985; Watanabe et al., 1998] and auditory [Jancke
et al., 1999; Petkov et al., 2004; Sussman et al., 2005; Woldorff
et al., 1993] modalities; however, similar findings are emerg-
ing within primary somatosensory cortex (SI). For example,
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some studies have reported that attending to a relevant tac-
tile stimulus increases activity in SI relative to ignoring an
irrelevant tactile stimulus [Johansen-Berg et al., 2000; Staines
et al., 2002; Van de Winckel et al., 2005], but other studies
have not found a task-relevant modulation within SI [Burton
et al., 2008; Fujiwara et al., 2002; Mima et al., 1998]. Further
to this discrepancy, Meehan and Staines [2007] found that
the requirement to perform a continuous motor-tracking
task in the presence of bimodal (visual and vibrotactile)
stimuli produced differential modulation of activity in con-
tralateral SI when the vibrotactile stimulus was relevant to
the task compared to when it was irrelevant to the task, such
that the volume of activity in SI decreased when subjects
attended to the vibrotactile stimulus compared to when they
ignored it and tracked the visual stimulus. These results sug-
gest that the specific requirements of the task may determine
the nature of SI modulation; in this case, the continuous
motor task and the presence of a crossmodal distractor may
have been mitigating factors in the observed suppression
of SI.

The possibility of crossmodal attention effects in primary
sensory cortex has been raised by previous observations of
such effects on early modality-specific event-related poten-
tial (ERP) components [Eimer, 2001; Eimer and van Velzen,
2005; Kennett et al., 2001; McDonald et al., 2001a; Murray
et al., 2005; Teder-Salejarvi et al., 2002]. For example, Gha-
zanfar et al. [2005] demonstrated facilitation of neurons in
auditory cortex when visual stimuli were presented in addi-
tion to auditory stimuli as well as some cells that responded
to the visual stimulus alone. Similar results were found for
somatosensory stimuli by Murray et al. [2005], who
observed enhancement of auditory evoked responses as
early as 50 ms after a somatosensory stimulus was applied
to the hand. Using evoked potentials (EPs), Schurmann et al.
[2002] found a facilitation of EP components over midline
and ipsilateral electrode sites beginning at 75 ms when vis-
ual stimuli were presented simultaneously with electrical
median nerve stimulation. Further evidence of early multi-
sensory interactions comes from functional imaging of mon-
key auditory cortex, revealing regions that show response
enhancement to visual plus auditory stimulation and soma-
tosensory plus auditory stimulation [Kayser et al., 2005;
Kayser and Logothetis, 2007]. In humans, Schurmann et al.
[2006] found that passive vibrotactile stimuli enhanced
blood oxygenation level dependent (BOLD) activity in audi-
tory cortex, both during auditory stimulation and in isola-
tion. In contrast, when information from one modality is
irrelevant to the task cross-modal suppression can be
observed, for example, a decrease in blood flow to SI was
found during tasks requiring visual processing [Haxby
et al., 1991] or auditory discrimination [Fiez et al., 1996].

Taken together, the findings of task-relevant and cross-
modal modulation of primary sensory cortex suggest that
both relevance and modality of stimuli can affect the excit-
ability of sensory cortex. It remains unclear how these two
factors interact to modulate incoming sensory information,
and thus the goal of the present study was to determine

whether bimodal (visual and tactile) sensory stimulation dif-
ferentially modulates SI compared to unimodal stimulation
when task-relevancy requirements are held constant. To
investigate whether activity in SI is modulated by bimodal
sensory stimulation, we used a task that required subjects to
extract sensory information either within or across modal-
ities and use this information to plan and execute an accu-
rate motor response. On the basis of the growing body of
evidence suggesting that information from different modal-
ities interacts within primary sensory cortex, we hypothe-
sized that the requirement to process both visual and tactile
stimuli would enhance activity in SI compared to using vis-
ual or tactile stimuli alone.

Our secondary hypothesis was targeted at gaining insight
into what may drive this facilitation if observed. In func-
tional magnetic resonance imaging (fMRI) studies, multisen-
sory tasks are often associated with increased BOLD activity
in higher-order frontal and parietal association regions,
including dorsolateral prefrontal cortex (DLPFC), temporo-
parietal junction, superior temporal sulcus, and inferior
parietal sulcus [Beauchamp et al., 2004, 2008; Calvert, 2001;
Downar et al., 2001; McDonald et al., 2001b]. In particular,
DLPFC appears to be a strong candidate for top-down mod-
ulation of multisensory information. Johnson and Zatorre
[2006] found increased signal change in left DLPFC when
attention was divided between auditory and visual stimuli
compared to passive bimodal stimulation and selective
attention to either modality. Given the connections between
frontal heteromodal areas and sensory cortex, it is possible
that activity in areas like DLPFC may modulate activity in
primary sensory cortex in a top-down manner to enhance
the extraction and processing of relevant sensory informa-
tion [Knight et al., 1999; Yamaguchi and Knight, 1990]. Sup-
port for the role of parietal associative regions in the
processing of task-relevant information comes from studies
of visual and tactile attention, which suggest that these proc-
esses are mediated by a fronto-parietal network that is
involved in selecting behaviorally relevant stimuli for fur-
ther processing [Burton et al., 1997, 1999; Corbetta, 1998;
Corbetta et al., 1998; Mesulam, 1990; Posner and Petersen,
1990]. In particular, the posterior parietal cortex has been
implicated in mediating attention to sensory information in
different modalities [Andersen et al., 1997; Nakashita et al.,
2008; Rushworth and Taylor, 2006]. Thus, we hypothesized
that frontal and parietal associative regions would show
increased BOLD activation when visual and tactile stimuli
are presented together compared to presentation of visual or
tactile stimuli alone and that this would be associated with
an upregulation of activity in primary SI.

METHODS

Subjects

fMRI was performed on 10 healthy participants (mean
age, 25; range, 22–37; 5 females). Experimental procedures
were approved by the Sunnybrook Health Sciences Centre
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Ethics Committee and the University of Waterloo Office of
Research Ethics. All subjects provided informed written
consent.

Experimental Task and Conditions

The experimental task required participants to judge the
amplitude of two stimuli, either visual, tactile, or both,
and make a graded motor response to represent the sum
of these amplitudes by squeezing a pressure-sensitive bulb
with their right hand. Prior to the functional scans, partici-
pants underwent a 7-min training session with visual feed-
back to learn the relationship between the amplitudes of
the stimuli and the corresponding force required to apply
to the bulb. During training, a horizontal target bar
appeared on the visual display, and subjects were
instructed to squeeze the pressure-sensitive bulb with
enough force to raise another visual horizontal bar to the
same level as the target bar. At the same time, as subjects
applied force to the bulb with their right hand, a vibrotac-
tile device vibrated against the volar surface of their left
index finger with corresponding changes in amplitude,
that is, as they squeezed harder on the bulb, the amplitude
of the vibration increased proportionately. Subjects were
instructed to pay attention to these changes in amplitude
as they related to the force they were applying to the bulb,
and, in this way, subjects became familiar with the rela-
tionship between the vibrotactile stimulus amplitude and
the corresponding force applied to the bulb. To control for
force-related trial-to-trial differences, stimulus amplitudes
were scaled such that no single stimulus required a
squeeze of more than 25% of an individual’s maximum
force, thus the response for adding two stimuli was never
more than 50% of an individual’s maximum force.

Stimulus presentation was manipulated in two ways:
timing and modality. Stimuli were presented either
sequentially for 2 s each, or simultaneously for 4 s, such
that, in both cases, the total stimulation period was 4 s.
Pairs of stimuli were either unimodal (two visual or two
tactile stimuli) and sequentially presented, or bimodal (one
visual and one tactile stimuli) and presented simultane-
ously for a total of three experimental conditions: two
unimodal conditions, visual and tactile, and one bimodal
condition, visual þ tactile.

Experimental Design

An event-related design was used to investigate changes
in blood flow at different stages of the sensorimotor inte-
gration process. Stimuli were presented for 4 s followed
by a 4-s delay, at which point a brief (500 ms) cue was
given to signal participants to make their motor response
during a 2-s window, followed by 10 s of rest prior to the
start of the next trial, for a total of 20 s per trial. Figure 1A
illustrates the time course of a typical trial in the simulta-
neous bimodal condition, and Figure 1B shows the timing
for the sequential unimodal conditions. This design

yielded three event-related time periods (stimulus, delay,
and response) with the remainder of each trial serving as
the baseline (off). For the purposes of addressing the
hypotheses of this study, the stimulus period was the pri-
mary time point of interest, and all analyses were per-
formed on the volumes corresponding to the stimulus
presentation period. Each task condition was performed in
a block of 15 trials with each block lasting 5 min.

Experimental Stimuli

Visual stimuli consisted of a centrally presented hori-
zontal bar at varying heights representing different ampli-
tudes. Visual stimuli were back-projected onto a white
screen placed over the subjects’ feet that was visible to
subjects via an angled mirror in the head coil. Vibrotactile
stimuli consisted of discrete vibrations at a constant fre-
quency of 25 Hz, delivered by a custom MRI-compatible
device [Graham et al., 2001] applied to the volar surface of
the left index finger. Vibrotactile stimulation was con-
trolled by converting digitally generated waveforms to an
analog signal (DAQCard 6024E, National Instruments,
Austin, TX) and then amplifying the signal (Bryston 2B-
LP, Peterborough, Ontario) using a custom program writ-
ten in LabVIEW (version 7.1, National Instruments, Austin,
TX). Varying the amplitude of the driving voltage to the
vibrotactile device produced proportional changes in
vibration amplitude of the device on the finger in the MR
environment [Graham et al., 2001]. The amplitude of each
discrete vibration was constant within a trial and varied

Figure 1.

Timing of experimental task. (A) shows timing for the bimodal

visual þ tactile condition; (B) depicts the timing for trials in the

unimodal task conditions.
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between trials. The average stimulus amplitude across all
15 trials of a run did not differ between the experimental
conditions. The frequency of the vibration was held con-
stant at 25 Hz. Output from the computer was routed
through a penetration panel to the magnet room using a
filtered nine-pin D sub-connector and shielded cable to
ensure that no perceptible torque was produced by cur-
rents induced by radio-frequency transmit pulses or time-
varying magnetic field gradients during imaging.

Scanning Parameters

Functional and anatomical images were collected at Sun-
nybrook Health Sciences Centre on a 3T MRI scanner (GE
HealthCare, Milwaukee, Wisconsin) using a standard bird-
cage head coil. Prior to the functional scans, high-resolu-
tion anatomical scans were acquired for each subject (TR
¼ 12.4 ms, TE ¼ 5.4 ms, flip angle y ¼ 35�, FOV ¼ 20 �
16.5, 124 slices, slice thickness ¼ 1.4 mm) for later coregis-
tration with functional maps. BOLD images were acquired
using gradient echo imaging with single-shot spiral in-out
readout (TR ¼ 2,000 ms, TE ¼ 30 ms, flip angle y ¼ 70�,
FOV ¼ 20, 26 slices, slice thickness ¼ 5 mm). Total scan
time for each subject was �60 min.

Data Analysis

Raw data were reconstructed offline and a time series of
154 images per slice was generated for each functional
scan. The resulting time courses were analyzed using
BrainVoyager QX 1.9 software (Brain Innovation, Mas-
tricht, The Netherlands). The first four volumes of each
time series were excluded to prevent artifact from tran-
sient signal changes as the brain reached a steady magne-
tized state. Prior to coregistration, the functional data was
preprocessed by linear trend removal, temporal high-pass
filtering to remove nonlinear low frequency drift, and
three-dimensional motion correction using trilinear inter-
polation to detect and correct for small head movements
during the scan by spatially realigning all subsequent vol-
umes to the fifth volume. Estimated translation and rota-
tion measures were visually inspected and never exceeded
1 mm and 1�, respectively. The functional data sets were
transformed into Talairach space [Talairach and Tournoux,
1988] by coregistering the functional data with the anatom-
ical data for each subject. The resulting volume time
courses were filtered using a 6-mm Gaussian kernel at
full-width half-maximum.

A multiple regression analysis was used to determine
the statistical differences across the three experimental
conditions (visual–visual, tactile–tactile, and visual þ tac-
tile) for the stimulus presentation period as well as the
delay and response periods for a total of five predictors,
with the 10 s of ‘‘off’’ in each condition serving as the
baseline. The event of interest for this study was the stim-
ulus presentation period; thus, three stimulation protocols

were applied using dummy-predictors for those predictors
not present in a given scan. The protocols were convolved
with a boxcar hemodynamic response function [Boynton
et al., 1996] to account for the expected response and tem-
poral delay of the changes in blood flow. The resulting ref-
erence functions served as the model for the response time
course functions used in the general linear model. Two
different general linear models were used to carry out a
region of interest (ROI) analysis on the right SI and a
whole-brain analysis.

ROI Analysis

Given that the primary hypothesis of the study focused
on changes in SI, a region of interest (ROI) analysis was
used to assess the effects of the experimental manipula-
tions on right SI (contralateral to vibrotactile stimulation)
in each subject. A mask of each subject’s right SI was cre-
ated using the following anatomical boundaries: the cen-
tral sulcus anteriorly, the medial wall of the ‘‘hand knob’’
medially, the most lateral edge of the postcentral gyrus lat-
erally, and the postcentral sulcus posteriorly [Nelson et al.,
2004]. After applying the general linear model using the
mask restriction, any significant voxels that exceeded the
Bonferroni corrected value of P < 0.05 for the total number
of voxels contained in the ROI and that were part of a
cluster greater than three contiguous voxels were included
in the ROI analyses. Task-related changes were quantified
as changes in the intensity and volume of the activated
clusters in the ROI. To quantify differences in intensity,
the individual time course data for all significantly acti-
vated voxels within a cluster were extracted and averaged
across each subject and condition to produce one time se-
ries per subject per condition representing signal changes
for the event relative to the off period for a given scan;
thus, BOLD signal changes are expressed as a percentage
relative to the baseline off. To quantify volume of activa-
tion, the total number of voxels reaching the significance
threshold was represented as a percentage of the total
number of voxels in each subject’s SI mask. Volume meas-
urements were analyzed using a paired t-test to assess dif-
ferences between task conditions. A repeated-measures
ANOVA was carried out using SPSS (v.17, SPSS, Chicago,
IL) to test for a main effect of task condition on percent
signal change at the point of peak stimulus-related activ-
ity. Differences in signal change between the three task
conditions (visual, tactile, and visual þ tactile) were
assessed using Tukey’s post hoc tests.

Whole-Brain Analysis

A random effects analysis was used to investigate
regions that were sensitive to the experimental manipula-
tions. Contrast maps were created using a voxel-based
approach to show relative changes for stimulus versus off
and response versus off. An additional a priori contrast
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was performed to compare tactile versus visual þ tactile
conditions. Activated voxels were considered significant if
the threshold exceeded P < 0.001 uncorrected and formed
a cluster of 14 contiguous voxels, based on a cluster size
threshold estimator simulation using BrainVoyager QX 1.9
software (Brain Innovation, Mastricht, The Netherlands),
corresponding to a corrected threshold of P < 0.05 [For-
man et al., 1995]. The center of gravity and t-statistics
were extracted for each significant cluster. Event-related
averaging was applied to each cluster to determine the
BOLD response characteristics for each task condition, and
peak stimulus-related signal change was extracted and
averaged across subjects.

Behavioral Data Analysis

Behavioral data was analyzed by summing the ampli-
tudes of the two target stimuli and comparing this to the
amplitude of the response (i.e. the force applied to the
bulb). The percent difference between the summed target
stimulus amplitude and the actual response amplitude
was calculated and a repeated measures ANOVA was con-
ducted to assess statistical differences across the experi-
mental conditions.

RESULTS

ROI Analysis

Clusters of activation were found in the tactile and the
visual þ tactile task, but not surprisingly not for the visual
task. This was true for all subjects except one who had no
active voxels survive the thresholding criteria in any of the
task conditions, thus regions of interest (ROI) analyses
were performed on the remaining nine subjects. The
results of the ROI analysis on right S1 (contralateral to
vibrotactile stimulation) are shown in Figure 2, which
illustrates a significant increase in percent signal change in
the tactile þ visual condition compared to the tactile con-
dition at the point of peak stimulus-related activity (8-s
poststimulus onset). This difference was confirmed by a
significant main effect of task in a repeated measures
ANOVA (F2,16 ¼ 36.4, P < 0.001). Post hoc tests revealed
significant differences between each task: tactile > visual
(P < 0.001), visual þ tactile > visual (P < 0.001), and most
relevant to our hypothesis, visual þ tactile > tactile (P ¼
0.009). No task-related difference was found for volume of
activation between the tactile and visual þ tactile condi-
tions (t8 ¼ 0.471, P > 0.05).

Whole Brain Analysis

Group activation maps for the stimulus and response
periods contrasted versus baseline are displayed in Figures
3 and 4, respectively. For the stimulus presentation period,
a common network of activation can be seen across all
conditions, regardless of stimulus modality. This network

includes the medial frontal gyrus (BA 6), bilateral precen-
tral and middle frontal gyri (BA 9), right superior tempo-
ral gyrus (BA 41), left inferior temporal gyrus (BA 37), and
left inferior parietal lobule (BA 40). For a complete list of
activations for the stimulus and response periods with
center of gravity coordinates and t-statistics see Tables I
and II respectively. Figure 3B depicts the event-related av-
erage plots for clusters in the observed fronto-parietal net-
work, illustrating the BOLD signal (represented as percent
signal change relative to baseline) for each task condition.
Time zero corresponds to the onset of the stimulus, with
the stimulus-related activity peaking �8 s later. The sec-
ond peak in BOLD signal occurs around 16 s and corre-
sponds to the motor response-related activity.

Event-related Averages

To determine the stimulus-related BOLD response for
each task condition, event-related averaging was per-
formed on all significant ROIs from the whole brain analy-
sis. Repeated measures ANOVAs with post hoc tests were
run on each peak to determine task-related differences,
and these results are shown in Table I. Significant task
effects were observed in the R premotor cortex (BA 6)

Figure 2.

Region of interest (ROI) results for right somatosensory cortex

(R SI). White bar/line represents the unimodal tactile task, green

bar/line represents the bimodal visual þ tactile task, and the

gray line represents the unimodal visual task. Error bars depict

SEM, asterisk indicates a significant difference (P < 0.05).
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(F2,18 ¼ 3.541; P < 0.05) R inferior temporal gyrus (BA 37)
(F2,18 ¼ 3.775; P < 0.05, and L caudate (F2,18 ¼ 3.347 P <
0.05). The visual task produced greater signal change in
the R premotor cortex compared to the tactile and visual
þ tactile conditions. Similarly, in the R inferior temporal
gyrus, the visual task was also associated with greater sig-
nal change than the tactile and visual þ tactile conditions;
however, the visual þ tactile condition also showed
greater peak signal change compared to the tactile task.
Last, in the L caudate, the visual þ tactile condition pro-
duced greater peak signal change than either the visual or
tactile conditions. All post hoc tests reported were signifi-
cant at P < 0.05.

Behavioral Results

A one-way repeated measures ANOVA was performed
on the error differences across all three conditions and

yielded no main effect (F2,20 ¼ 0.070, P > 0.05). Thus, all
tasks were performed with equivalent accuracy as illus-
trated in Figure 5.

DISCUSSION

This study sought to investigate how cross-modal infor-
mation, in this case, visual and somatosensory stimuli,
interacts within primary SI for the purpose of performing
a delayed sensory-to-motor task. Specifically, we asked
whether activity in SI is modulated by the requirement to
use both visual and vibrotactile information to guide a
motor response, and if so to identify regions that may con-
tribute to or drive this modulation. Our first hypothesis
that we would see a modulation of SI activity in the
bimodal visual þ tactile task relative to the unimodal vis-
ual and tactile tasks was supported by the results of our
ROI analysis, which revealed an increase in peak percent

Figure 3.

Group activation maps and event-related average plots for the

stimulus presentation relative to baseline. Panel A depicts areas

with greater activity during the 4-s stimulus ‘‘on’’ time compared

to baseline, shown on orange color scale, significant at P <
0.001 with a cluster threshold of 14 voxels. Panel B shows

event-related averaging plots for clusters of interest, illustrating

the BOLD response of each task condition; gray lines represent

the visual task, white lines show the tactile task, and green lines

depict the visual þ tactile task. Bars represent SEM, and aster-

isks indicates a significant difference (P < 0.05).
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BOLD signal change in the visual þ tactile condition com-
pared to the tactile-only and visual-only conditions. This
finding of bimodal upregulation of SI aligns with similar
observations made with fMRI of auditory-somatosensory
convergence in early auditory cortex [Foxe et al., 2002;
Kayser et al., 2005], and visual-auditory interactions in au-

ditory cortex [Kayser et al., 2008; Miller and D’Esposito,
2005b; van Atteveldt et al., 2004] as well as visual process-
ing areas [Macaluso et al., 2000]. The SI modulation seen
in this study is also inline with ERP studies finding evi-
dence of crossmodal interactions across auditory and
somatosensory modalaties less than 100-ms poststimulus
[Ghazanfar et al., 2005; Lakatos et al., 2007; Molholm et al.,
2002; Murray et al., 2005; Teder-Salejarvi et al., 2005], a
timeline that is consistent with processing within primary
sensory cortex [Allison et al., 1992]. Relatively, few studies
have specifically investigated the role of crossmodal effects
in SI. Schurmann et al. [2002] combined visual evoked
potentials (VEPs) and somatosensory evoked potentials
(SEPs) and observed a bimodal enhancement at multiple
electrode sites beginning at 75 ms, with a maximal effect
at 225–275 ms. Zhou and Fuster [2000] found that in mon-
keys trained to make visual-haptic or auditory-haptic asso-
ciations, a subset of SI neurons responded to both the
visual/auditory cue and the tactile stimulus. This study
provides further evidence for crossmodal interactions
within sensory-specific cortex and is the first to demon-
strate an upregulation of SI with simultaneous visual and
tactile stimulation using fMRI.

These findings diverge from those of Meehan and
Staines [2007] who observed a decrease in volume of SI ac-
tivity during bimodal visual and tactile stimulation when
subjects tracked the tactile stimulus (and ignored the vis-
ual) compared to when they tracked the visual stimulus
(and ignored the tactile). However, this discrepancy can
likely be explained by differences in the nature of the task,
the most salient being that in this study both the visual
and tactile stimuli were relevant to the performance of the
motor task and thus both had to be attended to, as
opposed to one stimulus being a target and the other a
distractor. The latter requires selective intermodal atten-
tion. This difference in relevancy/attention has been
shown to have an effect in both sensory modality-specific
cortex [Eimer and van Velzen, 2005; Johnson and Zatorre,
2005; Kennett et al., 2001; Macaluso et al., 2002] and in

Figure 4.

Group activation maps for the motor response relative to base-

line. Orange color scale depicts areas with greateer activity dur-

ing the motor response compared of baseline, significant at P <
0.001 with a cluster threshold of 14 voxels.

TABLE I. Regions demonstrating stimulus-related activity > baseline

Anatomical region/Brodmann area x y z t-Statistic Task-related difference (P < 0.05)

Stimulus > baseline P < 0.001 cluster threshold ¼ 14
R superior temporal gyrus (BA 41) 44 �35 13 5.77 n.s.
R precentral gyrus (BA 9) 40 20 36 5.66 n.s.
R medial frontal gyrus (BA 6) 18 2 58 5.84 v > t, v > vt

R caudate 9 11 10 5.19 n.s.
R claustrum 34 �3 �9 5.65 n.s.
L superior frontal gyrus (BA 8) �4 16 50 5.23 n.s.
L inferior parietal lobule (BA 40) �38 �34 45 5.78 n.s.
L middle frontal gyrus (BA 9) �40 43 27 5.39 n.s.

�49 8 34 6.12 n.s.
L inferior temporal gyrus (BA 37) �50 �48 �4 5.45 v > t, v > vt, vt > t

L caudate �15 17 8 5.32 vt > v, vt > t
L insula (BA 13) �31 25 13 5.96 n.s.
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heteromodal frontal and parietal areas [Downar et al.,
2001]. The disparity in findings between these two studies
may also be accounted for by differences in the motor task
such that in the previous study subjects were required to
continuously track a fluctuating stimulus over a period of
time, whereas, in this study, subjects made a discrete
motor response after receiving two static stimuli. The con-
tinuous nature of the tracking task may have altered the
attentional demands of the task, likely by requiring more
sustained attention over a longer period of time.

Our secondary hypothesis that we would see differential
patterns of activation in frontal and parietal regions
between task conditions was not supported, and, instead,
we observed a common fronto-parietal network, including
the right precentral gyrus (BA 9), left middle frontal gyrus
(BA 9), right medial frontal gyrus (BA 6), left inferior pari-
etal lobule (BA 40), and right superior temporal gyrus (BA

41) that was active after the stimuli were presented for all
three task conditions compared to rest. A comparable net-
work of activation has often been observed in tasks that
require shifts of attention [Corbetta, 1998; Mesulam, 1990;
Rushworth et al., 2001], and this network has been impli-
cated in the top-down modulation of relevant and irrele-
vant stimuli [Gazzaley et al., 2007; Ghatan et al., 1998;
Miller and D’Esposito, 2005a; Shulman et al., 1997; Staines
et al., 2002]. However, in this study, stimuli in all task con-
ditions were always relevant to the performance of the
motor task, which may account for why we observed rela-
tively few task-related changes in frontal and parietal
regions typically associated with top-down modulation.
However, the event-related averaging plots did reveal
some areas that were differentially sensitive to the task
manipulation, including the right premotor cortex, left in-
ferior temporal gyrus, and left caudate. The right premotor
cortex showed greater peak signal change in response to
the visual condition, and no difference between the tactile
condition and the visual þ tactile condition, suggesting
that the premotor cortex is not sensitive to tactile stimuli
or the combination of visual and tactile stimuli, but it does
appear to show preferential activity for visual stimuli pre-
sented alone. There are two possible explanations for this
observation: the first being that the visual processing
demands are greater in the visual condition due to the
presence of two visual cues and this drives an upregula-
tion of premotor cortex. An alternative but not mutually
exclusive explanation could be that the presence of tactile
stimuli in the other two task conditions may have pro-
duced a relative suppression in this region compared to
the visual condition. The similarity between the BOLD ac-
tivity evoked by the cued response in all three conditions
(the second peak in the signal plots in Fig. 3B) supports
the view that this is a stimulus-dependent effect rather
than a difference in the motor requirements of the tasks.

In addition, the left inferior temporal gyrus showed
preferential activity for visual stimuli such that peak signal
change was greater for the visual þ tactile condition than

Figure 5.

Behavioral results. Bars depict mean percent accuracy of all sub-

jects in each task condition. Error bars represent standard error

of the mean.

TABLE II. Regions demonstrating motor response-related activity > baseline

Anatomical region/Brodmann area x y z t-Statistic

Response > baseline P < 0.001 cluster threshold ¼ 14
R precentral gyrus (BA 6) 52 �9 39 7.23
R inferior frontal gyrus (BA 46) 47 35 10 6.69
R middle frontal gyrus (BA 6) 45 8 43 6.58
R middle frontal gyrus (BA 9) 46 19 31 6.91
R superior frontal gyrus (BA 9) 35 46 31 7.07
R medial frontal gyrus (BA 6) 9 4 63 7.01
L superior frontal gyrus (BA 10) �39 51 24 7.61
L medial frontal gyrus (BA 6) �9 5 51 6.76
L precentral gyrus (BA 4) �41 �24 53 7.89
L postcentral gyrus (BA 2) �51 �21 29 6.93
L middle frontal gyrus (BA 9) �55 9 34 7.07
L insula (BA 13) �37 3 6 6.60

r Interaction of Vision and Touch in Sensory Cortex r

r 21 r



the tactile task, and greater still for the visual task. This
region is thought to play a role in higher-level visual proc-
essing such as stimulus recognition and visual working
memory [Axmacher et al., 2008; Ranganath and D’Espo-
sito, 2005; Rissman et al., 2008], which may account for
why we observed increased BOLD signal as the visual
processing requirements increased across tasks. A task-
related effect was also seen in the left caudate, which
responded with greater peak signal change during the
visual þ tactile task compared to the unimodal tasks.
Although the caudate nucleus has been implicated in
response selection for goal-directed action [Grahn et al.,
2008], there is no evidence to date that it is sensitive to
crossmodal stimuli; thus, this study may be the first to
demonstrate such an effect.

The results of this study suggest that while a fronto-
parietal network may be involved in the attentional and
motor-planning aspects of the task, which were equivalent
across all conditions, such a network is not likely to be
differentially involved in processing simultaneously pre-
sented visual and tactile stimuli. Given this observation,
our secondary hypothesis that modulation of SI activity
would coincide with increased activation in multimodal
association regions such as the DLPFC, temporal parietal
junction, and inferior parietal lobule was not supported by
the data from the whole-brain analysis, and thus the cross-
modal SI enhancement seen in this study was likely not
driven by feedback from a higher-order multimodal area.
An alternative explanation for the increase in BOLD signal
in SI during the bimodal task may lie in the anatomical
connectivity between visual and somatosensory processing
areas. Evidence for these connections comes from a retro-
grade tracer study in marmosets, revealing projections
from visual areas, specifically the ventral and dorsal fun-
dus of the superior temporal area and middle temporal
crescent (areas FST and MT) toward somatosensory areas
1 and 3b [Cappe and Barone, 2005]. The existence of these
connections supports the possibility that incoming visual
and tactile information may interact in a bottom-up man-
ner via low-level sensory to sensory connections. Evidence
for feedforward crossmodal interactions has been reported
in audio-visual modalities in ERP experiments, in which
interactions between these modalities have been observed
as early as 40-ms poststimulus over unisensory recording
sites [Giard and Peronnet, 1999; Murray et al., 2005;
Schroeder and Foxe, 2005], which is typically considered
to be too early for feedback from higher-level cortical areas
to reach these areas [Foxe and Schroeder, 2005; Giard and
Peronnet, 1999]. This study is the first to find evidence of
visual-somatosensory interactions within SI, but the pre-
cise mechanisms driving this interaction are not yet clear.

A similar but more frontally focused network was
observed related to the motor response, including bilateral
middle frontal gyri (BA 9), bilateral medial frontal gyri
(BA 6), right inferior frontal gyrus (BA 46), left superior
frontal gyrus (BA 10), and left precentral and postcentral
gyri (BA 4 and 2, respectively). Comparable networks of

activation are often associated with movement preparation
and execution [Deiber et al., 1996; Thoenissen et al., 2002;
Toni et al., 2001, 2002], and, in particular, the frontal motor
areas have been reported to show similar levels of activity
regardless of the contribution of vision to motor planning
[Deiber et al., 1996]; thus, we would not expect these areas
to be differentially modulated by the modality of the stim-
ulus. From a behavioral standpoint, we also did not
observe any difference in how well subjects performed the
motor task across conditions. Previous studies of multisen-
sory interactions have reported faster reaction times in
multisensory conditions compared to unisensory condi-
tions [Martuzzi et al., 2007; Molholm et al., 2002]; however,
dual-task studies report decrements in task performance
when subjects have to divide their attention between
modalities [Alsius et al., 2005, 2007; Spence and Read,
2003]. Johnson and Zatorre [2006] found that splitting
attention between modalities produced equivalent memory
performance compared to attending to selective bimodal
attention. In this study, accuracy was emphasized over
speed of response. Also, given the high level of accuracy
with which subjects performed the motor task, it is possi-
ble that a ceiling effect may have limited the ability to
detect task-related differences, but further studies are
needed to more precisely determine the behavioral effects
of crossmodal interactions.

Our findings extend the observation of multisensory
interactions in sensory cortex to the visual-somatosensory
domain and provide further evidence that the requirement
to use information from different modalities can modulate
sensory processing at early stages. It is important to note
that the task used in this experiment was not designed to
meet the requirements for multisensory integration across
modalities, but instead was intended to explore how cross-
modal stimuli interact within sensory-specific cortex. The
strength of this task is that it allowed us to manipulate the
modality of the stimuli while keeping the relevance of the
stimuli and the motor requirements constant. Limitations
of this study include the temporal resolution of fMRI,
which constrained our ability to investigate the precise
timing of the observed crossmodal modulations, and the
nature of the behavioral task within the fMRI environ-
ment, may have limited the sensitivity of this measure.
Future studies will be required to investigate the temporal
nature of crossmodal interactions in sensory cortex and to
determine the consequences of this modulation for
sensory-guided movement.
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