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SUMMARY

Distinct regions within the ventral visual pathway
show neural specialization for nonliving and living
stimuli (e.g., tools, houses versus animals, faces).
The causes of these category preferences are widely
debated. Using functional magnetic resonance
imaging, we find that the same regions of the ventral
stream that show category preferences for nonliving
stimuli and animals in sighted adults show the same
category preferences in adults who are blind since
birth. Both blind and sighted participants had larger
blood oxygen-level dependent (BOLD) responses
in the medial fusiform gyrus for nonliving stimuli
compared to animal stimuli and differential BOLD
responses in lateral occipital cortex for animal
stimuli compared to nonliving stimuli. These findings
demonstrate that the medial-to-lateral bias by
conceptual domain in the ventral visual pathway
does not require visual experience in order to develop
and suggest the operation of innately determined
domain-specific constraints on the organization of
object knowledge.

INTRODUCTION

Neuropsychological studies of brain damaged patients (e.g.,
Capitani et al., 2003; Warrington and McCarthy, 1987), as well
as functional imaging studies of healthy individuals (e.g., Chao
et al., 1999), have documented the existence of dissociable
neural systems that are specialized for representing knowledge
of different conceptual domains. The observation that cognitive
and neural systems can dissociate along conceptual domain
distinctions has served as an important testing ground for
hypotheses about the role of experience in shaping the functional
architecture of the brain. Itis widely argued that category-specific
representations arise due to privileged relationships between
specific conceptual domains and specific types of sensory and
motor information (e.g., (Haxby et al., 2001; Levy et al., 2001;
Op de Beeck et al., 2008; Rogers et al., 2005; Tarr and Gauthier,
2000; Warrington and McCarthy, 1987). An alternative view is that

the functional architecture of the brain innately anticipates the
different computational requirements for representing and pro-
cessing items from different conceptual domains, in part, inde-
pendently of sensory and motor experience (e.g., Caramazza
and Shelton, 1998; Carey and Spelke, 1994; Duchaine, 2006;
New et al., 2007).

Recently, interest in these issues has focused on the causes
of category-specific neural responses in ventral and lateral occip-
ital-temporal cortex. It is known that ventral and lateral occipital-
temporal cortex, or the “ventral stream,” subserves high-level
visual object processing, and represents the visual form and color
of objects. Damage to the ventral stream in sighted individuals
can cause difficulties in recognizing visually presented objects
(visual agnosia: e.g., Goodale and Milner, 1992; Miceli et al.,
2001; Ungerleider and Mishkin, 1982). It is also known that occip-
ital-temporal cortex in humans and nonhuman primates contains
populations of cells that are specialized for objects from different
conceptual domains (e.g., Allison et al., 1994; Martin, 2007; Tsao
et al., 2006). In humans, medial regions on the ventral surface of
the ventral stream (the medial fusiform gyrus, lingual gyrus, and
parahippocampal cortex) show differential blood oxygen-level
dependent (BOLD) responses for artifacts, such as tools and non-
manipulable objects, compared to living animate things, such as
animals and faces. In contrast, lateral regions on the ventral
surface of the ventral stream (the lateral fusiform gyrus, inferior
temporal gyrus) show differential neural responses for living
things compared to artifacts (e.g., Allison et al., 1994; Chao
et al., 1999; Downing et al., 2006; Mahon et al., 2007; Noppeney
et al., 2006; for reviews see Martin, 2007; Op de Beeck et al.,
2008). There is also articulated structure within lateral occipital
cortex, with distinct regions showing functional specialization
for body parts, faces, and objects (e.g., Downing et al., 2001;
Pitcher et al., 2009).

A widely accepted view is that category preferences in the
ventral stream depend only on locally based dimensions of simi-
larity that are defined by visual experience (e.g., Haxby et al.,
2001; Levy et al., 2001; Rogers et al., 2005; Tarr and Gauthier,
2000). An alternative view is that category preferences in the
ventral stream are determined, in part, by dimensions of similarity
that cannot be reduced to the visual experience of individuals
(e.g., Caramazzaand Mahon, 2003; Mahon et al., 2007). This issue
can be resolved using fMRI to study BOLD responses to stimuli
from different conceptual domains in congenitally blind adults.
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Previous research with blind humans has shown that occipital-
temporal cortices are active during tactile exploration of objects
(Pietrini et al., 2004), Braille reading (Buchel et al., 1998), as well
as duringimagery of object shape when participants are presented
with the canonical sounds of objects (De Volder, 2001). It is also
known, that during tactile exploration of objects, the response
properties of the BOLD signal at the voxel level can be more highly
correlated within category than between different categories
(Pietrini et al., 2004). However, previous studies with blind partici-
pants have not addressed the issue of whether there are differen-
tial BOLD responses to items from different conceptual domainsin
localized regions within the ventral stream, in the absence of visual
experience. In particular, itis unknown whether individuals who are
blind since birth will show differential BOLD responses in medial
regions on the ventral surface of occipital-temporal cortex when
thinking about nonliving things. Similarly, it is unknown whether,
in the absence of visual experience, stimuli corresponding to living
things lead to differential BOLD responses in regions that show the
same category preference in sighted participants.

Our goal was not to determine whether there is selectivity in
BOLD responses by conceptual domain. We therefore con-
trasted artifact (hereafter nonliving) with animal stimuli, as this
contrast has previously been used to obtain a reliable medial-
to-lateral segregation of regions showing category preferences
for nonliving and living stimuli (e.g., Chao et al., 1999; Mahon
et al., 2007; Noppeney et al., 2006). Our goal was to test whether
the medial-to-lateral organization of the ventral stream, reflect-
ing preferences for nonliving and living stimuli, respectively, is
present in individuals who have had no visual experience.

RESULTS

In order to test the experimental hypothesis it was necessary to
devise a task that could be performed by both sighted and blind
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Figure 1. Main Effects of Task in Sighted
and Congenitally Blind Participants

The ventral object processing stream was func-
tionally defined as all voxels that were significant
in the omnibus test (random effects analysis) in
sighted participants viewing pictures and that
were at or below a z coordinate in Talairach space
of 6 (resulting mask = 131,602 mm?®). The contrast
map for the omnibus test for viewing pictures
within the functionally defined ventral stream is
shown in the right panel. The left and middle panels
show the omnibus analysis when sighted (left)
and congenitally blind (middle) participants per-
formed the auditory size-judgment task (collapsing
across animal and nonliving stimuli). As can be
seen, for the auditory size-judgment task there
was a pattern of relatively decreased BOLD
responses in early visual regions in sighted partic-
ipants but increased BOLD responses in congeni-
tally blind participants.

Sighted:

individuals. We therefore asked participants to perform size-
judgments over stimuli that were presented as auditory words.
Stimuli were presented in blocks of six spoken words (spanning
20 s), grouped by conceptual category (see Experimental Proce-
dures for details). We chose a size-judgment task because
previous functional imaging work has successfully used this
task to study the properties of BOLD responses in occipital-
temporal cortex (Dobbins et al., 2004). Seven sighted adults
and three congenitally blind adults completed the size-judgment
task, and 20 sighted participants completed a picture-viewing
task involving black and white photographs corresponding to
the same stimuli used in the auditory size-judgment task.

We functionally defined the “ventral stream” as all voxels that
were significant in the omnibus test for the 20 participants
viewing pictures (random effects analysis, threshold: t > |2.87|,
p < .05, correcting for false discovery rate, hereafter: FDR cor-
rected). The resulting set of voxels extended from early visual
regions to lateral occipital-temporal cortex, as well as ventrally,
encompassing the lingual, fusiform, inferior temporal, and para-
hippocampal gyri (see Figure 1). We refer to this set of voxels as
the “functionally defined ventral stream.”

In a first analysis, we studied the BOLD response profile
throughout the functionally defined ventral stream in the sighted
and blind participants who performed the auditory size-judg-
ment task, collapsing across animal and nonliving stimuli. As
can be seen in Figure 1, there was a general pattern of relatively
decreased BOLD responses in early visual regions in sighted
participants, while congenitally blind participants showed
increased BOLD responses within the same regions. These
data replicate the observation (e.g., Amedi et al., 2004) that
congenitally blind adults recruit early visual areas for verbal
processing.

In a second analysis, we defined category preferring voxels
within the functionally defined ventral stream by contrasting
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“animal” with “nonliving” stimuli. This contrast was carried out
over the group-level dataset for the sighted participants who
performed the auditory size-judgment task (threshold: t > [2.77|,
p < .05, FDR corrected; see Figure 2 for the contrast maps used
to define the regions of interest [ROIs]). We then tested the
contrast of “animal” versus “nonliving” stimuli in congenitally
blind participants as well as sighted participants viewing pictures
(averaging over all voxels within the respective ROIs). This ROI-
based approach allows us to define voxels showing differential
category effects with a separate dataset (sighted participants
performing auditory size-judgments) as that used to test the
experimental hypothesis (congenitally blind participants).
Furthermore, this approach allows us to confirm the reliability
of category preferences, as defined over the auditory size-judg-
ment task in sighted participants, on the dataset from the
picture-viewing experiment. Fixed effects analyses were used
to analyze the data from the seven sighted participants perform-
ing the auditory size-judgment task and the three congenitally
blind participants. The critical empirical finding would thus
consist in demonstrating that the medial-to-lateral organization
of the ventral stream by conceptual domain can be present in
individuals who have had no visual experience (see e.g., Dilks

Left Lateral Occipital ROI

Right Medial Ventral ROI

. NonlLiving . Living

Figure 2. Regions of Interest Analyses of
Category Preferences
Regions of interest (ROls) were defined contrasting

_ “animal” against “nonliving” stimuli in sighted
Pictillgh\;iee?/\:/ing participants viewing pictures (thresh(.)lded lat

2 p < .05, FDR corrected). Voxels showing differential
15 ‘e BOLD responses for animal stimuli compared to
1 nonliving stimuli are shown on the red-yellow color
0.5 scale (panel A), while voxels showing differential
0 BOLD responses for nonliving things compared

to animals are shown on the blue-green color scale
(panel B). The bar graphs depict the estimates for
BOLD responses for animal and nonliving stimuli
within those ROls, for all datasets (collapsing
across all voxels within the ROI). The left-most
graphs (panels A and B) showing BOLD responses
for sighted participants performing auditory size-
judgments do not have indicators for statistical
significance because those data come from voxels
that were used to define the ROI. Error bars reflect
the standard error of the mean.
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et al., 2009, for a study based on similar
logic). Random-effects analyses were
used to analyze the data from the sighted
participants viewing pictures (n = 20), thus
allowing confirmation at the population
level (of sighted participants) of the cate-
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15 *rx
1 gory preferences of the ROls.

05 The results of the ROI analysis are
0 summarized in Figure 2. An animal-prefer-

ring region was identified in left lateral
occipital cortex in sighted participants
performing auditory size judgments. For
that ROI, there were also differential
BOLD responses for animal stimuli
compared to nonliving stimuli in congenitally blind participants
performing the auditory size-judgment task (t = 1.97, p < .05)
as well as sighted participants viewing pictures (t = 3.47,
p < .0006).

Bilateral medial regions on the ventral surface of occipital-
temporal cortex that preferred nonliving stimuli were identified
in sighted participants performing auditory size-judgments.
Those ROIs encompassed the medial fusiform gyrus, the collat-
eral sulcus, and parahippocampal cortex. The same regions also
showed differential BOLD responses for nonliving stimuli
compared to animal stimuli in congenitally blind participants
(left: t = —5.99, p < .0001; right: t = —3.84, p < .0002) as well as
in sighted participants viewing pictures (left: t = —8.99, p < .0001;
right: t = —8.49, p < .0001).

The results of these ROI-based analyses show that regions
identified on the basis of sighted participants performing the
auditory size-judgment task have the same category prefer-
ences in congenitally blind participants as well as in sighted
participants viewing pictures. The statistical contrast maps pre-
sented in Figure 3 correspond to those obtained when category
preferring voxels were identified on the basis of each respective
dataset. As can be seen in the enlarged images of Figure 3, there
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is spatial consistency both in the location and extent of animal
and nonliving preferring regions in sighted and congenitally blind
participants.

Figure 4 replots the data presented in Figure 3 in order to show
overlap in category preferences. Separate maps are shown
comparing sighted participants viewing pictures with sighted
participants performing auditory size-judgments, and sighted
participants viewing pictures with the congenitally blind partici-
pants performing auditory size-judgments. Those overlap
maps summarize the principal finding: the medial-to-lateral
bias by conceptual domain on the ventral surface of occipital-
temporal cortex does not depend on visual experience. One
pattern that emerges is that the differential BOLD responses
for nonliving things are both stronger and spatially more exten-
sive than those for living things. This may be due to the fact
that congenitally blind participants have disproportionately
more sensory experience that is relevant for processing the
shapes of nonliving things (e.g., fork, car) than living things
(e.g., bird, elephant; see below for further discussion).

Afurther issue that can be addressed is to quantify the relative
similarity at the voxel-level, between the blind and the sighted
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Figure 3. Contrast Maps for Animal versus
Nonliving Stimuli for All Groups of Partici-
pants

Voxels showing differential BOLD responses for
animal stimuli compared to nonliving stimuli are
shown on the red-yellow color scale (panel A), while
voxels showing differential BOLD responses for
nonliving things compared to animals are shown
on the blue-green color scale (panel B). For visuali-
zation purposes, all statistical contrast maps were
thresholded at p < .01, uncorrected. Within the left
lateral occipital ROI (see Figure 2), the voxels
showing the greatest difference between animal
and nonliving stimuli were as follows: sighted partic-
ipants auditory size-judgments: —43, —76, —5;
peak effect: t = 3.61, p < .001; congenitally blind:
—43, —76, —7; peak effect: t = 2.49, p < .02; sighted
participants viewing pictures: —42, —76, —2; peak
effect: t = 5.44, p <.001. Within the bilateral medial
ventral stream ROIs (see Figure 2), the voxels
showing the greatest difference between animal
and nonliving stimuli were as follows: sighted partic-
ipants auditory size-judgment: left: —24, —40, —11;
peak effect: t = —9.20, p <.001; right: 27, —31, —17;
t = —7.96, p < .001; congenitally blind: left: —30,
—46, —8; peak effect: t = —9.25, p < .001; right:
30, —37, —11; peak effect: t = —6.21, p < .001;
sighted participants viewing pictures: left: —24,
—40, —11; peak effect: t = —6.88, p < .001; right:
27, —49, —8; peak effect: t = —13.21, p < .001.

Sighted:
Picture Viewing

Sighted:
Picture Viewing

participants, taking as a baseline the simi-
larity among the sighted participants (see
Supplemental Discussion). The results of
that analysis (see Figure S1) showed that
the distribution of proportion overlap for
the blind participants is within the range
established by the sighted participants
performing the same task.

As noted above, differential BOLD responses for living stimuli
compared to nonliving stimuli, for all participants, were observed
in lateral occipital cortex. In other words, the medial-to-lateral
bias on the ventral surface of occipital-temporal cortex is princi-
pally driven by differential BOLD responses for nonliving things in
medial regions. In order to quantify the extent to which differen-
tial BOLD responses for nonliving things are biased toward
medial regions on the ventral surface of occipital-temporal
cortex, we computed a medial-to-lateral index over this region
(see Figure 5). The medial-to-lateral index is obtained by aver-
aging the contrast-weighted t values for the comparison of
animal stimuli versus nonliving stimuli along the superior-inferior
(2) and anterior-posterior (y) dimensions. The medial-to-lateral
index was calculated in sighted participants viewing pictures,
sighted participants performing auditory size-judgments, and
congenitally blind participants. In all groups of participants, there
is a pattern of increasing t values moving from medial to lateral
coordinates within the ventral stream, in both the left and right
hemispheres (see Figure 5). Furthermore, there were high levels
of similarity in terms of the medial-to-lateral index among all
groups of participants (see Figure 5 for details). Thus, across
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Overlap: Sighted Participants Viewing Pictures
With Sighted Participants Performing
Auditory Size Judgments

Nonliving > Living
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. Overlap: Picture Viewing &
Auditory Size Judgments

all three datasets differential BOLD responses for nonliving
things are biased toward medial regions on the ventral surface
of occipital-temporal cortex.

DISCUSSION

Using an auditory size-judgment task in sighted and congenitally
blind participants, we have shown that the medial-to-lateral bias
for nonliving and living stimuli in the ventral stream does not
require visual experience. The regions that exhibited category
preferences in sighted and congenitally blind participants during
the auditory size-judgment task overlapped with regions showing
the same preferences when sighted participants viewed pictures
corresponding to the auditory stimuli. We further showed that
when the analysis is restricted to the ventral surface of occip-
ital-temporal cortex, there is a consistent medial-to-lateral bias
in relative category preferences. In particular, differential BOLD
responses for nonliving stimuli compared to animals were biased
toward medial regions on the ventral surface of occipital-
temporal cortex.

Previous research has argued for the role of visually based
dimensions in shaping the organization of object representations
within the ventral stream (e.g., Haxby et al., 2001; Levy et al.,
2001; Op de Beeck et al., 2008; Rogers et al., 2005; Tarr and
Gauthier, 2000). The conclusion that visual experience is not
necessary for certain aspects of the organization of object knowl-
edge to emerge does not preclude the contribution of such
visually based dimensions. Rather, in the context of previous

Overlap: Sighted Participants Viewing Pictures
With Blind Participants Performing
Auditory Size Judgments

Living > Nonliving
. Picture Viewing

Auditory Size Judgments

Figure 4. Overlay of Contrast Maps of Cate-
gory Preferences in Sighted and Blind
Participants

All statistical contrast maps (nonliving versus
living) were thresholded at p < .01, uncorrected
(as in Figure 3).

(A) Regions showing category preferences are
plotted for sighted participants viewing pictures
and sighted participants performing the auditory
size-judgment task. The greatest overlap is
observed for nonliving things in medial regions on
the ventral surface of occipital-temporal cortex.
Voxels in lateral occipital cortex showing differen-
tial BOLD responses for living things in sighted
participants performing auditory size-judgments
fall within the set of voxels showing the same
category preference for the picture viewing
experiment.

(B) Regions showing category preferences are
plotted for sighted participants viewing pictures
and congenitally blind participants performing the
auditory size-judgment task. As was observed for
sighted participants performing the auditory size-
judgment task (panel A), the regions showing
differential BOLD responses for nonliving things
were larger than those showing differential BOLD
responses for living things. Voxels in blind partici-
pants in lateral occipital cortex showing a category
preference for living things fall within the region
identified in sighted participants viewing pictures.

. Overlap: Picture Viewing &

Auditory Size Judgments

research, our current findings suggest that the organization
of the ventral stream reflects a hierarchy of principles working
in concert (e.g., Caramazza and Mahon, 2003; Op de Beeck
et al., 2008).

One framework that can accommodate our findings views
category-specific regions of the ventral stream as parts of
broader neural circuits within the brain that are innately disposed
to handle information about different domains of objects. We
have referred to this view as the distributed domain-specific
hypothesis (Mahon and Caramazza, 2009). That hypothesis
provides a natural explanation for a range of other findings. For
instance, BOLD responses to place and face stimuli in medial
and lateral regions of the ventral stream, respectively, were
found to be significantly more similar in monozygotic than in
dizygotic twins (Polk et al., 2007). Other findings that would fit
within the distributed domain-specific hypothesis come from
neuropsychological studies of brain damaged patients (e.g.,
Caramazza and Shelton, 1998; Duchaine, 2006; Farah and Rabi-
nowitz, 2003; Miceli et al., 2000), developmental studies of
object concepts in infants (e.g., Carey and Spelke, 1994; Keil,
1981), research with nonhuman animals (e.g., Gallistel, 1990;
Kiani et al., 2007; Kriegeskorte et al., 2008; Tsao et al., 2006),
behavioral research with humans (New et al., 2007; Pitcher
et al., 2009), and analyses of structural connectivity in congenital
prosopagnosia (Thomas et al., 2009).

While an interpretation in terms of innate domain-specific
constraints offers an account of both our own and other findings,
the adoption of such a strong position is not necessary. The

Neuron 63, 397-405, August 13, 2009 ©2009 Elsevier Inc. 401
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Figure 5. Medial-to-Lateral Index Com-
puted over Ventral Occipital-Temporal
Cortex

(A) The color overlay shows the extent of the ROl in
ventral occipital-temporal cortex (maximum “y”
Talairach = —20, minimum “y” Talairach = —70;
following Pietrini et al. (2004). Within the ventral
occipital-temporal ROI, a medial-to-lateral index
was calculated, by averaging the contrast-
weighted t values (animal stimuli — nonliving
stimuli) along the anterior-posterior (y) and supe-
rior-inferior (z) dimensions, within the range of
|25| to |40| on the x axis in Talairach space. The
results of this analysis are plotted in panels (B)
for sighted participants viewing pictures, (C) for
sighted participants performing auditory size-
judgments, and (D) for blind participants. Error
bars on all graphs represent the standard error of
the mean for contrast-weighted t values, averaged
along the zand y axes. Vertical red dotted lines are
placed at the mean t value, in order to indicate the
corresponding Talairach coordinate.
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ventral occipital-temporal cortex, and
shape information can be acquired
through either the visual or tactile
modality. Furthermore, it may be argued
that shape information, at least of objects
with which we regularly interact, will be
similar independently of whether it is
acquired through vision or touch. Thus,
different regions of the ventral stream
may be disposed to represent objects
that have different shapes. Such an
account cannot at present be excluded
on empirical grounds. However, it is
important to note that the notion of
“object shape” required by such an
account would have become so abstract
that it would no longer be directly inter-
pretable in terms of specific sensory
qualities, either visual or tactile. The
account would leave unaddressed the
critical issue of what it is about the shapes
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critical open issue that is framed by our results is whether the
constraints that determine category preferences for nonliving
and living things are expressed over semantically interpreted
properties of objects. It may be argued that the basic principle
determining the organization of the ventral stream is not the
conceptual domain to which an object belongs, but rather
a sensory-based dimension of similarity that is highly correlated
with the distinction between nonliving and living things. For
instance, information about object shape is represented in

402 Neuron 63, 397-405, August 13, 2009 ©2009 Elsevier Inc.

of nonliving and living things, common to
both vision and touch, that determines
the observed macro-level organization.
In other words, an additional, and pre-
existing bias, must also be assumed
that would lead to objects with one
“type” of shape being represented in one part of the ventral
stream, while objects of another “type” would be represented
in another part of the ventral stream. Without an account of
what the relevant “types” of shapes consist in, it is not obvious
that such a proposal is distinguishable from the view that there
are innate biases according to distinctions among conceptual
domains that determine the organization of the ventral stream.
Arelated issue that is also framed by our findings concerns the
format of information that is represented in occipital-temporal

*p<.02
**p <,001
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cortex. The fact that congenitally blind participants show cate-
gory preferences within the ventral stream indicates that the
information represented in that region must be accessible
through both the visual modality and through other modalities
available to blind individuals, such as touch or audition (for
discussion see Pietrini et al., 2004). However, this does not sanc-
tion the inference that sighted participants do not represent
strictly visual, or even visually relevant, information in occipital-
temporal cortex. It may be the case that the information that is
represented in sighted and congenitally blind individuals in
ventral occipital-temporal cortex is radically different. What
can be inferred from our findings is that plasticity of function in
higher-order visual areas (e.g., Amedi et al., 2004; Kahn and
Krubitzer, 2002; Pascual-Leone et al., 2005) operates within
broader constraints that determine category preferences for
nonliving and living things.

To date, theoretical accounts of the organization of the ventral
object processing stream have generally focused on how the
system adapts to constraints that are imposed “bottom up.” A
different approach is to view the organization of the ventral
stream as satisfying multiple pressures, not all of which are
due to the sensory input. Some of the pressures that are satisfied
by the organization of the ventral stream may come from other
regions of the brain, such as motor or affective systems (Mahon
et al., 2007). Ultimately, the utility of sensory information is deter-
mined by its role in guiding behavior. The information about
a stimulus that is computed in the ventral stream may be chan-
neled to different regions of the brain according to the behavior
that is appropriate for that stimulus. Within this framework, the
findings reported herein suggest that the organization of the
ventral stream innately anticipates the different types of compu-
tations that must be carried out over objects from different
conceptual domains.

EXPERIMENTAL PROCEDURES

Experimental Stimuli

We selected 24 animals, 24 tools, and 24 nonmanipulable object concepts
following the criteria described in a previous study (for details see Mahon
et al., 2007). For each concept, a single photograph (black and white gray-
scale, 400 x 400 pixels) was selected to be used in the picture-viewing exper-
iment. Each stimulus word was also recorded digitally (22.050 kHz, 16 Bit) by
anative ltalian speaker (female) to be presented binauraly. We ensured that the
three stimulus types were matched on length in Italian (animals mean length =
7.0 letters; tools: 7.6; nonmanipulable: 7.8; one-way ANOVA: Fs g9 < 1). All
analyses reported herein collapse tools together with nonmanipulable to
form the “artifact” category. Custom software (ASF, available from J.S.)
written in Matlab utilizing the Psychophysics Toolbox extensions (Brainard,
1997; Pelli, 1997) was used for stimulus presentation.

Picture-Viewing Experiment

Stimuli were presented in 20 s blocks, followed by 20 s of blank screen (fixa-
tion). Each block of stimuli contained 24 pictures, all from the same stimulus
type (each stimulus presented for 50 refreshes of the monitor, refresh rate =
60 Hz, ISI = 0). All picture stimuli (i.e., blocks of items) were repeated three
times throughout the run. The order of items within a block was random, as
was the order of blocks. The run lasted approximately 10 min. A fourth cate-
gory of objects (fruit/vegetables) was also included in the picture-viewing
experiment (data not shown). Participants viewed the stimuli through a mirror
attached to the head coil adjusted to allow foveal viewing of a back-projected
monitor.

Size-Judgment Task with Auditorily Presented Words

Participants (both sighted and blind) were asked to keep their eyes closed
throughout the experiment. Stimuli were presented in groups of six words,
all from the same conceptual category. The duration of the six words spanned
20 s. Participants were asked to think about the size of the first item of the
block, and then to iteratively compare the size of each subsequent item to
the first (i.e., second to the first, third to the first, etc.). If all of the objects
had, more or less, the same size, participants responded by pushing a button
with the index finger of the right hand; if at least one of the last five objects was
different in size from the first, participants responded with the index finger of
the left hand. Responses were made after the onset of a response cue (audi-
tory tone, duration 200 ms), that was presented a jittered interval (2-8 s, in
steps of .5 s, distribution with hyperbolic density) after the offset of the last
stimulus from the block. Between the offset of the auditory cue and the onset
of the next block of stimuli, there was a 20 s period of silence. The behavioral
task (size-judgments) served to ensure that participants were attending to the
stimuli in the experiment and was designed so that it could be completed by
both sighted and blind participants. Sighted participants judged 25.2%, and
blind participants judged 26.5% of the groups of six items (i.e., blocks) to be
composed of objects that were roughly the same size.

Each of the 72 items was presented once within a run (four blocks of six
stimuli, for a total of 24 items within each stimulus type). The order of the six
items within a block, the assignment of the six items (of the 24) to each block,
and the order of blocks was random, with the restriction that there were not
two blocks in a row from the same stimulus type. The IS for items within a block
consisted of randomly selected intervals in the range of [.5*X], [.75*X], [.9"X],
[1.1*X], [1.25"X], and [1.5*X] where “X” corresponds to the duration of the
entire block (20 s) minus the total duration of all auditory wave files in the block,
divided by 6. Each run lasted approximately 10 min and constituted a “replica-
tion” of the experiment. Sighted participants completed 3 runs (i.e., replica-
tions); congenitally blind participant CB1 completed four runs; CB2 and CB3
each completed five runs.

Participants

Twenty-four participants (21 sighted, 12 female; 3 blind, 2 female) were
recruited from the Center for Mind/Brain Sciences volunteer pool and paid
for participation in the study. The dataset for one sighted participant for the
auditory size-judgment task was excluded because the participant failed to
respond properly; the dataset for that participant for the picture-viewing
experiment was retained. The datasets for both the auditory size-judgment
task as well as the picture-viewing experiment were excluded for another
sighted participant due to excessive head motion. All participants who took
part in the auditory size-judgment task also participated in the same session
in the picture-viewing task—the order (auditory size-judgments, then picture-
viewing) was fixed. The remaining participants who participated in the picture-
viewing task had participated earlier in the same session in a different auditory
task using the same stimuli.

Handedness was assessed with the Edinburgh inventory (Oldfield, 1971). All
sighted participants who performed the auditory size-judgment task were right
handed; 2 of the 13 (remaining) sighted participants who completed the
picture-viewing experiment were left handed (all others right handed). Two
of the three congenitally blind participants (CB1 and CB3) were right handed;
CB2 was ambidextrous. Sighted participants (mean age: 31.2 years, standard
deviation: 9.5 years, range: 20 years to 51 years) had normal or corrected to
normal vision (vision corrected using MR compatible goggles). Participant
CB1 (female, age at testing 60 years) was blind due to Retinitis Pigmentosa,
CB2 (male, age at testing 20 years) due to congenital glaucoma, and CB3
(female, age at testing 31 years) due to complete retinal damage at birth.

Informed consent was obtained in writing (sighted participants) and verbally
(digitally recorded, blind participants) under approved University of Trento and
Harvard University protocols for the use of human participants in research. All
participants were examined by a medical doctor (GB) prior to participation in
the study.

MR Data Acquisition and Analysis

MR data were collected at the Center for Mind/Brain Sciences, University of
Trento, on a Bruker BioSpin MedSpec 4T. Before collecting functional data,
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a high (1 x 1 x 1 mm® resolution T1-weighted 3D MPRAGE anatomical
sequence was performed (sagittal slice orientation, centric Phase Encoding,
image matrix = 256 X 224 (Read x Phase), FoV = 256 mm x 224 mm (Read
x Phase), 176 partitions with 1 mm thickness, GRAPPA acquisition with accel-
eration factor = 2, duration = 5.36 min, TR = 2700, TE = 4.18, Tl = 1020 ms,
7° flip angle). Functional data were collected using an echo planar 2D imaging
sequence with phase over-sampling (Image matrix: 70 x 64, TR: 2250 ms TE:
33 ms, Flip angle: 76°, Slice thickness = 3 mm, gap = .45 mm, with 3 x 3 in
plane resolution). Volumes were acquired in the axial plane in 37 slices. Slice
acquisition order was ascending interleaved odd-even.

All MR data were analyzed using Brain Voyager (v. 1.9). The first two volumes
of functional data from each run were discarded prior to analysis. Preprocess-
ing of the functional data included, in the following order, slice time correction
(sinc interpolation), motion correction with respect to the first (remaining)
volume in the run, and linear trend removal in the temporal domain (cutoff:
3 cycles within the run). Functional data were then registered (after contrast
inversion of the first remaining volume) to high-resolution de-skulled anatomy
on a participant-by-participant basis in native space. For each individual
participant, echo-planar and anatomical volumes were transformed into stan-
dardized (Talairach and Tournoux, 1988) space. A Gaussian spatial filter with
a 4.5 mm full-width at half-maximum was applied to each volume.

All functional data were analyzed using the general linear model in Brain
Voyager. Experimental events (duration = 20 s) in the picture-viewing experi-
ment were convolved with a standard dual gamma hemodynamic response
function. There were four regressors or interest (corresponding to the four
stimulus types) and six regressors of no interest, corresponding to the motion
parameters obtained during preprocessing. For the analyses of the auditory
size-judgment task, a finite impulse response model (modeling 6 TRs) was
used with regressors for all stimulus events, the auditory response cue, and
the outputs of motion correction. A random effects analysis was used to
analyze the group data in the picture-viewing experiment (n = 20, Degrees of
Freedom [DF] = 19) (Figures 1-4). Fixed effects analyses with separate study
(i-e., run) predictors were used to analyze the data from the sighted partici-
pants performing auditory size-judgments (DF = 4907) and the congenitally
blind participants (DF = 3261). All functional data were masked with the func-
tionally defined ventral stream (as described in Figure 1) before running the
GLM. Beta estimates were standardized (z scores) with respect to the entire
time course. The contrast for all analyses, of nonliving stimuli versus animal
stimuli, weighted tools and nonmanipulable objects equally, with respect to
animals.

All ROIl-based analyses of category contrasts (Figure 2), as well as the ROIs
for the functionally defined ventral stream (Figure 1) and ventral occipital-
temporal cortex (Figure 5) were thresholded at p < 0.05, FDR corrected. All
statistical contrast maps are projected onto the inflated anatomy of a single
participant normalized to Talairach space.

Software written in Matlab, using the BVQX Matlab toolbox (by Jochen
Weber: http://wiki.brainvoyager.net/BVQX_Matlab_tools) was used for the
analyses reported in Figures 5 and S1.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Discussion, additional analyses,
and one figure and can be found with this article online at http://www.cell.
com/neuron/supplemental/S0896-6273(09)00541-8.
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