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The visual perception of others’ body parts is critical for understanding and imitating their behavior. The visual cortex in humans
includes the extrastriate body area (EBA), which is a large portion of the occipitotemporal cortex that is selectively responsive to visually
perceived body parts. Previous neuroimaging studies showed that the EBA not only receives sensory inputs regarding others’ body
information but also receives kinesthetic feedback regarding one’s own actions. This finding raised the possibility that the EBA could be
formed via nonvisual sensory modalities. However, the effect of visual deprivation on the formation of the EBA has remained largely
unknown. Here, we used fMRI to investigate the effect of vision loss on the development of the EBA. Blind and sighted human subjects
performed equally well in a haptic-identification task involving three categories of objects (hand shapes, toy cars, and teapots). The
superior part (i.e., the middle temporal gyrus and angular gyrus) of the EBA and the supramarginal gyrus showed greater sensitivity to
recognized hand shapes than to inanimate objects, regardless of the sensory modality and visual experience. Unlike the superior part of
the EBA, the sensitivity of the inferior part (i.e., the inferior temporal sulcus and middle occipital gyrus) depended on visual experience.
However, this vision-dependent sensitivity explained minor individual differences in hand-recognition performance. These results
indicate that nonvisual modalities drive the development of the cortical network underlying the recognition of hand gestures with a node

in the visual cortex.

Key words: EBA; fMRI; haptics; touch

Introduction

The visual perception of faces and body parts provides a
wealth of information that is used to understand and imitate
others’ behaviors. Given its fundamental importance in the
course of evolution, the innate neural mechanisms can anticipate
the computations necessary for representing bodies. However, it
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remains unclear how innate factors and postnatal experience in-
teract to produce these underlying mechanisms.

One of the important nodes in the neural network underlying
body perception resides in the lateral occipitotemporal cortex.
Previous neuroimaging studies have identified a region called the
extrastriate body area (EBA) that is more sensitive to visually
perceived body parts than to other object categories (Downing et
al., 2001). Recently, neuroimaging studies in sighted individuals
have demonstrated that the EBA is more responsive to haptically
recognized body parts than to inanimate objects (Kitada et al.,
2009; Costantini et al., 2011). This finding raises the possibility
that the EBA is involved in the supramodal representation of
human bodies. A question that naturally follows is as follows:
does the EBA develop without visual experience?

Although the EBA resides in the occipitotemporal cortex, pre-
vious fMRI studies provided surprising evidence that this region
is also active when individuals execute self-actions (Astafiev et al.,
2004; Orlov et al., 2010). This finding suggests that the EBA not
only receives sensory inputs regarding others’ body information,
but also receives kinesthetic feedback regarding one’s own ac-
tions. If the EBA receives kinesthetic information about self-
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Table 1. Blind subjects

Onset

of total

Age blindness  Cause of

Subject  Sex  (years)  (years) total blindness Residual vision
BO1 M 33 0 Retinopathy of prematurity ~ Light perception
B02 M 35 3 Glaucoma No
B03 [V — 13 Retinal detachment No
B04 M 39 0 Retinopathy of prematurity ~ No
B05 F 52 0 Chorioretinal atrophy Light perception
B06 M 22 0 Congenital cataract No
B07 M 2 0 Retinoblastoma No
B08 F 25 0 Retinopathy of prematurity ~ Light perception
B09 M 22 2 Retinoblastoma No
B10 M 26 15 Congenital cataract No
B11 M 37 10 Retinal detachment Light perception
B12 M 38 2 Cancer No
B13 M 61 20 Retinitis pigmentosa No
B14 M 25 9 Glaucoma No
B15 M 40 0 Retinopathy of prematurity ~ No
B16 M 3 0 Microphthalmia No
B17 M 23 0 Retinopathy of prematurity ~ No
B18 M 28 0 Retinopathy of prematurity ~ No
B19 F 25 0 Retinopathy of prematurity ~ No
B20 F 26 0 Retinopathy of prematurity ~ Light perception
B21 M 26 0 Amaurosis Light perception
B22 F 24 0 Congenital rubella syndrome ~ No
B23 M 37 0 Microphthalmus No
B24 F 26 0 Retinopathy of prematurity ~ Light perception
B25 F 27 2 Keratomalacia Light perception
B26 F 47 0 Congenital unknown disease  Light perception
B27 F 64 7 Congenital cataract No
B28 M 3 0 Retinoblastoma No

actions, it might be expected to develop body selectivity even in
the absence of vision.

Recent neuroimaging studies involving congenitally blind in-
dividuals have shown that category sensitivity develops without
visual experience in several regions within the ventral visual path-
way (Reich et al., 2011; Wolbers et al., 2011; Striem-Amit et al.,
2012; He et al., 2013; Peelen et al., 2013). However, to the best of
our knowledge, only one previous study has tested the effect of
visual deprivation on the development of the EBA. Striem-Amit
and Amedi (2014) demonstrated that the EBA in congenitally
blind individuals is sensitive to full-body shapes conveyed
through a sensory-substitution device after prolonged, intensive
training. However, the sensory-substitution device is not neces-
sary for perceiving body parts; blind individuals can recognize
body parts and learn their actions via haptics during daily life. If
the EBA is essential for body perception in the absence of vision,
this region should show sensitivity to body parts when a blind
individual recognizes them in an ecologically valid manner.

Here we used fMRI to examine the effect of visual experience
on the functional specialization of the EBA in sighted and blind
participants. We used a haptic object-identification task to exam-
ine the degree of body sensitivity in the EBA (Kitada et al., 2009).
We predicted that the EBA develops its body preference regard-
less of visual experience.

Materials and Methods

Subjects

A total of 28 blind (19 males and 9 females, mean age = SD, 33.5 * 11.1
years) and 28 sighted (19 males and 9 females, mean age = SD = 33.3 =
11.4 years) individuals participated in the study (Table 1). Eighteen of the
subjects in the blind group reported having experienced total loss of sight
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Figure 1.  Task. A, Stimuli. Plastic casts of hands, teapots, and toy cars were used as stimuli.

An alphabetic code (a— d) was assigned to the four exemplars of each object category. B, Haptic
task. Subjects were instructed to explore the object with their right hand immediately after they
heard a sound cue through headphones. When a second sound cue was presented (after 7.5 s of
exploration), the subjects were told to stop. They were instructed to respond by using their left
hand to press the button corresponding to the appropriate alphabetic code. C, Visual task.
Sighted subjects were instructed to identify the four exemplars of each object category by
pressing the same buttons as used in the haptic task. For both haptic and visual tasks, neural
activity during the task block was modeled with a boxcar function for each object category. The
regressor shown was convolved with a canonical hemodynamic response function.

within 12 months of birth and were categorized as congenitally blind; the
remainder were defined as noncongenitally blind. There was no signifi-
cant difference in age between the groups (f test, p = 0.96). All subjects
were right-handed (Oldfield, 1971). None of the subjects reported a his-
tory of major medical or neurological illness, such as epilepsy, significant
head trauma, or a lifetime history of alcohol dependence. All of the
subjects gave written informed consent for participation in the study.
The protocol was approved by the local medical ethics committee at the
National Institute for Physiological Sciences (Aichi, Japan).

Stimuli

The three classes of objects used were plastic casts of hands, toy cars, and
teapots (Fig. 1A). Toy cars and teapots were included as nonbiological
control objects because they are common, complex 3D objects, which
have many exemplars and are similar in size to hands. Four exemplars
were prepared for each class (4 exemplars X 3 classes = 12 objects in
total; Fig. 1A). An actor made four different hand shapes for the hand
exemplars. The actor’s hand, the toy cars, and the teapots were scanned
with a 3D digitizer (MH, Artec Group for the hand stimuli; ATOS, GOM
for the objects) and plastic casts were created using a 3D printer (Connex
500, Stratasys).
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Data acquisition

fMRI was performed using a 3T Siemens Allegra whole-head system
(Siemens). Standard sequence parameters were used to obtain gradient-
echo echo-planar images (EPIs) as follows: repetition time (TR) = 2500
ms; echo time (TE) = 30 ms; flip angle = 80°; 39 3 mm axial slices with a
17% slice gap; field of view = 192 X 192 mm; and in-plane resolution =
3.0 X 3.0 mm. A T1-weighted high-resolution anatomical image was
obtained from each participant (voxel size = 0.9 X 0.9 X 1 mm) between
the functional imaging runs.

Haptic-identification task

Stimulus presentation. The procedure used was as described previously
(Kitada et al., 2010, 2013). The subjects lay supine on the scanner bed
with their eyes closed, wearing MRI-compatible headphones (Kiyohara
Optics), and were instructed to relax. The right hand was used to explore
the stimuli, while the left arm was extended along the side of the subject’s
body and the left hand held a response pad. Each subject completed six
runs of the task (99 volumes per run, 247.5 s). A single run consisted of a
27.5 s rest period, followed by a 210 s task period, and a 10 s rest period.
Each of the 12 exemplars was presented once during the task period, for
7.5 s (Fig. 1B). This trial duration was chosen based on results from our
previous study (Kitada et al., 2013), in which 7.5 s was sufficient for the
subjects to identify familiar objects after a short period of training. The
presentation of objects alternated with 10.0 s interstimulus intervals
(ISIs), during which subjects identified the previous object with a key
press (17.5 s X 12 exemplars = 210 s in total). The order in which the
objects were presented in a single run was pseudo-randomized using a
genetic algorithm that maximized the estimation efficiency for the tested
contrasts (Wager and Nichols, 2003). Presentation software (Neurobe-
havioral Systems) was used to present auditory cues to the subjects via
headphones and visual cues to the experimenter during the haptic-
identification task. Presentation software was also used to present the
stimuli (hands, toy cars, and teapots) during the subsequent visual-
identification task.

Task
Before the fMRI experiment, subjects were blindfolded and trained to
identify the stimulus objects until they felt comfortable performing the
task. Training with corrective feedback was necessary to minimize acti-
vation due to possible differences in task difficulty between the identifi-
cation of hands and inanimate objects. During training, subjects were
asked to identify exemplars for each object class. Training took <30 min.
In each trial, subjects were instructed to start exploring the object as
soon as they heard a brief sound cue (Fig. 1B). Another cue was presented
7.5 s after the trial was initiated. Subjects were asked to identify the
exemplar immediately by pressing one of four buttons. To match the
sensorimotor requirements between object classes, subjects were in-
structed to continue exploring the object to confirm their answer, even if
they had identified it within 7.5 s. The experimenter (R.K.) visually con-
firmed that the hand movements used to explore the objects were com-
parable across the object categories in terms of exploratory procedures
(enclosure and contour following) (Lederman and Klatzky, 1987).

Visual-identification task

After completion of the haptic task, sighted subjects participated in a
visual-identification task to enable us to examine the brain regions in-
volved in the visual identification of hand shapes.

Stimulus presentation

Two monochromatic images of each exemplar were used for the task (2
images X 12 exemplars = 24 images in total; Fig. 1A). The differences in
size and perceived brightness of these images were minimized using
photo-editing software (Photoshop, Adobe Systems). The subjects fix-
ated on a white cross on the screen, which they viewed through a mirror
attached to the head coil. Stimuli were back-projected via a liquid crystal
display projector (LT 265, NEC Viewtechnology) onto a translucent
screen located at the rear of the scanner. The stimuli and the white fixa-
tion cross subtended visual angles of ~7.8° and 0.8°, respectively. During
the visual task, the right hand did not touch any object, and the left hand
held the response pad.
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Task

Similar to the haptic task, the visual-identification task required the sub-
jects to identify the stimuli presented in a pseudo-randomized order. The
visual-identification task consisted of six runs (115 volumes per run,
287.5 s), and a single run consisted of a 240 s task period that was pre-
ceded by a 27.5 s fixation (rest) period and followed by a 20 s fixation
(rest) period. During the task period, each image was presented three
times. Each image appeared for 1.5 swithan ISTof 1.0 s (2.5s X 3 times X
2 images X 4 exemplars X 3 object classes = 180 s; Fig. 1C). In addition,
we inserted null trials, which were identical to the trials, except that no
picture was presented (2.5 s X 24 trials = 60 s). The order of stimulus
presentation and null trials within a single run was pseudo-randomized
using the algorithm used in the haptic-identification task. Subjects were
asked to identify the exemplars of each object class by pressing one of four
buttons. The fMRI experiment was conducted after ~10 min of training.

EBA localizer task

A conventional block design was used to localize the EBA (Downing et
al., 2001; Peelen and Downing, 2005a,b). Each sighted subject was asked
to observe monochromatic images of body parts, faces, teapots, and cars.
The images were different from those used in the visual-identification
task. Each run consisted of 21 blocks that lasted for 15 s. The 1st, 6th,
11th, 16th, and 21st blocks were fixation-only baseline conditions.
Twenty photographs from one of the four object categories were pre-
sented successively in each block. Each photograph was presented for 300
ms, and the IST was 450 ms. Each object category block was repeated four
times (5 baseline blocks + 4 object categories X 4 repetitions = 21
blocks; 15 s X 21 blocks = 315 s; 126 volumes in total). A 12.5 s fixation-
only baseline condition was added before the first baseline block (126 +
5 = 131 volumes). A fixation cross changed its color from white to red
twice during the ISIs in each block. Sighted subjects were asked to press a
button with their right hand as soon as the fixation cross turned red. Each
sighted subject completed two runs of the localizer task.

Data processing

Image processing and statistical analyses were performed using the Sta-
tistical Parametric Mapping (SPM8) package (Friston et al., 2007)
(RRID: nif-0000—00343). The first five volumes of each fMRI run were
discarded to allow the MR signal to reach a state of equilibrium. The
remaining volumes were used for the subsequent analyses. To correct for
subject’s head motion, functional images from each run were realigned
to the first image, and again realigned to the mean image after the first
realignment. Slice-timing correction was then performed to adjust for
differences in slice-acquisition times. The T1-weighted anatomical image
was coregistered to the mean of all realigned images. Before coregistra-
tion, the T1-weighted anatomical image was skull stripped to prevent the
nonbrain tissue from affecting the alignment between the EPI and T1
images. Each coregistered T1-weighted anatomical image was normal-
ized to the MNI space with the DARTEL procedure (Ashburner, 2007).
More specifically, each anatomical image was segmented into the tissue
class images using a unified segmentation approach (Ashburner and
Friston, 2005). The gray and white matter images were transformed to a
common coordinate space to create a study-specific template using the
DARTEL registration algorithm. The study-specific template was then af-
fine normalized to MNI space with the ICBM Probabilistic Atlases (http://
www.bmap.ucla.edu/portfolio/atlases/ICBM_Probabilistic_Atlases/). The
parameters from the DARTEL registration and normalization to MNI
space were then applied to each functional image and the T1-weighted
anatomical image. The normalized functional images were filtered using
a Gaussian kernel of 4 mm FWHM in the x, y, and z axes.

Statistical analysis

Linear contrasts between conditions in the haptic and visual tasks were
calculated for individual subjects, and incorporated into a random-
effects model to make inferences at a population level (Holmes and Fris-
ton, 1998).

Initial individual analysis
A GLM was fitted to the fMRI data for each subject (Friston et al., 1994;
Worsley and Friston, 1995). The BOLD signal for all the tasks was mod-
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Figure2. Behavioral performance. Performance accuracy and response time for the haptic task (4, B) and for thevisual task (b, ~ €ls- We evaluated the predefined contrasts

E). Asterisks indicate the results of post hoc pairwise comparisons between object categories (with a Sidak—Bonferroni correction).
C, Difference in accuracy indicates the relative performance accuracy for hand recognition (calculated as performance accuracy for
the hand recognition — performance accuracy for the other two object categories). We found a significant correlation between the
age at onset of total blindness and the relative performance accuracy scores (Spearman’s p = 0.34, p << 0.05). Data are presented

as the mean = SEM of 28 blind and 28 sighted subjects.

eled with boxcar functions convolved with the canonical hemodynamic
response function. For each subject in each group, a design matrix com-
prising the six runs of the haptic-identification task was prepared. Each
run in the haptic task included three task-related regressors, one for each
object category. Another design matrix, which included the six runs of
the visual-identification task, was prepared for the sighted subjects. Each
run in the visual task included four task-related regressors, one for each
object category and the other for null trials. Finally, we prepared a design
matrix including the two runs of the EBA localizer task. The time series
for each voxel was high-pass filtered at 1/128 Hz. Assuming a first-order
autoregressive model, the serial autocorrelation was estimated from the
pooled active voxels with the restricted maximum likelihood procedure
and was used to whiten the data (Friston et al., 2002). Motion-related
artifacts were minimized by incorporating the six parameters (three dis-
placements and three rotations) from the rigid-body realignment stage
into each model. Three additional regressors, describing intensities in
white matter, CSF, and residual compartments (outside the brain and
skull), were added to the model to account for image-intensity shifts
attributable to the movement of the hand within the main magnetic field
of the scanner (Grol et al., 2007; Kitada et al., 2013). The estimates for
each object category were evaluated using linear contrasts.

Subsequent random-effects group analysis

Contrast images from the individual analyses were used for the group
analysis, with between-subjects variance modeled as a random factor.
The contrast images obtained from the individual analyses represent the
normalized task-related increment of the MR signal of each subject. We
produced three design matrices: one for the EBA localizer task, one for
the identification tasks for both blind and sighted subjects, and one for
the analysis of the effect of the onset of total blindness on hand sensitivity.
In all design matrices, the estimates for the conditions were compared
using linear contrasts. The resulting set of voxel values for each contrast
constituted the SPM{t}, which was transformed into normal distribution
units (SPM{z}). The threshold for the SPM{z} was set at Z >2.58 (equiv-
alent to p < 0.005 uncorrected). The statistical threshold for the spatial
extent test on the clusters was set at p << 0.05 and corrected for multiple
comparisons over the search volume (Friston et al., 1996). Brain regions
were anatomically defined and labeled according to a probabilistic atlas
(Shattuck et al., 2008) and an anatomical MRI averaged over all sub-

described below. In the following analyses,
we initially defined the search volume for ac-
tivation as the whole brain (whole-brain
analysis). Subsequently, the search volume
was limited to the EBA in each hemisphere to
examine the effects of visual deprivation on
this region (i.e., ROI analysis).

The present study examined whether the formation of hand-sensitive
activity in the EBA requires visual experience. Three possibilities were
considered: (1) that visual experience is unnecessary; (2) that the length
of visual experience is critical; and (3) that visual experience is necessary.
The following analyses were conducted to examine these possibilities.

Brain regions showing hand sensitivity in both groups. Initially, the iden-
tification of hand shapes was compared with the mean identification of
inanimate objects for each of the three conditions: the haptic condition in
the sighted participants (sighted Hh vs Hi), the visual condition in the
sighted participants (sighted Vh vs Vi), and the haptic condition for the
blind participants (blind Hh vs Hi). The conjunction of sighted Hh vs Hi,
sighted Vh vs Vi, and blind Hh vs Hi was then analyzed to depict the brain
regions showing hand selectivity regardless of the sensory modality or
visual experience (the conjunction-null hypothesis) (Friston et al., 2005;
Nichols et al., 2005). This conjunction analysis included data from only
the congenitally blind subjects.

Group differences. To examine the brain regions in which there was
reduced hand sensitivity in the blind group, sighted Hh vs Hi was com-
pared with blind Hh vs Hi within the brain regions activated by the
conjunction of sighted Hh vs Hi and sighted Vh vs Vi. Likewise, the brain
regions showing greater hand sensitivity in the blind group than in the
sighted group were depicted by comparing blind Hh vs Hi with sighted Hh
vs Hi within the brain regions activated by blind Hh vs Hi. The data from
all of the blind subjects were included in these analyses.

Effect of age at onset of total blindness. Simple regression analysis was
conducted to determine the brain regions in which the response during
the hand-recognition task was correlated with the age at onset of total
blindness. As the majority of the subjects were congenitally blind, the
assumption of parametric tests might have been violated. Hence, the
analysis was performed using nonparametric permutation tests with
the Statistical nonParametric Mapping (SnPM13) toolbox (Nichols and
Holmes, 2002) (RRID: nif-0000-00342).

Cross-validation analysis

Supplemental cross-validation analysis was used to determine whether a
region within the EBA showed a greater response to the perceived hand
than to each of the inanimate objects while avoiding the double-dipping
problem (Kriegeskorte et al., 2009).
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Figure 3.  Hand-sensitive activation in sighted and blind individuals. We compared the ac-
tivation during the recognition of hand stimuli with the mean activation during the recognition
of other inanimate objects (the hand-sensitive activation) for three conditions: the visual taskin
the sighted group (A), the haptic task in the sighted group (B), and the haptic task in the blind
group (both congenital and noncongenital) (D). The overlapping activation between the haptic
and vision tasks in the sighted group (blue area) was evaluated statistically using a conjunction
analysis (C). Regions within the white line indicate the EBA, which was defined by an indepen-
dent visual-localizer task. The activation maps were thresholded at p << 0.05, corrected for
multiple comparisons, with the height threshold set at Z > 2.58. The results were superim-
posed on a surface-rendered T1-weighted high-resolution MRI averaged across the subjects.
STS, Superior temporal sulcus; ITS, inferior temporal sulcus. See Tables 3 and 4 for more details
of peak coordinates.

Data from the haptic task of each subject were split into two indepen-
dent sets (three odd runs and three even runs). A peak coordinate of
activation evaluated by Hh vs Hi was localized in the odd runs, and
contrast estimates were extracted from the same coordinate in the even
runs. A peak coordinate within the EBA was sought in each hemisphere at
the same height threshold as the random-effect analysis (Z value > 2.58).
The procedure was repeated by defining a peak coordinate in the even
runs and extracting contrast estimates in the odd runs. In the sighted
subjects, contrast estimates of the visual task were also extracted from the
coordinates identified by Hh vs Hi in each individual. The peak coordi-
nates and contrast estimates obtained by the two procedures in each
individual were averaged.

Results

Both the blind (18 congenitally blind and 10 noncongenitally
blind) subjects and the sighted subjects completed the object-
identification task. All subjects haptically identified hand shapes
and 3D casts of the other object categories (i.e., teapots and toy
cars). The sighted subjects also completed a visual-identification

Kitada et al. ® Supramodal Role of the EBA

Table 2. EBA”

Spatial extent .

tgst/cluster p M V4

size(mm?®)  values  x y z value Hemisphere Anatomical region

20672 <0.001 —48 —70 6 Inf L Middle occipital gyrus
—48 —62 070 L Middle temporal gyrus
—64 —5 14 50 L Superior temporal gyrus
=5 =70 =20 36 L Inferior occipital gyrus
—38 —60 049 L Fusiform gyrus
—22 —8 36 62 L Superior occipital gyrus
=5 —60 1275 1L Angular gyrus

20320 <0.001 52 —66 12 72 R Middle occipital gyrus
56 —60 0 Inf R Middle temporal gyrus
66 —42 16 38 R Superior temporal gyrus
48 —5% —2 78 R Inferior temporal gyrus
42 -5 —4 36 R Fusiform gyrus
26 —8 36 59 R Superior occipital gyrus
46 —60 12 65 R Angular gyrus
62 —34 26 41 R Supramarginal gyrus

“The activation was thresholded at p < 0.05, corrected for multiple comparisons over the whole brain, with the
height threshold set at Z > 2.58.x, y, and z are stereotaxic coordinates (mm). Inf, Z value >8.0; R, right; L, left.

task involving the 3D objects used in the haptic task, and a con-
ventional EBA localizer task (Downing et al., 2001).

Task performance

Haptic object-identification task

The performance accuracy was >90% in all categories, regardless
of the group (Fig. 24). A two-way ANOVA (3 object categories X
2 groups) using the accuracy scores showed neither a significant
main effect nor an interaction (p values >0.1). The response
times were ~9.0 s from the onset of exploration in all the condi-
tions (Fig. 2B). The same ANOVA performed on the response
times revealed a significant main effect of object category (F 5 1¢g)
= 6.2, p < 0.01). Post hoc pairwise comparisons (with a Sidak—
Bonferroni correction) revealed significantly shorter response
times for the teapot category than the hand and toy car categories
(76 ms, p values <0.05). There was neither a significant main
effect of group nor an interaction with object category ( p values
>0.1).

Age at onset of total blindness predicted performance
accuracy in hand recognition

We examined to what extent the age at onset of total blindness
predicted performance accuracy in the recognition of hand
shapes. To exclude factors nonspecific to the recognition of hand
shapes, the relative performance accuracy for hand recognition
was calculated by subtracting the performance accuracy for inan-
imate objects from that for hand shapes. We found a significant
correlation between the age at onset of total blindness and the
relative performance accuracy scores (Spearman’s p = 0.34, p <
0.05, Fig. 20).

Visual object-identification task

The performance accuracy was comparable for all the categories
(Fig. 2D). A one-way ANOVA (three categories) for accuracy
scores produced no significant main effect (p = 0.4). The same
ANOVA performed on response times revealed a significant
main effect (F(, 54) = 45.7, p < 0.001). Post hoc pairwise compar-
isons (with a Sidak-Bonferroni correction) revealed that the re-
sponse times for the hand shapes were significantly shorter than
those for toy cars and teapots ( p values <0.001; Fig. 2E).
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Table 3. Hand-sensitive activation in the sighted and blind subjects’
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MNI coordinates

Spatial extent test/cluster size (mm>) p values X y z Zvalue Hemisphere Anatomical region
Overlap of hand-sensitive activation between vision and haptics
in the sighted (conjunction analysis, Fig. 3C)

19104 <0.001 —42 —76 4 4.6 L Middle occipital gyrus
—58 —46 -2 53 L Middle temporal gyrus
—64 —46 8 5.5 L Superior temporal gyrus
—56 —40 30 5.1 L Supramarginal gyrus
—48 —58 16 5.6 L Angular gyrus
—38 —70 -2 33 L Inferior occipital gyrus

8224 <0.001 48 —66 0 4.0 R Middle occipital gyrus

60 —50 4 5.0 R Middle temporal gyrus
48 —38 6 35 R Superior temporal gyrus
48 —60 24 3.4 R Angular gyrus
58 —62 —4 35 R Inferior temporal gyrus
2016 <<0.001 62 —30 28 44 R Supramarginal gyrus
2256 <0.001 —4 54 8 4.0 L Superior frontal gyrus
4 52 16 41 R Superior frontal gyrus
0 4 4 3.0 Cingulate gyrus
Hand-sensitive activation in the blind (both congenital
and noncongenital, Fig. 3D)

21408 <0.001 —48 —78 24 5.2 L Middle occipital gyrus
—60 —56 0 5.2 L Middle temporal gyrus
=52 —56 —6 3.6 L Inferior temporal gyrus
—60 =50 20 41 L Superior temporal gyrus
—46 —74 32 5.0 L Angular gyrus
—60 —38 38 6.8 L Supramarginal gyrus

15896 <0.001 54 —68 4 3.8 R Middle occipital gyrus

60 —56 8 4.5 R Middle temporal gyrus
58 —46 10 3.9 R Superior temporal gyrus
44 —52 14 5.8 R Angular gyrus

58 —38 46 5.1 R Supramarginal gyrus
46 —42 58 4.4 R Superior parietal lobule

4592 <0.001 —8 —60 34 3.4 L Precuneus

-12 —54 40 42 L Superior parietal lobule
-8 —48 32 5.0 L Cingulate gyrus
6 —42 26 47 R Cingulate gyrus
2064 <<0.001 52 =12 —28 34 R Inferior temporal gyrus
48 =2 =30 3.8 R Middle temporal gyrus
50 6 —24 42 R Superior temporal gyrus
1480 <0.01 48 —40 30 32 R Angular gyrus
44 —36 40 4.0 R Supramarginal gyrus
34 —42 4 4.0 R Superior parietal lobule
192 <0.05 8 46 38 49 R Superior frontal gyrus
24 40 34 3.2 R Middle frontal gyrus
7336 <0.001 -12 40 —6 47 L Superior frontal gyrus
6 48 -2 41 R Superior frontal gyrus
-2 40 0 4.1 L Cingulate gyrus
6 36 8 3.8 R Cingulate gyrus

2472 <0.001 12 26 60 4.6 L Superior frontal gyrus
—24 22 54 33 L Middle frontal gyrus

1032 <0.05 —46 6 18 43 L Precentral gyrus
—50 12 10 42 L Inferior frontal gyrus

1536 <0.01 22 —86 —42 5.1 R Cerebellum

1360 <0.01 [y —60 —44 5.0 R Cerebellum

“The activation was thresholded at p << 0.05, corrected for multiple comparisons over the whole brain, with the height threshold set at Z > 2.58.x, y, and z are stereotaxic coordinates (mm). R, Right; L, left.

fMRI results

To examine the effect of visual deprivation in detail at the group
level, we normalized and smoothed the fMRI data using a sophis-
ticated procedure with a 4 mm smoothing kernel (DARTEL)
(Ashburner, 2007). The statistical threshold was set at p < 0.05,
corrected at the cluster level when the Z value was >2.58 (equiv-
alent to p < 0.005 uncorrected).

EBA
The EBA was initially defined by comparing the brain response to
visually observed body parts with the mean response to the other

categories (faces, cars, and teapots) in the EBA localizer task. This
comparison revealed bilateral clusters of activation in the lateral
occipitotemporal cortex (Fig. 3; Table 2). The EBA is a large
region, extending over different gyri within the lateral occipito-
temporal cortex (Spiridon et al., 2006; Weiner and Grill-Spector,
2011) and in the angular gyrus (Astafiev et al., 2004). Consistent
with these previous findings, the clusters in both hemispheres
included the middle occipital gyrus, middle temporal gyrus, fusi-
form gyrus, and angular gyrus. In addition to these regions, we
found activation in the bilateral superior temporal gyrus, the bilat-
eral superior occipital gyrus, left inferior occipital gyrus, right supra-
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Table 4. Correspondence of hand-sensitive activation between the conditions”
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Sighted haptics

Vision (Fig. 34)
MNI coordinate

(Fig. 38)

MNI coordinate

Blind haptics (all)
(Fig. 3D)
MNI coordinate

- Distance
Anatomical location Hemisphere  x y z Zvalue x y z Zvalue  (mm) X y z Zvalue  Distance (mm)
Middle occipital gyrus L —48  —68 8 78 —4 -8 2 52 131 —48 78 24 52 18.9
=50 =70 10 42 3.5% —43 =80 0 31 12.2
R 40  —60 4 Inf 5 —66 —2 41 13.1 48 =76 22 40 254
40 =5 4 34 8.0 54 —68 4 38 16.1
Middle temporal gyrus L -5 —62 10 |Inf —58 —46 0 56 19.3 —60 —56 0 52 13.1
-5 —62 8 46 2.8* =50 —62 0 31 4.0%
R 50 —54 6 Inf 60 —50 4 50 11.0 48  —56 12 55 6.6
48 =56 8 42 3.5%
Superior temporal gyrus L —58 —58 12 Inf —64  —46 8 56 14.0 —54 -4 =12 41 59.2
—58 —58 16 45 4.0% —62  —58 14 33 4.5%
R 64 —42 10 58 54 32 8 37 143 58 —46 0 39 7.2
66  —42 10 30 2.0%
Angular gyrus L —54 —62 12 Inf —48 —58 16 56 8.2 —46 74 3250 247
—50 —68 10 44 75 —58  —62 22 43 10.8
R 46 —58 12 6.1 46  —58 20 48 8.0 48 —56 14 58 3.5%
46 =56 12 3.02 2.0*
Supramarginal gyrus L —58 —40 30 6.1 —56  —40 30 54 2.0% —60 —38 38 6.8 8.5
R 5 =28 24 55 64 —28 28 47 10.8 58 —38 46 5.1 245
48 —28 26 39 6.3* 64  —28 36 5.0 15.6
Inferior occipital gyrus L -3  —68 0 51 —38 —-78 —6 42 1.8 NS
-38 —-70 -2 33 3.5% NS
R NS
Inferior temporal gyrus L —4  —64 0 38 NS =52 =56 —6 36 14.1
R 42 —58 2 76 58 —62 —4 35 17.5 5 —12 28 34 55.8
40 —54 230 4.5%

“We localized peak coordinates of hand-sensitive region in each anatomically defined region (Shattuck etal., 2008) in each condition (vision, sighted haptics, and blind haptics). We also listed other coordinates at local maxima in each region,

if these were more adjacent to the visually defined peak coordinate. R, Right; L, left.

*Distance from peak coordinates in the visual condition is <<6.5 mm, the effective spatial resolution (final smoothness defined as FWHM). NS indicates that no peak coordinate was found.

marginal gyrus, and right inferior temporal gyrus. These two clusters
of activation were defined as the EBA in this study.

Hand-sensitive activation

We evaluated the contrast of hand stimuli versus the mean of the
other inanimate objects in each condition in the object-identification
task, to identify hand-sensitive activation. Two analyses were
conducted: whole-brain analysis, in which the search volume was
the whole brain; and ROI analysis, in which the search volume
was limited to the EBA in each hemisphere.

The sighted group

We initially depicted the hand-sensitive activation in each sen-
sory modality in the sighted subjects. For both vision and touch,
the whole-brain analysis showed regions of significant activation
in the lateral occipitotemporal cortex bilaterally (Fig. 3A,B). We
then conducted conjunction analysis to examine the overlap of
the hand-sensitive activation between vision and touch. The
whole-brain analysis revealed regions of significant activation in
the occipitotemporal cortex: the bilateral middle occipital gyrus,
bilateral middle temporal gyrus, bilateral superior temporal
gyrus, left inferior occipital gyrus, and right inferior temporal
gyrus (Fig. 3C; Table 3). Moreover, we also observed activation
bilaterally in the angular gyrus, supramarginal gyrus, superior
frontal gyrus, and cingulate gyrus. As shown in Figure 3, we con-
firmed that this activation showed substantial overlap with the
EBA.

Table 4 indicates the correspondence of the peak coordinates
of hand-sensitive activation between vision and touch in and
around the lateral occipitotemporal cortex. The location of the
highest peak coordinates for the visual and haptic conditions
differed beyond the effective spatial resolution of 6.5 mm (de-

fined as the FWHM). However, the local peak coordinates (local
maxima) of haptic activation were within 6.5 mm of the peak
coordinates in the visual conditions in the following regions: the
left middle occipital gyrus, bilateral middle temporal gyrus, bilateral
superior temporal gyrus, right angular gyrus, bilateral supramar-
ginal gyrus, left inferior occipital gyrus, and right inferior temporal
gyrus (MNI coordinates indicated with asterisks in Table 4).

The blind group

Activation in the blind group was examined during haptic hand
identification. Whole-brain analysis revealed regions of signifi-
cant activation in the bilateral occipitotemporal cortex: the mid-
dle occipital gyrus, middle temporal gyrus, superior temporal
gyrus, and inferior temporal gyrus. In addition, regions of signif-
icant activation were seen bilaterally in the angular gyrus, supra-
marginal gyrus, superior parietal lobule, cingulate gyrus, superior
frontal gyrus, and middle frontal gyrus. Lateralized activation
was observed in the left precuneus, left precentral gyrus, left in-
ferior frontal gyrus, and right cerebellum (Fig. 3D; Table 3). The
activation overlapped with the superior part of the EBA but was
absent in the inferoposterior EBA. Consistent with this observa-
tion, peak coordinates (local maxima) adjacent to those in the
visual conditions were found in the left middle temporal gyrus,
left superior temporal gyrus, and right angular gyrus (MNI coor-
dinates indicated with asterisks in Table 4). The hand-sensitive
activation was compared further between the two groups in the
subsequent analyses.

Hand-sensitive activation regardless of visual experience

We evaluated the brain regions showing hand sensitivity, regard-
less of visual experience. This analysis used data from only the
congenitally blind subjects, to exclude the effects of visual expe-
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Supramodal hand sensitivity in the middle temporal gyrus
in the EBA
A Hand sensitive activation in the congenitally blind
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B Conjunction between congenitally blind and sighted
(Congenitally blind haptics & Sighted haptics & Vision)

anmmnnnnny
258 05
Zvalue
EBA(middle temporal gyrus)
x=50,y=-58,z=12
Hand vs. Car
Hand vs. Pot

Vision Sighted  Congenitally
haptics __blind haptics

Figure 4.  Supramodal hand-sensitive activation in the middle temporal gyrus of the EBA
during the recognition of hand shapes. 4, Hand-sensitive activation (response to hand stimuli
relative to inanimate objects) observed during the haptic task in the congenitally blind group.
The activation was thresholded at p << 0.05, corrected for multiple comparisons, with the
height threshold set at Z > 2.58. Blue area represents the EBA as defined by an independent
localizer task. STS, Superior temporal sulcus; ITS, inferior temporal sulcus. B, Conjunction anal-
ysis on hand-sensitive activation observed during the haptic task in the congenitally blind
group, the haptic task in the sighted group, and the visual task in the sighted group (with the
conjunction-null hypothesis). The same statistical threshold was applied asin A. See Table 5 for
peak coordinates. C, Bar graphs represent response (contrast estimates) to hand compared with
each of the other objects from the peak coordinate. Asterisks indicate the results of one-sample
ttests. Data are presented as the mean == SEM of 18 congenitally blind and 28 sighted subjects.

rience. We initially examined hand-sensitive activation in the
congenitally blind subjects. The whole-brain and ROI analyses
confirmed significant hand-sensitive activation within the bilat-
eral EBA of the congenitally blind subjects (Fig. 4A).

We then conducted a conjunction analysis of the hand-
sensitive activation during the haptic condition in the sighted
subjects, the visual condition in the sighted subjects, and the
haptic condition in the congenitally blind subjects (with a
conjunction-null hypothesis). The whole-brain analysis revealed
significant hand-sensitive activation in the left supramarginal
gyrus (Fig. 4B; Table 5). The subsequent ROI analysis revealed
significant activation in the bilateral middle temporal gyrus and
right angular gyrus within the EBA (Fig. 4B; Table 5). The peak
coordinates within the EBA showed greater response to hands
than to each class of inanimate objects, regardless of the sensory
modality and the visual experience ( p values <0.05, one-sample
t tests; for the right EBA, Fig. 4C).

J. Neurosci., July 23,2014 - 34(30):10096-10108 « 10103

Cross-validation analysis

To confirm the patterns of hand response relative to each object
class without the double-dipping problem, we conducted a split-
half cross-validation analysis with EBA in each hemisphere as the
ROI (Kriegeskorte et al., 2009). Table 6 shows the mean peak
coordinates of haptic hand-sensitive activation. We localized a
peak voxel in >90% of the subjects in each group (Table 6). In
both groups, the mean coordinates were located in the middle
temporal gyrus. The peak coordinates between the two groups
were highly comparable; a statistical difference was found only in
the x-coordinate in the right EBA (t,,, = 2.1, p < 0.05, two-
sample t test). Figure 5 shows the response (contrast estimate) to
the perceived hand relative to each class of inanimate objects. We
confirmed the greater response to the perceived hand relative to
each of the other object classes in each sensory modality and in
each group (p values <0.05, one-sample # tests). Collectively,
these results confirmed that a greater response than that to each
of the other object classes was present in the middle temporal
gyrus within the EBA, regardless of the sensory modality and of
visual experience.

Is the EBA activated by quantitative differences in motoric
components across object categories?

Previous studies showed that quantitative differences in hand
movement resulted in significant activity in the primary motor
cortex (M1) (Dettmers et al., 1995; Sadato et al., 1997). If a quan-
titative difference in motoric components explains the hand-
sensitive activation in the EBA, there should be correlated activity
between the EBA and the M1. To examine this point, we con-
ducted two analyses. First, we examined whether hand-sensitive
activation was observed within the precentral gyrus in the haptic
task; the hand-sensitive activity was negligible in each group (p
values >0.3, cluster corrected over the precentral gyrus). Second,
we conducted a simple regression analysis on all subjects (blind
and sighted) with M1 activity as a covariate. To localize the M1,
we evaluated the contrast of all object classes versus the baseline
during the haptic task in each group, and then evaluated the
conjunction between the two groups. We defined M1 activity as
the parameter estimate at the peak coordinate of this analysis
(x = —34,y = =26,z = 52, Zvalue >8.0). However, no signif-
icant activity was observed in the EBA. Collectively, these find-
ings suggest that it is unlikely that hand-sensitive activity in the
EBA can be simply explained by quantitative differences in hand
movement.

Reduced hand selectivity in the blind group

To examine the effect of visual deprivation on hand sensitivity in
the EBA, we compared the hand-sensitive activation in the
sighted group with that in the blind group (including both con-
genitally and noncongenitally blind individuals). Whole-brain
analysis revealed no significant area of activation. ROI analysis
revealed regions showing activation differences in the left middle
occipital gyrus (Fig. 6A; Table 7). Hand-sensitive activity (the
contrast estimate of hand-related activation relative to toy cars
and teapots) extracted from the peak coordinate correlated with
neither the age at onset of total blindness (Fig. 6B) nor the relative
performance accuracy (i.e., the performance accuracy for hands
relative to the other objects; r values <0.2).

Dependence of hand sensitivity on duration of early

visual experience

We identified the brain regions in which the activity correlated
with the length of early visual experience (Fig. 7; Table 8). As the
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Table 5. Hand-sensitive activation, regardless of the sensory modality or visual experience”

MNI coordinates

Spatial extent test/cluster size (mm>) p values X y z Zvalue Hemisphere Anatomical region
Conjunction of hand-sensitive activation among sighted haptics,
sighted vision, and blind haptics (Fig. 4)
816 <0.01* 50 —58 12 3.6 R Middle temporal gyrus (EBA)
52 —58 18 3.4 R Angular gyrus (EBA)
480 <0.05* —60 —54 0 3.6 L Middle temporal gyrus (EBA)
1264 <0.05 —58 —40 32 45 L Supramarginal gyrus

“In this analysis, we excluded the noncongenitally blind individuals. The activation was thresholded at p < 0.05, corrected for multiple comparisons, with the height threshold set at Z > 2.58.x, y, and z are stereotaxic coordinates (mm).

R, Right; L, left.

*The search volume for activation was limited to the EBA in each hemisphere as defined by an independent visual localizer (ROl analysis).

Table 6. Mean coordinates localized by the split-half cross-validation analysis”

Congenitally blind

Sighted

MNI coordinates

MNI coordinates

)% y z n(N) Anatomical region X y z n(N) Anatomical region
Right EBA
Mean 53.1 —56.2 49 17 (18) Middle temporal gyrus 49.9 —58.9 3.5 26 (28) Middle temporal gyrus
SEM 13 2.2 23 0.9 1.1 1.4
Left EBA
Mean —50.9 —614 5.1 18 (18) Middle temporal gyrus —48.6 —63.4 3.6 26 (28) Middle temporal gyrus
SEM 1.8 1.5 1.7 1.6 1.9 1.2

“MNI coordinates, mean peak coordinates of hand-sensitive activation within the EBA; n, number of subjects who showed hand-sensitive activation in at least one-half of the split data; N, total number of subjects in each group. See Figure

5 for response to each object category.

Split-half analysis

Left EBA Right EBA
1.5 [l Hand vs. Car 1.5 **%p <0.001
[QHand vs. Pot ** p<0.01

* p<0.05

KA gxn

Contrast estimates in
the split-haf analysis

Vision Vision

Sighted
haptics

Sighted
haptics

Congenitally
blind Haptics

Congenitally
blind Haptics

Figure5.  Response torecognized hand shapesin the cross-validation analysis. The split-half
analysis on the haptic data of each group confirms that a greater response to hand (contrast
estimate) than to each class of inanimate objects is present in the EBA without the double-
dipping problem. Asterisks indicate the results of one-sample ¢ tests. Mean peak coordinates
were located in the middle temporal gyrus in both hemispheres, regardless of the group. See
Table 6 for peak coordinates.

majority of the subjects were congenitally blind, we used nonpara-
metric permutation tests (Nichols and Holmes, 2002). A simple re-
gression analysis using the age at onset of total blindness revealed no
significant region of activation in the whole-brain analysis. ROI anal-
ysis revealed significant activation in the right inferior temporal sul-
cus (Fig. 7A). We confirmed that the age at onset of total blindness
significantly predicted hand-sensitive activity at the peak coordinate
(Spearman’s p = 0.46, p < 0.01; Fig. 7B, top). The activity extracted
from the peak coordinate was significantly correlated with the per-
formance accuracy for hand shapes relative to the other objects
(Spearman’s p = 0.33, p < 0.05, Fig. 7B, bottom). We confirmed
that the same peak coordinate in the sighted group showed a greater
response to hand shapes than to each of the other object classes in
both the haptic and visual conditions ( p values <0.05, one-sample ¢
tests on hand sensitivity). We observed no significant activation
within the region where hand-sensitive activation was reduced in the
blind group (Fig. 6).

Increased hand sensitivity in the blind group
The contrast of hand sensitivity in the blind group with that in the
sighted group revealed regions of significant activation in the left

Reduced hand sensitivity in the middle occipital gyrus
of the EBA in the congenitally and non-congenitally blind
A

Sighted haptics vs. Blind haptics EBA (middle occipital gyrus)
EBA x=-40,y=-74,z=-2

M Hand vs. Car
STS

Hand vs. Pot
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o
&
©
E
=
@
4]
et
17
<
=
=3
=
S
o

e
Zvalue

Vision Sighted  Blind
haptics  haptics

Hand sensitivity
(hand vs. mean of the others)

Onset of blindness (yrs)

Figure6. Reducedhand sensitivityin the middle occipital gyrus of the EBAin the blind subjects. 4,
Brain regions showing greater hand-sensitive activation in the sighted group than in the blind group
(congenital and noncongenital) are shown in purple on a surface-rendered MRI (upper row) and a
sagittal section (lower row) of an MRI averaged across the subjects. We used data from both the
congenitally and noncongenitally blind subjects in this analysis. The activation was thresholded at
p << 0.05, corrected for multiple comparisons over the EBA in each hemisphere, with the height
threshold setat Z > 2.58. STS, Superior temporal sulcus; ITS, inferior temporal sulcus. See Table 7 for
more information. B, Top, The contrast estimate (relative to each object class) extracted from the peak
coordinate in the three conditions. Asterisks indicate the results of one-sample ¢ tests. Bottom, Weak
relationship between hand sensitivity and the age at onset of blindness. Data are presented as the
mean == SEM of 28 blind and 28 sighted subjects.

angular gyrus (Fig. 8; Table 7). Neither the whole-brain nor the
ROT analyses revealed significant activation in the EBA. The top-
ographic effect of visual deprivation on hand sensitivity in the
EBA is summarized in Figure 9.
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Table 7. Group differences in hand-sensitive activation
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MNI coordinates

Spatial extent test/cluster size (mm>) p values X y z Zvalue Hemisphere Anatomical region
Greater hand sensitivity in the sighted than
in the blind (Fig. 6)
496 <0.05* —40 —74 -2 34 L Middle occipital gyrus (EBA)
Greater hand sensitivity in the blind than
in the sighted (Fig. 8)
1800 <0.01 —54 —56 36 4.6 L Angular gyrus

“In this analysis, we included both congenitally and noncongenitally blind individuals. The activation was thresholded at p << 0.05, corrected for multiple comparisons, with the height threshold set at Z > 2.58. x, y, and z are stereotaxic

coordinates (mm). R, Right; L, left.

*The search volume for activation was limited to the EBA in each hemisphere as defined by an independent visual localizer (ROl analysis).

Hand sensitivity in the inferior temporal sulcus of the EBA
is dependent on the onset of visual deprivation
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Figure7. Hand sensitivity in the inferior temporal sulcus of the EBA is dependent on the age
of visual loss (nonparametric analysis). A, Brain regions where hand sensitivity positively cor-
related with the age of visual loss are shown on a surface-rendered MRI (top row) and a sagittal
section (bottom row) of an MRI averaged across the subjects. The activation was thresholded at
p < 0.05, corrected for multiple comparisons in the EBA in each hemisphere, with the height
threshold setat Z> 2.58. STS, Superior temporal sulcus; ITS, inferior temporal sulcus. See Table
8 for more information. B, The age at onset of blindness significantly predicted hand sensitivity
(top) and hand sensitivity predicted performance accuracy (hands vs other objects) (bottom).
Purple triangles represent the hand sensitivity of the sighted subjects. Data are presented as the
mean = SEM of 28 blind and 28 sighted subjects.

Discussion

The present study demonstrated that the superior part of the EBA
(i.e., the middle temporal gyrus and angular gyrus) showed hand-
sensitive activation, regardless of sensory modality or visual ex-
perience. This result suggests that the functional sensitivity in the
EBA can develop without visual experience. An increasing num-
ber of neuroimaging studies have shown that the functional or-
ganization of occipitotemporal regions is highly similar,
regardless of visual experience, including the ventral visual path-
way (Pietrini et al., 2004; Amedi et al., 2007; Mahon et al., 2009;
Reich et al., 2011; Wolbers et al., 2011; Striem-Amit et al., 2012)
and the dorsal visual pathway (Poirier et al., 2006; Ricciardi et al.,
2007; Matteau et al., 2010; Renier et al., 2010; Collignon et al.,
2011). Our results extend these findings by demonstrating that

the visual cortex responsible for the recognition of others’ bodies
can develop supramodally.

Our present findings were different from those recently re-
ported by Striem-Amit et al. (2014) in two respects: (1) we dem-
onstrated topographical effects of visual experience on the
formation of the EBA, with only the superior part showing hand-
sensitive activation without visual experience; and (2) we dem-
onstrated that the EBA showed sensitivity to body parts
supramodally when hands were recognized in an ecologically
valid manner (i.e., by touch). Sensory-substitution device re-
quires prolonged, intensive training (73 h on average) (Striem-
Amit et al., 2014), which can induce plastic change in the
functional organization of the occipitotemporal cortex. Thus,
our result extends the previous finding by showing that a specific
part of the EBA is critical for processing the recognition of hand
shapes, when intensive training was not involved.

Supramodal hand-sensitive activation in the middle temporal
gyrus in the EBA
We also observed vision-independent hand sensitivity in the su-
pramarginal gyrus. Our result suggests that the superior part of
the EBA and the supramarginal gyrus might constitute a cortical
network for hand recognition, regardless of visual experience.
The middle temporal gyrus and the inferior parietal lobule are
considered critical nodes for action understanding (Rizzolatti et
al., 2001; Tacoboni and Dapretto, 2006). Hand shapes can be
considered as one such action class because they involve the con-
traction and relaxation of sets of muscles. The frontoparietal net-
work is activated by the execution and recognition of actions in
the sighted (Iacoboni and Dapretto, 2006) and the blind (Ric-
ciardi et al., 2009). The middle temporal gyrus is anatomically
connected to the frontoparietal network (Catani et al., 2005;
Rilling et al., 2008). The EBA is also active during goal-directed
movements of one’s own body (Astafiev et al., 2004; Orlov et al.,
2010). Oosterhof et al. (2010) used multivariate pattern analysis
to show cross-modal response across the visual and motor mo-
dalities in the lateral occipitotemporal cortex, which possibly
overlapped with the EBA. Therefore, kinesthetic feedback of self-
actions might contribute to the formation of the supramodal
representation of hand shapes in the superior part of the EBA and
the supramarginal gyrus. This speculation is supported by a com-
puter simulation model wherein nonvisual (such as kinesthetic
and tactile) inputs are sufficient to construct spatial information
about human body parts (Fuke et al., 2007). In sum, the superior
part of the EBA might be “experience-expectant” for body per-
ception: body information in nonvisual sensory modalities might
drive the development of the visual cortex for the recognition of
others’ body parts.

Sensorimotor properties in the EBA indicate that this region
plays a critical role in imitating others’ actions (Jackson et al.,
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Table 8. Hand-sensitive activity dependent on the age of onset of total blindness”
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MNI coordinates

Spatial extent test/cluster size (mm>) p values X y z Zvalue Hemisphere Anatomical region
Hand-sensitive activation correlated with the onset of blindness
(nonparametric analysis, Fig. 7)
408 <0.05* 54 —54 -2 43 R EBA (inferior temporal sulcus)

“The activation was thresholded at p << 0.05, corrected for multiple comparisons, with the height threshold set atZ > 2.58. x, y, and z are stereotaxic coordinates (mm). R, Right; L, left.
*The search volume for activation was limited to the EBA in each hemisphere as defined by an independent visual localizer (ROl analysis).

Greater hand-sensitive activation in the blind than in the sighted

Blind haptics vs. Sighted haptics Angular gyrus
EBA x=-54,y=-56,z=36

[ Supramodal hand-sensitivity (Fig. 4)

Hand vs Car *xx
Hand vs Pot

Contrast estimate

Sighted  Blind
haptics  haptics

S
58 5
Zvalue

5] Vision

Figure 8. Increased hand sensitivity in the blind subjects. Brain regions revealing greater
hand sensitivity (response to hands relative toinanimate objects) in the blind group than thatin
the sighted group are shown on a surface-rendered MRI (left). There was no overlap with the
EBA. The activation was thresholded at p << 0.05, corrected for multiple comparisons over
the whole brain, with the height threshold set at Z > 2.58. Bar graph on right represents the
activity (i.e., contrast estimates for accurately identified hands relative to inanimate objects)
extracted from the peak coordinate. Asterisks indicate the results of one-sample t tests. Data are
presented as the mean == SEM of 28 blind and 28 sighted subjects. Activity at the peak coordi-
nate was not significantly correlated with the age at onset of blindness (Spearman’s p = 0.28,
p = 0.08). See Table 7 for more information.

Il Supramodal (Fig. 4)
B EBA

Vision-dependent (Fig. 6)
M Onset-dependent (Fig. 7)

Figure9.  Summary of the present study. The supramodal subregion of the EBA is located in
the middle temporal gyrus and angular gyrus, whereas the more inferior regions (the middle
occipital gyrus and inferior temporal sulcus) were affected by visual experience. The activation
patterns are superimposed on a surface-rendered T1-weighted high-resolution MRI averaged
across the subjects. STS, Superior temporal sulcus; ITS, inferior temporal sulcus.

2006). Meltzoff (2005) proposed that imitation of others’ actions
is causally related to understanding others’ mental state, that is,
social cognition (the like-me hypothesis) (Meltzoff, 2005). If the
EBA is critical not only for recognizing but also for imitating
other’s actions via haptics, this region might contribute to the
development of social cognition even in the absence of vision.

Visual experience affects the development of hand preference

in the inferior EBA

In contrast to the superior part, we found that visual experience
affected the preference for hand stimuli in the inferior parts of the
EBA (the inferior temporal sulcus and middle occipital gyrus).
This suggests that the effect of early visual experience on the
development of functional specialization can differ between the
superior and inferior regions of the EBA. The inferior temporal
sulcus showed hand-sensitive activation that was dependent on
the duration of early visual experience (i.e., the age at which
vision was lost). The duration of early visual experience also pre-
dicted individual differences in performance accuracy. However,
the contribution of this region is less essential than that of the
superior part of the EBA: in the blind group, even the least accu-
rate performance (54%) was still well above the chance level
(25%). Thus, this region might play a supplementary role in the
recognition of hand shapes in blind individuals. This speculation
is consistent with the notion that brain functional specialization
can be influenced by postnatal factors because sensory experience
is typically required for an innate mechanism to refine and de-
velop toward a more mature form (Greenough et al., 1987; Lep-
pianen and Nelson, 2009). Such postnatal factors might be
reflected in the individual differences in behavioral performance
in the hand-recognition task in the blind group (experience-
dependent mechanism) (Leppinen and Nelson, 2009).

The middle occipital gyrus also showed reduced hand sensi-
tivity as a result of visual deprivation. Unlike the inferior tempo-
ral sulcus, activity in this region was related neither to the length
of visual experience nor to the task performance. This result sug-
gests that the region does not play an essential role in the recog-
nition of hand shapes in blind individuals. The reduced hand
sensitivity in the middle occipital gyrus is consistent with the
hypothesis that loss of visual input induces plastic changes in the
functional organization of the occipital cortex (Sadato et al.,
1996,2002; Cohen etal., 1997; Burton etal., 2002a,b; Amedi et al.,
2003, 2004). The critical period for the plastic changes in the
primary visual cortex is ~15 years of age (Sadato et al., 2002).
Here we found that there was a reduction of brain activity, even
when the subject became blind at the age of 20 (Fig. 6B). Thus, it
is possible that the critical period for plasticity in the middle
occipital gyrus in the EBA is longer than that in the primary visual
cortex. It remains an open question as to what roles the middle
occipital gyrus in the blind individuals plays. For instance, the
middle occipital gyrus is adjacent to the human homolog of area
MT (hMT ™), which is sensitive to motion stimuli (Tootell et al.,
1995; Downing et al., 2007). In congenitally blind individuals,
area hMT " not only shows preference for moving stimuli per-
ceived by touch (Ricciardi et al., 2007; Matteau et al., 2010), but
also expands its sensitivity to include auditory moving stimuli
(Poirier et al., 2006; Bedny et al., 2010). In the future, it will be
important to localize hMT ™ in the blind participants to examine
how the preservation and expansion of spatial perceptual func-
tions affect the formation of the EBA.
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A point of interpretation should be noted in regard to the
difference in response time between hands and inanimate objects
(Fig. 2). Specifically, the subjects in both groups responded
slightly later (0.8% of the response time for hand shapes) to hands
than to one of the inanimate object categories (teapots) in the
haptic task. However, in the haptic task, the subjects were asked
to respond after a specified time period of exploration (7.5 s).
Moreover, the response time of the sighted subjects showed the
opposite pattern (i.e., a faster response for hands than the other
categories of objects). Hence, it is unlikely that the differences in
response time can explain the supramodal activation in the EBA.

In conclusion, the present study demonstrates that hand sen-
sitivity in the EBA is variably affected by visual experience. Al-
though the development of the inferior subregions was
influenced by visual experience, the superior subregion, such as
the middle temporal gyrus, developed its functional properties
independent of visual experience. Our finding suggests that non-
visual modalities can compensate for vision loss and develop the
cortical network for hand recognition, even if its activity involves
the visual cortex.
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