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Abstract

& Humans can recognize common objects by touch extremely
well whenever vision is unavailable. Despite its importance to
a thorough understanding of human object recognition, the
neuroscientific study of this topic has been relatively neglected.
To date, the few published studies have addressed the haptic
recognition of nonbiological objects. We now focus on haptic
recognition of the human body, a particularly salient object cat-
egory for touch. Neuroimaging studies demonstrate that regions
of the occipito-temporal cortex are specialized for visual per-
ception of faces (fusiform face area, FFA) and other body parts
(extrastriate body area, EBA). Are the same category-sensitive
regions activated when these components of the body are rec-
ognized haptically? Here, we use fMRI to compare brain orga-
nization for haptic and visual recognition of human body parts.

Sixteen subjects identified exemplars of faces, hands, feet, and
nonbiological control objects using vision and haptics sepa-
rately. We identified two discrete regions within the fusiform
gyrus (FFA and the haptic face region) that were each sensi-
tive to both haptically and visually presented faces; however,
these two regions differed significantly in their response pat-
terns. Similarly, two regions within the lateral occipito-temporal
area (EBA and the haptic body region) were each sensitive to
body parts in both modalities, although the response patterns
differed. Thus, although the fusiform gyrus and the lateral
occipito-temporal cortex appear to exhibitmodality-independent,
category-sensitive activity, our results also indicate a degree of
functional specialization related to sensory modality within these
structures. &

INTRODUCTION

Humans can easily recognize common objects by touch
(Klatzky, Lederman, & Metzger, 1985). Despite this pro-
ficiency, little is known about the cortical mechanisms
that underlie haptic object recognition. Recent neuro-
imaging studies indicate that, like vision, haptics utilize
the ventral object recognition pathway (Zhang, Weisser,
Stilla, Prather, & Sathian, 2004; James et al., 2002; Amedi,
Malach, Hendler, Peled, & Zohary, 2001). Moreover, le-
sions involving the occipital and temporal lobes can
cause haptic and visual agnosia, a deficit in object rec-
ognition unexplained by sensory or cognitive disorders
(Ohtake et al., 2001; Feinberg, Rothi, & Heilman, 1986).
These results indicate that the occipito-temporal area
plays an important role in haptic object representation.

However, the functional organization that underlies
the relationship between haptics and vision within this
region remains unclear. Pattern classification methods

applied to fMRI data (e.g., multivoxel pattern analysis
[MVPA]) reveal that visual object categories can be rep-
resented by distinct distributed response patterns in the
ventral pathway (Spiridon & Kanwisher, 2002; Haxby
et al., 2001). In a subsequent study, MVPA was used to
compare activation patterns between visual and haptic
recognition of common inanimate objects and human
faces (Pietrini et al., 2004). Patterns characterizing visual
and haptic recognition were similar for nonbiological
common objects, but not for human faces. This result
suggests that the representation of biological objects
may not be cross-modally shared by a widely distributed
network. However, MVPA does not examine the func-
tional specialization of individual brain regions, thus
whether any such area is functionally specialized for both
haptic and visual recognition of biological stimuli (e.g.,
faces and other body parts) remains an open question.

In this article, we investigate whether haptic and vi-
sual recognition of biological objects depends on com-
mon brain structures by examining blood oxygen level
dependent (BOLD) responses in regions that are pref-
erentially activated by specific object categories. We
describe a response within a region as being sensitive
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to a biological object category if activation is higher to
objects in this category than to nonbiological control
objects, regardless of activation in the other biological
categories. The ventral pathway is known to contain sev-
eral category-sensitive regions for visually presented bio-
logical objects: The fusiform face area (FFA)most strongly
responds to human faces (Kanwisher, McDermott, &
Chun, 1997), whereas the extrastriate body area (EBA) in
the lateral occipito-temporal region most strongly re-
sponds to all body parts except the whole face (Downing,
Jiang, Shuman, & Kanwisher, 2001). There has been con-
siderable interest in these visual category-sensitive re-
gions, as they may form unique functional modules for
biological objects (e.g., Kanwisher, 2000). Whether these
same areas are also involved in haptic recognition of
biological objects is currently unknown.

Our previous work suggests that the occipito-temporal
region is also involved in haptic face recognition. fMRI
revealed that haptic face recognition tasks performed
by highly trained subjects elicited activation in the fusi-
form gyrus (Kilgour, Kitada, Servos, James, & Lederman,
2005). Moreover, a prosopagnosic individual with dam-
age to the ventral occipito-temporal region (including
the fusiform gyrus) could not differentiate rigid 3-D
molds of upright faces by haptics or vision, but was suc-
cessful at differentiating upright teapots (Kilgour, de
Gelder, & Lederman, 2004). Although these results pro-
vide initial evidence that the ventral occipito-temporal
region is necessary for haptic face recognition, they did
not consider whether the same brain regions within this
large area mediate both haptic and visual face recogni-
tion. Moreover, to our knowledge, no study has more
generally determined the neural substrates for haptic
recognition of body parts.

We hypothesized that the fusiform gyrus and the lat-
eral occipito-temporal cortex would demonstrate their
characteristic category sensitivity regardless of sensory
modality, but that corresponding response patterns for
haptics and vision might differ within these structures
anatomically and functionally. We initially conducted a
group analysis to determine whether haptic and visual
identification of faces and other body parts (hands and
feet) activate the same network of cortical regions within
the whole brain. We then conducted a functional region-
of-interest (fROI) analysis, which is better suited for
determining category-sensitive responses in the occipito-
temporal cortex (Saxe, Brett, & Kanwisher, 2006). We
defined four fROIs within each participant by identify-
ing the peak voxel in the fusiform gyrus when contrast-
ing either haptic or visual identification of faces with that
of bottles, and the peak voxel in the lateral occipito-
temporal cortex when contrasting either haptic or visual
identification of other body parts with that of bottles. We
call these fROIs the ‘‘haptic face region’’ (HFR), the vi-
sual face area (‘‘fusiform face area,’’ FFA), the ‘‘haptic
body region’’ (HBR), and the visual body area (‘‘extra-
striate body area,’’ EBA), respectively.

These category-sensitive regions were examined in
terms of anatomical locations and activity patterns across
object category (faces, other body parts) and modalities.
We predicted that haptics and vision would demon-
strate the same regional sensitivity to a given object cate-
gory. Any qualitative difference in the activity patterns
between regions sensitive to the same object category
(i.e., a statistically significant region-by-condition inter-
action) would reveal these regions to be differentially
involved in haptic and visual object recognition or func-
tionally distinct (Henson, 2006). Because visual imagery
can activate the occipital cortex during haptic object per-
ception (e.g., Zhang et al., 2004), three supplemental
measures were used to determine whether visual im-
agery could account for category-sensitive activation dur-
ing the current haptic task.

METHODS

Subjects

Sixteen healthy right-handed (Oldfield, 1971) volunteers
(12 men and 4 women; 18–35 years) participated after
giving written informed consent. The study was cleared
by the Health Sciences Research Ethics Board of Queen’s
University, Canada. None of the volunteers had a history
of symptoms requiring neurological, psychological, or
other medical care.

Stimuli

We used four object categories: clay casts of faces, hands,
feet, and bottles (Figures 1A and 2A). Bottles were cho-
sen as inanimate control objects because they were simi-
lar to objects in the other categories in terms of familiarity
and size. Each category of object contained three differ-
ent exemplars. (In pilot testing, we used seven exemplars,
but more intensive training was required in order to suc-
cessfully identify over three different exemplars.) The
biological objects were constructed from human models;
the original bottles were approximately 700 ml in volume.
All objects were similar in size and spatial proportion to
the real objects, with most features preserved. The three
exemplars of each object category were assigned numeric
labels (i.e., 1, 2, and 3) to equate exemplar names among
object categories.

fMRI Data Acquisition

Functional magnetic resonance images were acquired on
a 3-Tesla whole-body scanner (Trio; Siemens, Erlangen,
Germany). Standard sequence parameters were used to
obtain the functional images as follows: gradient-echo
EPI; repetition time (TR) = 2000 msec; echo time (TE) =
30 msec; flip angle = 788; 32 axial slices of 3-mm thick-
ness with 25% slice gap; field of view = 192 � 192 mm;
and in-plane resolution = 3.0 � 3.0 mm. A single volume
covered approximately the whole brain, except for the
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bottom of the orbito-frontal cortex and the cerebellum
in larger subjects. Before the acquisition of functional
images, T1-weighted high-resolution anatomical images
were obtained (voxel size = 0.9 � 0.9 � 1 mm).

The entire experiment was conducted on three sepa-
rate days. The training of the haptic object identification
task was conducted on the first day, the actual haptic
experiment was conducted on the second day, and the
visual object identification task and supplementary vi-
sual imagery task were conducted on the third day. The
total time was 4 to 5 hr for each subject.

Haptic Object Identification Task

This task was designed to examine haptic sensitivity to
human faces and other body parts. In order to discour-
age subjects from imagining the objects visually during
the task, the haptic identification task was performed
before the visual object identification task. The subjects
were not allowed to see the object until the final run of
the haptic object identification task was over.

Haptic Stimulus Presentation

The subjects lay supine on a bed with their eyes open
and their ears plugged, and were instructed to relax. The
subjects were asked to fixate their view on a white cross
on the screen, which they viewed through a mirror over
the head coil. The mirror was oriented toward the half-
transparent screen placed on the back of the scanner
bore. The subjects could not see their hand or the pre-
sented objects. A Plexiglas table was placed over the
lower half of the body with the front edge at about the
level of the abdomen. The stimuli were presented to
the subject on the Plexiglas table with a sliding platform
(Figure 1B). The orientation of the presented objects
was constrained by the physical limitations of scanning;
the subjects’ hands were somewhat restricted and the
scanner bore had limited space (a maximum height of
19 cm from the surface of the Plexiglas table to the shell
of the bore); thus, the orientation of each object cate-
gory was adjusted so that the subject could comfortably
explore the object using one hand (Figure 1A). One hand
at a time was used in order to minimize movement

Figure 1. Haptic object

identification task. (A) Four

different categories of object

were used for the experiment:
a clay face mask, a hand cast,

a foot cast, and a bottle.

Each object category contained
three different exemplars

(see also Figure 2A). The three

exemplars of each object

category were given a numeric
code (1, 2, and 3). (B) Each

exemplar was mounted on a

sheet of Plexiglas moved on

a Plexiglas slider. (C) Task
schedule of a single run.

(D) In each task block, the

subject explored the presented
object with one hand. The

subject was asked to start

exploring the object as soon

as a white box appeared on
screen. After the 10-sec

exploration, the subject was

asked to stop the exploration

when the white cross
reappeared on the screen,

and then to respond by

pressing a button, which
corresponds to the numeric

code of the object, with

the other hand. The neural

activity during the task block
was modeled with a boxcar

function for each object

category. The regressor

shown in the figure was
convolved with a canonical

hemodynamic response

function.
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artifacts, and the hands were tested separately to ex-
amine whether activation is affected by the hand used
to explore objects. When one hand was exploring an
object, the other hand was used to identify each exem-
plar with a response pad.

Each subject completed four runs (336 sec per run)
of the haptic object identification task with each hand
(TR = 2 sec, 168 volumes were collected for each run;
Figure 1C). A single run consisted of four repetitions
of the 80-sec task period. A 10-sec baseline period pre-
ceded the first task period and a 6-sec baseline followed
the last task period. A single task period consisted of
four 10-sec task blocks, each alternated with a 10-sec
baseline condition. In each task block of a single task
period, one exemplar from the four object categories
was presented (Figure 1D). The order of the presenta-
tion of the object categories was counterbalanced across
task periods. Hand order was counterbalanced across
subjects and the runs for one hand were implemented
after all runs for the other hand were completed. A soft-
ware package (Presentation; Neurobehavioral Systems,
Albany, CA) was used to present visual stimuli to the
subject and to present auditory cues to the experi-
menter through headphones. The auditory cues were
necessary for presentation of objects with precise timing
during the haptic task.

Task

Before the fMRI experiment, blindfolded subjects were
trained to use each hand to identify the exemplars
within 10 sec and with >85% accuracy. During this train-
ing, the subjects were asked to give both the basic-level
category name and the assigned number (e.g., Face 1) of
the object to ensure that subjects were identifying each
object at the subordinate level. Participants identified ob-
jects with �93% accuracy in about 7.8 sec (on average)
during the last training test. The hand movements used
to explore objects were comparable across object cate-
gories, consisting mainly of enclosure (i.e., grasp) and
contour following (i.e., edge following) exploratory pro-
cedures. The training took less than 1 hr.

As a single fMRI run contained four task blocks for
each object category and four exemplars from each ob-
ject category were presented. We used three new ex-
emplars and repeated one of the exemplars from each
object category. The repeated object was pseudoran-
domly selected from the three exemplars for each run,
but all repeated objects for each run had the same
numeric code across the object categories. The order
of exemplar presentation within each object category
was pseudorandomized such that the same exemplar
was not repeated in succession.

In each task block, each subject explored the pre-
sented object with one hand (Figure 1D). Subjects were
asked to start exploring the object as soon as a white
box (viewing angle of 0.98 � 0.98) appeared on screen.

Subjects were asked to cease exploration when the
white cross reappeared on screen (i.e., after 10 sec),
and to respond by pressing a button with the other
hand as soon as possible. To match the sensorimotor
components between object categories, subjects were
instructed to carry on exploring the object to confirm
their answer if they had already identified the object
within 10 sec. The subjects were also instructed to keep
their speed of exploration constant across the object
categories. Subjects rested their exploring hand on their
chests during the baseline period.

Visual Object Identification Task

We endeavored to make this task as similar as possible
to the haptic task, except for the modality of presenta-
tion. Changes to the design were only introduced when
we deemed it necessary, and we employed similar task
schedules as those used in previous studies of visual
object recognition (e.g., Peelen & Downing, 2005a).

Visual Stimulus Presentation

Two monochromatic photographic images of each exem-
plar were used for the task (2 images � 3 exemplars = 6
images per object category; Figure 2A). We chose to use
multiple photos of each exemplar to make task difficulty
more comparable to the haptic object identification
task. The two photos were taken from different angles.
The differences in size and perceived brightness of these
photographs were minimized using photo-editing soft-
ware (Photoshop; Adobe Systems, San Jose, CA). The
borders of the hand and foot casts were not shown in
the photographs. Visual stimuli were back-projected via
an LCD projector (LT 265; NEC Viewtechnology, Tokyo,
Japan) on a translucent screen located at the rear of the
scanner. Visual stimuli were generated on a Windows
laptop using the presentation program. The stimuli and
the white fixation cross subtended a visual angle of
approximately 8.08 and 0.98, respectively. Subjects did
not touch any object during the task.

Task

The visual identification task consisted of four runs,
each lasting 288 sec (TR = 2 sec, 144 volumes/run;
Figure 2B). Each run consisted of four 14-sec baseline
periods, four 54-sec task periods, and one 16-sec base-
line period. Each task period consisted of four 12-sec
task blocks, each alternated with a 2-sec baseline. With-
in each 12-sec task block, six different images appeared
for 0.75 sec with an interstimulus interval of 1.25 sec
(Figure 2C). Subjects were asked to recognize the three
exemplars of each object category by pressing one of
the three buttons on the response pad. Only one hand
was used to respond, which was alternated among the
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subjects. In the baseline condition, subjects were asked to
fixate a white cross. The fMRI experiment was conducted
after �30 min of training, which lasted until subjects
reached an accuracy of �85% outside of the scanner.

Data Processing

Image processing and statistical analyses were performed
using the Statistical Parametric Mapping package (SPM99;
Wellcome Department of Cognitive Neurology, London,
UK) implemented in MATLAB (Mathworks, Sherborn, MA,
USA; Friston, Ashburner, Frith, Heather, & Frackowiak,
1995; Friston, Holmes, et al., 1995). The five volumes

were additionally acquired at the onset of each run to
allow the MR signal to reach an equilibrium state. These
volumes were discarded and not used for further analy-
sis. Functional images from each run were realigned to
the first scan. All functional images and the T1-weighted
anatomical images were then coregistered to the first
scan of the haptic identification task. Each coregistered
T1-weighted anatomical image was normalized to a stan-
dard T1 template image (ICBM 152), defining Montreal
Neurological Institute (MNI) space. The parameters from
this normalization process were then applied to the
functional images which were resampled to a final reso-
lution of 2 � 2 � 2 mm3.

Figure 2. Visual object

identification task. (A) Visual

stimuli. Two black-and-white

photographic images of each
exemplar were used for the

task. (B) Task schedule of a

single run. (C) The subjects
were asked to identify the

three exemplars of each object

category by pressing one of the

three buttons of the response
pad. In the baseline condition,

the subjects were asked to

fixate a white cross. The

neural activity during the
task block was modeled with

a boxcar function for each

object category.
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Statistical Analysis

First, individual contrasts for the haptic and visual object
identification tasks were incorporated into a random
effects model (Friston, Holmes, & Worsley, 1999). This
analysis was used to evaluate the network of cortical
areas recruited during haptic and visual object identifi-
cation in the whole brain. The normalized functional im-
ages were filtered using a Gaussian kernel of 8 mm full
width at half maximum (FWHM) in the x-, y-, and z-axes
for the random effects group analysis.

We then conducted an fROI analysis (Saxe et al., 2006)
to test the hypothesis that areas that are sensitive to
perception of objects in one sensory domain (visual or
haptic) will be sensitive to the same category of objects
in the other sensory domain in the occipito-temporal
cortex. The fROI analysis was conducted with functional
images filtered using a smaller Gaussian kernel of 4 mm
FWHM.

Random Effects Group Analysis

Initial individual analysis. We fitted a general linear
model to the fMRI data from each subject (Worsley
& Friston, 1995; Friston, Jezzard, & Turner, 1994). The
time series for each voxel was high-pass filtered at
1/200 Hz and low-pass filtered by a canonical hemo-
dynamic response function. Regardless of the task, the
BOLD response during the task blocks was modeled
with a boxcar function convolved with a canonical hemo-
dynamic response function. Each run included four task-
related regressors of a boxcar function, one for each
object category. Two design matrices were prepared for
each subject; one comprising four runs of the visual iden-
tification task and one comprising eight runs (4 right-
handed and 4 left-handed) of the haptic identification
task. Motion-related artifacts were minimized by incor-
porating six parameters (three displacements and three
rotations) from the rigid-body realignment stage into each
model. In the first-level individual analysis, the estimates
for each condition in each individual were compared
using linear contrasts. Because recognition of faces and
of other body parts appear to activate different occipito-
temporal regions (Downing et al., 2001; Kanwisher et al.,
1997), the contrast between face identification and bot-
tle identification, and the contrast between identification
of hands/feet and bottle identification, were evaluated
separately. This procedure was repeated for the visual
identification conditions.

Subsequent group analysis. The weighted sum of the
parameter estimates in the individual analysis consti-
tuted contrast images, which were then used for the
group analysis. The contrast images obtained from the
individual analyses represent the normalized task-related
increment of the MR signal of each subject. For each
contrast, a one-sample t test was performed for every

voxel in the brain to obtain population inferences. The
resulting set of voxel values for each contrast constituted
the SPM{t}. The SPM{t} was transformed to normal dis-
tribution units [SPM{Z}]. The threshold for SPM{Z} was
set at Z > 3.09. The statistical threshold for the spatial
extent test on the clusters was set at p < .05 and cor-
rected for multiple comparisons over the search volume
(Friston, Holmes, Poline, Price, & Frith, 1996). Because
we had a priori hypothesis that faces would activate
the middle fusiform gyrus more than control objects,
we limited our search volume to the fusiform gyrus.
The anterior and posterior borders were set at �30 and
�70 in the y-coordinates of the MNI template (search
volume, 3405 voxels, 27,240 mm3) according to pre-
vious studies (Kilgour et al., 2005; Kanwisher et al.,
1997). Similarly, the search volume was limited to the
bilateral middle and inferior temporal gyrus, and the
middle and inferior occipital gyrus for the contrast
of nonface body parts versus bottle. The anterior and
posterior borders of the search volume were set at
y = �50 and y = �80 (search volume, 12,321 voxels,
98,568 mm3) based on previous studies (Spiridon, Fischl,
& Kanwisher, 2006; Astafiev, Stanley, Shulman, & Corbetta,
2004; Downing et al., 2001). The search volume and
location of activation foci were determined using the
probabilistic atlas of Shattuck et al. (2008). The search
volume for activation of other brain regions was set to
the whole brain.

Functional Region of Interest Analysis

After examining activation across the whole brain in
response to haptic and visual object identification,
we conducted an fROI analysis, a procedure to local-
ize category-sensitive response in each individual. The
group-average analysis does not necessarily ref lect
category-sensitive activation of individuals because their
locations can vary across subjects, even in a standard
stereotaxic space (Saxe et al., 2006). Thus, this individ-
ual analysis is a more accurate measure than the group
analysis for examining our hypothesis. The analysis
was conducted with functional images filtered using
a smaller Gaussian kernel of 4 mm FWHM. Because
we had a priori hypotheses about the locations of ac-
tivation, we used a liberal threshold of SPM{Z} of Z >
2.33 (equivalent to p < .01, uncorrected for multiple
comparisons).

We localized face-sensitive regions in the middle fusi-
form gyrus and its adjacent sulci because this region can
contain face-related regions for haptics (Kilgour et al.,
2005) as well as vision (Kanwisher et al., 1997). The
anterior and posterior borders of the middle fusiform
gyrus were the same as those used for the group analy-
sis. Face-sensitive activation was individually defined
by the contrast between faces and control objects (bot-
tles) (e.g., Peelen & Downing, 2005a) in this region. We
took the most significantly activated voxel found in the
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fusiform gyrus and adjacent sulci for haptic, and for vi-
sual identification of faces versus bottles as the center of
the HFR and the FFA, respectively.

To localize activity in response to nonface body parts,
we searched within the middle and inferior temporal
gyrus, and the middle and inferior occipital gyrus. The
anterior and posterior borders of the search region were
the same as in the group analysis. We took the most sig-
nificantly activated voxel found in this region for haptic,
and for visual identification of hands/feet versus bottles
as the center of the HBR and the EBA, respectively.

After we identified the four peak voxels, characterizing
the centers of four functional regions in each individual,
raw data were extracted from 4 mm radius spheres cen-
tered on these peaks (4 mm is the size of the spatial
smoothing kernel applied to these data). We did not use
a canonical hemodynamic response for analysis, but in-
stead, a percent signal change of each object category
was calculated as (100 � [(signal value during identifi-
cation of an object category � signal value for the base-
line condition)/signal value for the baseline condition]).
Signal value for the baseline was calculated by averaging
signal over the initial and final 6-sec baseline periods in
each run. The haptic and visual experiments were con-
ducted with different timings and these periods were
the only baseline periods common to the two tasks.1

The hemodynamic lag and mixing of effects in the task
block were accounted for by excluding the first two
scans in each task block from the calculations. Thus, the
final estimate of the percent signal change is based on a
steady-state response between 4 and 10 sec into each
haptic test block, and between 4 and 12 sec into each

visual test block. These values were used to calculate
signal change between a biological object and a control
object (relative percent signal change).

RESULTS

Task Performance

Haptic Object Identification Task

Accuracy and response times were similar regardless of
object category or hand used (Figure 3A). Two-way analy-
ses of variance (ANOVA) (2 hands � 4 object categories)
showed no significant effect for either measure ( ps > .7
for accuracy; ps > .1 for response time).

Visual Object Identification Task

Accuracy was constant across object categories (Fig-
ure 3B). A one-way ANOVA showed no significant dif-
ference ( p > .1) among the four object categories. A
similar ANOVA on the response times showed a signif-
icant effect of object category [F(3, 45) = 8.04, p <
.001]. Pairwise comparisons with Sidak–Bonferroni cor-
rections showed that the hand condition resulted in sig-
nificantly longer response times (980 ± 29 msec) than
either face (907 ± 23 msec, p < .05) or bottle (904 ±
25 msec, p < .01) conditions. However, this difference
in response time is unlikely to affect results: Response
times for the foot condition were not significantly differ-
ent from those for the bottle and face conditions, and
the patterns of activity elicited by hands and feet were

Figure 3. Behavioral results.

These data are presented as

the mean ± SEM. n = number
of subjects.
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highly similar in both sensory modalities. Data from both
nonface body part conditions (hand and foot) were
combined in all fMRI analyses (see below).

fMRI Results

A group-average analysis was initially conducted to iden-
tify regions involved in haptic and visual identification
of faces and other body parts (hand and foot) in the
whole brain.

Collapsing over Hand Used in Haptic Conditions

Each hand was tested separately to determine whether
activation sensitive to faces and other body parts in the
occipito-temporal cortex was affected by the hand used
for exploration. We examined the effect of hand on ac-
tivity for each body part by comparing the contrast of
each biological object versus control objects between
the two hands. As we found no significant response-
hand-specific activation in the occipito-temporal cortex,
means of the right and left response-hand conditions
were used in subsequent analyses.

Whole-brain Group-average Analysis

We conducted random effect group analyses to examine
if haptic and visual identification of faces and other body
parts activate the same network of cortical areas in the
whole brain. We depicted activation elicited by haptic
and visual identification of (i) faces and of (ii) hands and
feet, both relative to identification of nonbiological con-
trol objects (bottles). Table 1 shows the coordinates of
the foci observed for the four contrasts (2 modalities �
2 biological object types). The contrast between haptic
identification of faces and control object revealed three
significant clusters of activation: in the right inferior
temporal gyrus, in the left superior parietal lobe, and
in the right inferolateral frontal cortex (Figure 4). The
same contrast for the visual task revealed four significant
clusters of activation. The largest cluster extended over
the right fusiform gyrus and the middle and inferior oc-
cipital gyri. The other three clusters were located in
the left middle and inferior occipital gyri, in the right
lateral prefrontal cortex, and in the angular gyrus. The
haptic and visual activation depicted by the contrast of
faces and control object (bottles) overlapped in the right
prefrontal cortex (center of mass of overlap: x = 52.1,
y = 26.4, z = 20.5; volume of overlap: 528 mm3). Al-
though the haptic and visual activation by the same con-
trast produced adjacent activity in the occipito-temporal
region, no overlap was observed (at the significance
threshold employed here).

Haptic identification of nonface body parts (hand and
foot) relative to nonbiological control objects activated
the right inferior temporal gyrus, the superior parietal

lobe, the precentral gyrus, the supramarginal gyrus, and
the inferior frontal gyrus. The cluster of activation in the
precentral gyrus covered the right central sulcus. The
same contrast in the visual domain activated the middle
and inferior occipital gyri, the lingual gyrus, the middle
temporal gyrus and the superior parietal lobe bilater-
ally, the right inferior temporal gyrus, the right inferior
parietal lobe, the right superior occipital gyrus, the right
cingulate gyrus, and the left middle occipital gyrus.2 The
haptic and visual networks overlapped in the right pos-
terior inferior temporal gyrus (x = 53.7, y = �60.9, z =
�10.0; 528 mm3) and in the right supramarginal gyrus
(x = 44.7, y = �29.0, z = 42.3; 96 mm3).

Collectively, the group analyses demonstrate that hap-
tic and visual object identification activate largely disjoint
networks. However, the group-average analysis does not
necessarily reflect activation of individuals in the occipito-
temporal cortex. Category-sensitive responses in this re-
gion can be spatially limited (Spiridon et al., 2006) and
their locations can vary across subjects, even in a stan-
dard stereotaxic space (Saxe et al., 2006). The next sec-
tion presents fROI analyses where we investigated in
individual subjects whether regions demonstrated to be
sensitive to a particular category of biological objects in
one sensory modality (vision or haptics) are sensitive to
the same category of objects in the other modality.

Functional Region-of-interest Analysis

We began by identifying regions that were most sensitive
to faces and body parts (compared to control objects)
in both the visual and haptic domains. We focused our
analysis on the right hemisphere because the group-
average analysis showed significant activation by haptic
and visual identification of faces and other body parts
in the right occipito-temporal cortex. Table 2 gives the
coordinates for the four functionally defined regions in
each participant. In general, activity in the haptic con-
ditions (Z values > 2.4) was weaker than in the visual
conditions (Z values > 5.6, equivalent to p < .01, cor-
rected for multiple comparisons), although the haptic
face-sensitive region (HFR) and the body-part-sensitive
region (HBR) could still be identified in 15 out of 16 par-
ticipants. In order to confirm the reliability of the HFR
and the HBR, we split the data into halves (odd and even
scans) and analyzed each half separately. Local peaks
of activation were consistently located within less than
2 mm (on average) radius of the coordinates shown in
Table 2. This reassured us that we were not merely ob-
serving false positives.

The location of the foci of category-sensitive regions
differed substantially among subjects within the search
region (maximum intersubject Euclidean distance of
41 mm). This is consistent with previous studies, which
reveal substantial individual differences in location of
category-sensitive regions. For example, the maximum
intersubject Euclidean distance was 31 mm in a study by
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Table 1. Random Effect Group-average Analyses

Volume (mm3) Anatomical Region Hem x y z Z Value

Face vs. Control Object

Haptics 2304 Inferior temporal gyrus R 50 �62 �8 4.38

1880 Superior parietal lobe L �36 �44 56 3.93

7352 Precentral gyrus R 42 �2 34 4.61

Inferior frontal gyrus R 46 28 14 4.07

Middle frontal gyrus R 36 28 22 3.29

Vision 5160 Fusiform gyrus R 46 �58 �18 5.78

Inferior occipital gyrus R 32 �88 �10 5.36

Middle occipital gyrus R 22 �96 �2 5.28

2408 Middle occipital gyrus L �40 �86 �8 4.66

Inferior occipital gyrus L �30 �94 �10 4.45

1520 Middle frontal gyrus R 48 26 26 4.20

Inferior frontal gyrus R 56 26 26 3.88

2552 Angular gyrus R 56 �48 16 4.16

Hand and Foot vs. Control Object

Haptics 880 Inferior temporal gyrus R 56 �64 �8 3.96

1448 Superior parietal lobe R 28 �54 68 4.37

3624 Precentral gyrus R 34 �8 60 3.84

Supramarginal gyrus R 44 �30 46 3.56

2640 Precentral gyrus R 48 8 28 3.55

Inferior frontal gyrus R 56 28 24 3.47

Vision 18704 Middle occipital gyrus R 54 �70 8 5.49

Inferior occipital gyrus R 16 �92 �8 5.14

Inferior temporal gyrus R 50 �64 �10 5.19

Lingual gyrus R 14 �94 �4 5.09

Middle temporal gyrus R 56 �62 0 5.04

Angular gyrus R 56 �62 22 5.14

1808 Lingual gyrus L �12 �58 6 3.70

Superior parietal lobe L �12 �68 42 3.63

7472 Middle occipital gyrus L �48 �78 0 5.49

Inferior occipital gyrus L �42 �82 �10 4.76

Middle temporal gyrus L �54 �62 2 3.50

1808 Middle occipital gyrus L �34 �78 32 3.91

8712 Superior occipital gyrus R 30 �80 28 4.77

Cingulate gyrus R 4 �40 22 4.01

1568 Superior parietal lobe R 22 �52 58 4.06

Supramarginal gyrus R 46 �28 42 3.38

The size of activation was thresholded at p < .05, corrected for multiple comparisons, when the height threshold was set at Z > 3.09.

Hem = hemisphere; R = right; L = left.
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Kanwisher et al. (1997). Despite this variability, active re-
gions could still overlap among subjects depending on
how extensive they are.

Is There Colocalization between the FFA and HFR,
and between the EBA and HBR?

If the peak coordinates for the visual face-sensitive re-
gion (FFA) and the HFR were similar within subjects,
this would constitute evidence that haptically and visu-
ally perceived faces activated the same region; the same
logic can be applied to the visual body-part-sensitive area
(EBA) and HBR coordinates. The Euclidean distances
between FFA and HFR peaks, and between EBA and
HBR peaks, within participants, are shown in Table 2.
This distance varies widely among participants, but av-
erages 13 mm for body-sensitive regions and for face-
sensitive regions. Given the spatial smoothing applied to
the individual data (i.e., 4-mm FWHM, 7-mm effective
spatial resolution), these distances are great enough for
the centers of mass of each functionally defined region
to constitute distinguishable voxels.

We then looked for any consistency in the spatial re-
lationship between the FFA and the HFR and between
the EBA and the HBR by conducting t tests on the dif-
ferences in location (in x, y, and z); this would reveal
whether one area was consistently medial, anterior, or
inferior to the other area. Paired t tests for three di-
mensions were not significant for the face-sensitive areas
(HFR vs. FFA) ( ps > .2) or for the body-part-sensitive
areas (HBR vs. EBA) ( ps > .1). This also suggests that,
although the peak activity for haptically and visually iden-
tified faces (or body parts) may be in somewhat different
locations, there is substantial variability across subjects
and no apparent consistency in the spatial relationship
between the two face (or body-part) regions.

Activation Profiles in Each of the Four
Category-sensitive Regions

Another way to determine whether the regions most
activated by haptic and visual identification of faces (or
body parts) are really different is to examine their func-
tional profiles. If the two ‘‘face regions’’ respond in dif-
ferent ways (i.e., demonstrate a Region � Condition
interaction), this would provide strong evidence that
they are functionally different (Henson, 2006). In order
to evaluate the response pattern across stimuli and sen-
sory modalities in each of the four identified regions,
relative percent signal change was calculated. ‘‘Face sen-
sitivity’’ (FS) was calculated as difference between per-
cent signal change for (haptic or visual) perception of
faces and (haptic or visual) perception of control stimuli
(bottles). ‘‘Body-part sensitivity’’ (BS) was similarly cal-
culated as the difference between mean percent signal
change of the two nonface body parts (in either the

Figure 4. Brain regions activated by identification of human body

parts in the random effect group-average analysis. (A, C) Statistical
parametric map of the average neural activity within the group during

the face identification compared with that of the control object and

during identification of nonface body parts compared with that of the

control object. The comparison was made in each sensory modality.
The 3-D information was collapsed into two-dimensional sagittal,

coronal, and transverse images (i.e., maximum-intensity projections

viewed from the right, back, and top of the brain). (B, D) The
activation patterns during identification of faces and other body parts

compared to the control object were superimposed on the coronal,

sagittal, and transverse planes of T1-weighted, high-resolution MRI

averaged across the subjects.
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Table 2. MNI Coordinates of Category-sensitive Areas in fROI Analysis

MNI Coordinate MNI Coordinate

x y z Z Value x y z Z Value

Subject Haptically Defined Regions Visually Defined Regions Distance (mm)

Face-sensitive Area

HFR FFA

s01 42 �50 �26 2.68 42 �50 �18 Inf 8.0

s02 52 �44 �14 2.49 48 �52 �12 Inf 9.2

s03 44 �56 �12 2.59 36 �52 �16 Inf 9.8

s04 48 �52 �18 4.62 40 �66 �12 Inf 17.2

s05 44 �58 �12 3.31 44 �58 �12 Inf 0

s06 40 �66 �14 3.97 44 �48 �24 Inf 21.0

s07 48 �48 �18 4.19 48 �54 �24 5.66 8.5

s08 30 �68 �8 2.44 40 �62 �12 Inf 12.3

s09 46 �68 �12 3.90 48 �66 �16 6.59 4.9

s10 52 �46 �14 4.16 46 �62 �18 7.68 17.5

s11 48 �58 �16 6.71 42 �54 �14 Inf 7.5

s12 42 �58 �22 4.21 42 �54 �20 Inf 4.5

s13 40 �30 �20 3.34 46 �64 �18 7.75 34.6

s14 46 �54 �8 2.42 46 �62 �14 6.81 10.0

s15 ns 46 �66 �20 7.33

s16 40 �54 �8 4.30 42 �30 �16 6.81 25.4

Mean 44.1 �54 �14.8 43.8 �56.3 �16.6 12.7

SEM 1.4 2.6 1.4 0.9 2.3 1.0

Maximum 52 �30 �8 48 �30 �12

Minimum 30 �68 �26 36 �66 �24

Nonface Body-part-sensitive Area

HBR EBA

s01 54 �64 �4 4.5 50 �68 �2 Inf 6.0

s02 56 �58 0 4.87 56 �64 12 Inf 13.4

s03 52 �64 �8 2.82 48 �66 �2 6.15 7.5

s04 66 �56 6 4.77 46 �72 �2 Inf 26.8

s05 66 �52 �2 4.46 58 �60 �4 Inf 11.5

s06 62 �50 4 3.43 54 �68 2 Inf 19.8

s07 50 �72 2 6.37 54 �66 �2 Inf 8.2

s08 54 �64 �6 4.88 58 �66 0 7.34 7.5

s09 54 �70 �12 2.43 54 �64 �10 7.74 6.3

s10 48 �62 12 4.83 58 �68 �2 7.3 18.2

s11 40 �68 12 7.08 52 �56 �2 Inf 22.0

s12 48 �56 �6 5.95 50 �68 10 7.55 20.1
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haptic or visual domain) and percent signal change of
the control object.

The Functional Profiles of the Fusiform Regions
Localized by Haptic and Visual Face Identification

Figures 5A and 6 show signal change evoked by faces
and other body parts relative to the control object (FS

and BS) in the HFR and FFA. We began by asking
whether these two regions are sensitive to faces pre-
sented in the other (nondefining) modality, and other
body parts presented in either modality. Next we com-
pared patterns of sensitivity to haptically and visually
identified faces and other body parts (FS and BS) be-
tween the two regions in order to evaluate whether they
are functionally different.

Table 2. (continued )

MNI Coordinate MNI Coordinate

x y z Z Value x y z Z Value

Subject Haptically Defined Regions Visually Defined Regions Distance (mm)

s13 58 �58 0 5.18 56 �66 6 Inf 10.2

s14 46 �62 �2 7.42 46 �54 �8 6.07 10.0

s15 ns 52 �72 �6 7.8

s16 48 �70 �4 5.39 50 �72 0 6.52 4.9

Mean 53.5 �61.7 �0.5 52.6 �65.6 �0.6 12.8

SEM 1.9 1.7 1.8 1.0 1.3 1.5

Maximum 66 �50 12 58 �54 12

Minimum 40 �72 �12 46 �72 �10

Face-sensitive and body-sensitive regions were only searched for in the fusiform region and the posterior lateral occipito-temporal region,
respectively. Inf, Z> 8.0; x, y, and z are stereotaxic coordinates (mm); Distance = distance between coordinate of peak activation between the HFR
and the FFA and between the HBR and the EBA. The statistical threshold for the SPM{t} was set at Z < 2.33, equivalent to p < .01, uncorrected for
multiple comparisons. ns = no significant activation.

Figure 5. fROI analysis. The

bar graphs indicate the signal

change of face and the other

body parts relative to the
control object (FS and BS).

The gray bar indicates the

condition used to define the

region. (A) Face-sensitive
regions (HFR and FFA); (B)

Nonface body parts regions

(HBR and EBA). Data are
presented as the mean ± SEM.

n = the number of subjects.

Asterisks and ns above each

bar indicate the results of
one-sample t tests on the

sensitivity score (FS and BS).

Asterisks above a pair of bars

show the result of post hoc
pairwise comparison.
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Sensitivity to faces and other body parts in the HFR and
the FFA. The HFR was significantly more active for
visually presented faces than for visually presented con-
trol stimuli (one-tailed, one-sample t tests on FS score;
p < .05), and for hands and feet more than for control
stimuli when these were presented either haptically or
visually (one-tailed one-sample t tests on BS scores; p =
.05 for haptics and p < .01 for vision). These results
confirm that the HFR is sensitive to visually presented
faces, and to both haptically and visually presented non-
face body parts.

Similarly, the FFA was significantly more activated by
haptically identified faces than control objects (one-
tailed, one-sample t tests on FS score; p < .001). The
FFA was also significantly activated by visually identi-
fied hands and feet relative to visually identified con-
trol objects (one-tailed, one-sample t test on BS score;
p <.001 for vision), but not by haptically identified
hands and feet ( p > .4). These results demonstrate that

the FFA is sensitive to haptically identified faces, and
to visually, but not haptically, perceived nonface body
parts.

Activation patterns of faces and other body parts in the
HFR and the FFA. In order to compare response pat-
terns across these two regions, we conducted a three-
way ANOVA (2 regions � 2 sensory modalities � 2 object
categories: face and nonface body parts) on the relative
percent signal change values. This produced significant
main effects of region [F(1, 14) = 7.2, p < .05], with the
FFA yielding higher signal change than the HFR; of
sensory modality [F(1, 14) = 9.1, p < .01], with vision
producing higher signal change than haptics; and of
object category [F(1, 14) = 22.4, p < .01], with faces
producing higher signal change than other body parts.
In addition, we observed significant interactions among
all three factors [F(1, 14) = 28.3, p < .001] and between
region and object category [F(1, 14) = 40.7, p < .001].

Figure 6. Time series of

relative % signal change. Each

data point was calculated

as 100 � [(signal value of a
biological object category �
signal value of control

objects)/baseline]. Gray area
indicates the task block. The

signal value at each time

point was extracted from the

functional image scanned
for the next 2 sec (e.g., the

signal collected between 0

and 2 sec is shown at time

zero). Data are presented
as the mean ± SEM.
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These significant interactions involving region and ob-
ject category are important because they demonstrate
that the two regions, which were localized by different
sensory modalities, are indeed functionally different
(Henson, 2006).

Pairwise comparisons with Sidak–Bonferroni correc-
tion revealed no significant differences between activa-
tion to faces and other body parts in the HFR, regardless
of sensory modality ( ps > .05). Thus, the HFR appears
equally sensitive to visually identified faces and other
body parts. The FFA, on the other hand, was more
strongly activated by identification of faces than by other
body parts in both sensory modalities ( ps < .001). Thus,
although the FFA appears somewhat sensitive to visually
presented body parts (see previous section), it is more
sensitive to faces than nonface body parts presented in
either modality.

The Functional Profiles in Lateral Occipito-temporal
Regions Localized by Haptic and Visual Identification
of Nonface Body Parts

Figures 5B and 6 show the signal change evoked by faces
and other body parts relative to control objects (FS and
BS, respectively) in the HBR and EBA. The aforemen-
tioned analyses performed for the HFR and the FFA
were also conducted for these regions. More specifi-
cally, we began by asking whether these two regions are
sensitive to nonface body parts presented in the other
(nondefining) modality, and faces presented in either
modality. Next, we compared patterns of sensitivity to
haptically and visually identified faces and other body
parts (FS and BS) between the two regions in order to
evaluate whether they are functionally different.

Sensitivity to faces and other body parts in the HBR and
the EBA. The HBR was significantly activated by visual
identification of nonface body parts versus control ob-
jects (one-tailed, one-sample t tests on BS score; p <
.001). Whereas haptically identified faces produced more
signal than haptically identified control objects (one-
tailed, one-sample t test on FS score; p < .001), visually
identified faces did not ( p > .1). In other words, the
HBR was sensitive to visually presented nonface body
parts; it was also sensitive to haptically, but not visually,
identified faces.

Similarly, the EBA was more strongly activated by hap-
tic identification of nonface body parts than control ob-
jects (one-tailed, one-sample t test on BS score; p <
.01). However, unlike the HBR, the EBA was sensitive to
both haptically and visually identified faces (one-tailed,
one-sample t tests on FS score; ps < .05).

Activation patterns of faces and other body parts in the
HBR and the EBA. A three-way ANOVA [(2 category-
sensitive regions: HBR and EBA)� (2 sensory modalities)�

(2 object categories: face and nonface body parts)] on
the relative percent signal change was conducted. This
analysis revealed significant main effects of region [F(1,
14) = 10.0, p < .01], with the EBA yielding higher sig-
nal change than the HBR, and of object category [F(1,
14) = 107.8, p < .001], with nonface body parts produc-
ing higher signal change than faces. However, this analy-
sis also showed significant interactions among all three
factors [F(1, 14) = 7.1, p < .05]. This result confirms that
EBA and HBR regions are functionally different.

Post hoc pairwise comparisons (with Sidak–Bonferroni
correction) showed that the HBR was more strongly ac-
tivated by the identification of nonface body parts as
opposed to faces, regardless of sensory modality ( ps <
.01). Thus, the HBR was more sensitive to nonface body
parts than faces. The EBA was also more strongly acti-
vated by visual identification of nonface body parts than
faces ( p < .001), whereas activation by haptic identifi-
cation of faces and other body parts in the EBA was not
significantly different ( p> .3). This result shows that the
EBA is equally sensitive to haptically identified faces and
nonface body parts.

Finally, we confirmed that patterns of object sensitiv-
ity were different between the HFR and the HBR and
between the FFA and the EBA. A three-way ANOVA [(2
regions: HFR and HBR) � (2 sensory modalities) � (2
object categories)] of the relative percent signal change
showed a significant interaction between region and
object category [F(1, 14) = 26.4, p < .001]. The same
ANOVA for the FFA and the EBA also showed significant
three-way [F(1, 15) = 73.6, p < .001] and two-way [Re-
gion � Object category, F(1, 15) = 111.6, p < .001] in-
teractions. These results confirm that the two regions
localized by each sensory modality (i.e., HFR and HBR,
FFA and EBA) were functionally different.

Sensorimotor Activation of the Central Sulcus during
the Haptic Task

A recent study showed that the EBA can be activated
by pointing to the location of a visual target using the
hand, as well as recognition of body parts (Astafiev et al.,
2004). It is therefore possible that the HBR and the EBA
were activated by haptic identification of nonface body
parts because the subject may have explored nonface
body parts more intensively than the control objects.
The group-average analysis showed that the anterior
part of the right central sulcus was activated by haptic
identification of hands and feet relative to the control
objects, whereas no significant activation was observed
for the other haptic contrast (Figure 4). Hence, we con-
ducted an additional fROI analysis to examine the func-
tional relationship between the body-part-sensitive areas
and the right central sulcus.

Nine individuals exhibited significant activity in the
hand area of the right central sulcus by the contrast of
hands and feet versus control objects. The mean co-
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ordinates of peak activation in the right central sulcus
were: x = 38.7 ± 1.6, y = �17.8 ± 1.2, and z = 56.9 ±
2.0. However, there was no clear positive correlation
over subjects between signal change in this central sul-
cus region and the EBA, or between this region and the
HBR (r values < .3). This result suggests that the body-
part-sensitive activation in the right central sulcus was
not related to body-part-sensitive activation in the EBA
and the HBR.

Response Time and Activation of the
Category-sensitive Areas

Visual identification of hand showed significantly higher
response time than that of the control object. Because
such difference may cause body-part-sensitive activation,
we examined whether relative percent signal change of
visual identification of nonface body parts (BS) was in-
fluenced by response time of nonface body parts relative
to the control object. However, there was no significant
correlation between the relative response time and BS
scores in any category-sensitive area (rs < .5, ps > .07).3

Supplemental Investigation into the Use of a
Visual-mediation Heuristic

We showed that regions in the occipito-temporal area
respond to faces and other body parts, regardless of the
sensory modality. It is unlikely that haptic activation in
the occipito-temporal area may be explained by visual
imagery because the response patterns were different
for haptics and vision. As a subsidiary investigation, we
explored the extent to which visual imagery might ac-
count for category-sensitive activation during the haptic
task in three complementary ways.

Correlation between VVIQ and Activation during
Haptic Object Identification

Based on a previous study (Zhang et al., 2004), we ini-
tially examined to what extent activation was explained
by the score obtained by the Vividness of Visual Imagery
Questionnaire (VVIQ) (Marks, 1973). A linear regression
analysis showed that the VVIQ score accounted for only
a limited portion of the variance in signal change be-
tween face and the control object in the HFR and the
FFA and between nonface body parts and the control
object in the HBR and the EBA (absolute r values <
.4). This result suggests that the VVIQ does not strongly
predict the category-sensitive signal increase in these
category-sensitive areas.

Comparison of Haptic Activation in Subjects Who
Reported Using vs. Not Using Visual Imagery

The BOLD signal during haptic perception was com-
pared between subjects who reported the use of visual-

mediation heuristics (8 of 16 subjects) and those who
denied using a visual-mediation heuristic (8 subjects)
(Zangaladze, Epstein, Grafton, & Sathian, 1999). There
was no clear evidence that the group reporting the use
of visual mediation showed stronger sensitivity than the
other group. Two-way ANOVAs [(2 groups) � (2 object
categories: faces and nonface body parts)] of the relative
percent signal change, conducted separately in each of
the four functionally defined regions, showed no signif-
icant effect of group in any region ( ps > .3). Moreover,
there was no significant interaction between the group
and object category in any region ( ps > .3). This result
suggests that subjective report of visual-mediation heu-
ristics did not influence signal levels in visually or hap-
tically localized category-sensitive areas.

Parallel Visual Imagery Task

Finally, we measured activation in category-sensitive re-
gions when the subjects visually imagined the exemplars
of object categories. We reasoned that activation during
visual imagery should be as strong as activation during
haptic object identification if the category-sensitive areas
were activated by visual imagery during the haptic task.
A task examining visual imagery (Amedi et al., 2001) was
performed by 15 out of 16 subjects immediately after the
visual identification task was completed. We adopted the
same task schedule as in the haptic identification task
except for the task instruction (Figure 1C and D); instead
of exploring the object during each task block, the sub-
jects were asked to visually imagine the exemplars for an
object category. No visual image was presented in the
task block. Subjects did not touch any exemplar during
this experiment.

The auditory cue was presented binaurally through
headphones. Subjects’ eyes were kept open to match
the conditions for the haptic and visual imagery tasks.
The name of the object category was given 2 sec be-
fore the task block, and one of the three numerical
codes was presented every 3.3 sec within the 10-sec task
block. Subjects were asked to press the button corre-
sponding to the numerical code when they had formed
a visual image as vividly as they could. They repeated
four runs.

Subjects reported that they successfully imagined most
of the objects as vividly as possible (95.5 ± 1.6%). A
one-way repeated-measures ANOVA (four object catego-
ries) showed no significant effect for either percentage
of reporting successful visual imagery ( p > .7) or re-
sponse time ( p > .06). We did not observe clear object-
sensitive activation (Figure 7). One-tailed, one-sample
t tests showed that neither faces nor other body parts
elicited significantly higher activity than the control ob-
ject in any of the four functionally defined regions ( ps >
.05). Collectively, the three supplementary measures sug-
gest that it is unlikely that visual imagery accounts for
haptic object-sensitive activation.
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DISCUSSION

The present study examined the relationship between
the functional architectures supporting haptic and vi-
sual object identification. The group-average analysis
revealed that haptic and visual object identification ap-
pear to activate largely separate neural networks. Sub-
sequent individual analyses (fROI) further showed that
whether haptics or vision was used, subareas within the
fusiform region were sensitive to faces, whereas sub-
areas within the lateral occipito-temporal region were
sensitive to body parts. This convergence was incom-
plete, however, as regions most sensitive to the func-
tional localizer contrasts (faces vs. control objects in the
fusiform gyrus; nonface body parts vs. control objects in
the lateral occipito-temporal cortex) differed for haptics
and vision both in terms of precise anatomical location
and functional specialization (i.e., functional profiles
across conditions). It is unlikely that visual imagery can
explain haptic activation in the occipito-temporal re-
gion because the response patterns were anatomically
and functionally different for haptics and vision. Hence,
we conclude that within the ventral visual pathway,
the functional architectures for haptic and visual identi-
fication of human body parts are different; nevertheless,
it is important to note that at a more coarse anatomical
level, category sensitivity is shared by haptics and vision
within both the fusiform gyrus and the lateral occipito-
temporal cortex.

Task Design

To minimize visualization during the haptic object iden-
tification task, participants performed the visual task in
a separate scanning session a day later. The mean dis-
tance between haptically and visually defined category-
sensitive areas exceeded 10 mm for both faces and
other body parts. We note that the locations of visu-
ally defined category-sensitive areas (including FFA and

EBA) change very little over time (mean 2.9 mm), even
when interexperiment runs are conducted 3 weeks apart
(Peelen & Downing, 2005b). Hence, it is unlikely that
the difference in location of the haptically and visually
defined category-sensitive areas is due to the fact that
corresponding sessions were one day apart. Likewise, it
is unlikely that the reliable differences observed across
subjects between haptically and visually evoked activation
were caused by intersession differences, which ought to
be random from subject to subject.

The major difference in the task design for the two sen-
sory modalities was related to task schedules (Figures 1
and 2). It is possible that one sensory modality showed
more activation than the other because the degrees of
freedom in each individual analysis were different for the
sensory modalities. However, it is unlikely that the dif-
ference in the task schedules for haptics and vision pro-
duced different response patterns in category-sensitive
areas (a Region � Condition interaction), as this would
manifest as a main effect between modalities.

Face-sensitive Regions in the Fusiform Gyrus

We documented that the FFA was most strongly acti-
vated by haptically identified faces among all object
categories tested. Although Pietrini et al. (2004) showed
that activation patterns in the ventral visual pathway
for haptic and visual face recognition were uncorrelated,
whether any brain region is functionally specialized for
both haptic and visual face recognition was unknown.
Our earlier lesion study showed that the intact occipito-
temporal region is necessary for haptic face perception
(Kilgour et al., 2004). Our fMRI study further revealed
that haptic face recognition tasks performed by highly
trained neurologically intact subjects elicit activation in
the fusiform gyrus (Kilgour et al., 2005). However, that
study did not directly ask whether the FFA, a small sub-
region within the fusiform gyrus defined on the basis of
activation to visually presented faces, is also involved in

Figure 7. Supplementary

results of visual imagery task.

The bar graphs indicate the
signal change of face and the

other body parts relative to

the control object (FS and BS).
Unlike the haptic and visual

object identification tasks,

visual imagery of faces and

other body parts did not
produce significantly higher

signal than that of the control

object. ns indicates the results

of one-sample t tests on
the relative % signal change

(FS and BS). The number of

subjects was 14 for the HFR
and HBR, and 15 for the FFA

and EBA.
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haptic face recognition. Thus, the current article extends
our previous findings by demonstrating that the FFA is
also involved in haptic face identification. This result is
consistent with the view that the FFA represents a corti-
cal functional module for face processing (Grill-Spector,
Knouf, & Kanwisher, 2004; Hasson, Hendler, Ben Bashat,
& Malach, 2001; Tong, Nakayama, Vaughan, & Kanwisher,
1998; Kanwisher et al., 1997).

To localize the HFR, we used methods analogous to
those used to localize the visual FFA. The distance be-
tween the HFR and the FFA within subjects was highly
variable but averaged greater than 10 mm. Because the
effective spatial resolution of these data was approxi-
mately 7 mm, we concluded that these peaks occurred
in somewhat different locations, despite an inconsistent
spatial relationship between the regions across subjects.
Furthermore, the activation profiles across object cate-
gories within these two regions were significantly dif-
ferent. The significantly different functional profiles of
the FFA and the HFR suggest that these are indeed
discrete, distinguishable subareas (Henson, 2006). We
conclude, therefore, that although subareas within the
fusiform gyrus are sensitive to faces regardless of pre-
sentation modality, the subarea that is most sensitive to
haptically presented faces is functionally distinct from
the subarea that is most sensitive to visually presented
faces. It is reasonable to speculate that both visual and
haptic face recognition recruit distributed regions within
the fusiform gyrus (including the HFR and FFA), but that
the degree to which these areas are recruited depends
on the modality.

It has been also proposed that the FFA provides a
mechanism for distinguishing visually similar exemplars
of any object category for which the viewer has substan-
tial expertise (Gauthier, Skudlarski, Gore, & Anderson,
2000; Tarr & Gauthier, 2000). In addition, James, Servos,
Kilgour, Huh, and Lederman (2006) and Kilgour et al.
(2005) have shown left-hemisphere activation of the fusi-
form gyrus in haptic face recognition tasks for which par-
ticipants were highly trained. In contrast, the current
study provided considerably less training and did not re-
veal significant left FFA activity in the group analysis.

Body-part-sensitive Regions in the Lateral
Occipito-temporal Cortex

EBA activation was higher during haptic identification of
human body parts than of nonbiological control objects.
To our knowledge, this result offers the first evidence that
the EBA is also sensitive to haptically identified body parts.
Our finding extends previous results that show the EBA
plays an important role in visually processing static images
of the human body (Urgesi, Berlucchi, & Aglioti, 2004;
Downing et al., 2001) by revealing that this region may also
be critical for haptic recognition of human body parts.

One intriguing difference between sensory modalities
was that haptically, but not visually, identified faces pro-

duced as strong a signal change as nonface body parts
(Figure 5). Downing et al. (2001) showed that the EBA
elicits a strong response not only to the visual presenta-
tion of body parts but also to faces when only part of a
face (e.g., lips) is visually presented. Haptically acquired in-
formation is typically piecemeal and sequential, especially
when the object is larger than the palm (Lederman &
Klatzky, 1990). Indeed, 75% of our subjects reported that
they identified an individual face mask by focusing on parts
of the face. Accordingly, we suggest that the difference in
sensitivity between haptically and visually identified faces
in this region reflects modality-specific acquisition.

We localized the HBR using similar procedures to those
used to localize the visual EBA. The mean distance (across
subjects) between the HBR and the EBA was greater than
10 mm. Given an effective spatial resolution of approxi-
mately 7 mm, this result suggests that these peaks were
located in somewhat different locations, although there
was no consistent spatial relationship between the re-
gions across subjects. This result is consistent with a pre-
vious finding that body-sensitive activation for visually
presented items can be observed more than 10 mm from
the peak of body-sensitive activation (Spiridon et al.,
2006). In contrast, strong visual face sensitivity was more
spatially focused within the fusiform gyrus. This finding
may also explain why the group-average analysis showed
overlapping activation for haptic and visual identification
of body parts in the inferior temporal gyrus, while no
such overlap of activation was found for faces (Figure 4).

Although the overall response patterns were similar
for the EBA and the HBR, the response profiles across
object categories in the two regions were significantly
different. This result suggests that the subregion that is
most sensitive to haptically presented body parts is func-
tionally distinct from the subregion that is most sensitive
to visually presented body parts. Hence, as previously
argued with respect to face-sensitive regions in the fusi-
form gyrus, both visual and haptic body-part recognition
may recruit distributed regions in the lateral occipito-
temporal cortex, including the HBR and the EBA, but
the degree to which different areas are recruited may be
modality-dependent.

Is Haptic Object Identification Visually Mediated?

Might haptic object processing recruit the occipito-
temporal areas because haptic inputs are translated
into a visual image? This visual-mediation heuristic has
been shown to improve haptic recognition of 2-D ob-
jects (Lederman, Klatzky, Chataway, & Summers, 1990).
Hence, the category sensitivity we observe might result
from visual imagery facilitating haptic recognition of hu-
man body parts.

We think this is unlikely for several reasons. First, vi-
sual mediation is not always necessary inasmuch as con-
genitally blind individuals can haptically recognize faces
with no visual experience (Pietrini et al., 2004). Second,
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the activation peaks for haptics and vision were in differ-
ent locations; moreover, the response patterns differed
across conditions. Third, our supplemental data con-
sistently suggest that a visual-mediation heuristic can at
best account for only a limited portion of the activation
during haptic object identification.

Alternatively, we speculate that category-sensitive
areas may constitute haptic, as well as visual, functional
modules for the recognition of human body parts. In
other words, these visually category-sensitive areas may
contain neuronal populations that are more sensitive to
haptic than to visual presentation of faces and other
body parts. This view is in accord with previous studies
that appear to demonstrate multisensory activation in
the lateral occipital complex. For instance, Amedi et al.
(2001) showed overlap of activation in the lateral oc-
cipital complex for haptic and visual identification of
nonbiological 3-D (e.g., fork) as opposed to 2-D (e.g.,
sandpapers) common objects. Because haptic activation
was higher than activation during a corresponding visual
imagery task, the authors suggested that neuronal popu-
lations in the occipito-temporal cortex may constitute
a multisensory object-related network (see also James
et al., 2002).

Individual Differences in the Location of
Category-sensitive Regions

We searched for category-sensitive regions within rela-
tively large areas defined by visible anatomical landmarks,
and the coordinate locations of category-sensitive regions
differed substantially among subjects (Table 2). This is
consistent with previous reports: For example, the loca-
tion of FFA was observed to vary among individuals with-
in the fusiform gyrus by as much as 31 mm (Euclidean
distance) according to Kanwisher et al. (1997). Further-
more, others have suggested substantial variability in lo-
cation of activation foci among subjects in response to
visual presentation of body parts relative to inanimate
objects (Spiridon et al., 2006; Astafiev et al., 2004). Hence,
we were not surprised to observe relatively large indi-
vidual differences in the location of the foci of category-
sensitive regions in this study.

It is difficult to define anatomical areas within which
we will find category-sensitive regions because the ana-
tomical organization of the occipito-temporal region is
not well understood in humans. For the moment, func-
tional definitions, if carefully applied, may be the best
approach to a characterization of this large and presum-
ably functionally heterogeneous region. Future research
is necessary to establish whether this variability is due to
variability in anatomical organization across individuals,
or is due to cognitive differences among subjects that
manifest as different networks of activity during recog-
nition of human faces and body parts.

In summary, the current results extend the sparse hap-
tic object recognition literature by furthering our under-

standing of the neural mechanisms that subserve haptic
recognition of human body parts. In conjunction with
our previous human lesion study (Kilgour et al., 2004),
these results indicate that the occipito-temporal region
plays an important role in haptic, as well as visual, rec-
ognition of human faces and other body parts (hands
and feet). We offer initial evidence that the FFA and the
EBA are also involved in the haptic recognition of faces
and body parts. Both haptically and visually defined areas
showed modality-independent category-sensitive activity.
However, this claim must be viewed within the context
defined by additional observations, which revealed that
subregions most sensitive to haptic input were both ana-
tomically and functionally distinguishable from those most
sensitive to visual input. It seems unlikely that the activity
observed within category-sensitive regions is the result of
visual mediation during haptic object identification.
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Notes

1. We also examined the result of the fROI analysis by calcu-
lating baselines in two other ways: (1) mean of the two long
baseline periods (10 sec for haptics and 14 sec for vision) pre-
ceding and following each task block, and (2) mean of all
baselines across each run. The first two scans for each base-
line period were excluded from the calculation. The statistical
results remained the same as the original, regardless of which
alternate baseline measure was used.
2. We also examined brain activation produced by the con-
trast of nonface body parts versus control objects (bottles)
with the difference in response time modeled as a covariate.
This contrast produced two significant clusters of activation:
one in the right middle occipital and temporal gyrus and the
other in the left middle occipital gyrus. This cluster of activa-
tion also overlapped with activation produced by the haptic
contrast of nonface body parts versus control (center of mass
x = 52.0, y = �63.8, z = �7.5, volume 96 mm3). This result
is consistent with our original result (RTs not included as
covariates), namely, that the contrast activated the occipito-
temporal regions bilaterally.
3. We further examined the results of the fROI data when RT
differences in the visual task were modeled as covariates. The
significant RT difference in the visual task did not affect our main
results. More specifically, we observed haptic face sensitivity in
the FFA, visual face sensitivity in the HFR, haptic body-part sen-
sitivity in the EBA, and visual body-part sensitivity in the HBR.
We also observed different patterns of activation between the
HFR and the FFA and between the HBR and the EBA.
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