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The study of the congenitally blind (CB) represents a unique
opportunity to explore experience-dependant plasticity in a sen-
sory region deprived of its natural inputs since birth. Although
several studies have shown occipital regions of CB to be involved
in nonvisual processing, whether the functional organization of
the visual cortex observed in sighted individuals (SI) is maintained
in the rewired occipital regions of the blind has only been recently
investigated. In the present functional MRI study, we compared
the brain activity of CB and SI processing either the spatial or the
pitch properties of sounds carrying information in both domains
(i.e., the same sounds were used in both tasks), using an adaptive
procedure specifically designed to adjust for performance level.
In addition to showing a substantial recruitment of the occipital
cortex for sound processing in CB, we also demonstrate that
auditory-spatial processing mainly recruits the right cuneus and
the right middle occipital gyrus, two regions of the dorsal occipital
stream known to be involved in visuospatial/motion processing in
SI. Moreover, functional connectivity analyses revealed that these
reorganized occipital regions are part of an extensive brain net-
work including regions known to underlie audiovisual spatial abil-
ities (i.e., intraparietal sulcus, superior frontal gyrus). We conclude
that some regions of the right dorsal occipital stream do not re-
quire visual experience to develop a specialization for the process-
ing of spatial information and to be functionally integrated in
a preexisting brain network dedicated to this ability.

blindness | cross-modal plasticity | ventral-dorsal auditory streams |
modularity

hen the brain is deprived of its natural sensory inputs, it

can rewire itself, showing an impressive range of plastic
changes (1). Early visual deprivation thus provides an excep-
tional model to explore the role of sensory experience in shaping
the functional architecture of the brain. Based on a number of
studies comparing brain activity of congenitally blind (CB) and
sighted individuals (SI), the current prevailing view is that visual
deafferentation results in a reliable recruitment of the occipital
cortex for nonvisual sensory processing to compensate for the
challenging condition that is visual deprivation (2).

Although such findings highlight the brain’s remarkable ability
to rewire its components, questions remain about the functional
organization of the occipital cortex in CB. An important char-
acteristic of the visual cortex in SI is domain specialization
wherein specific functional activity has been found in anatomi-
cally identifiable regions (3, 4). Our main question was, there-
fore: does the occipital cortex of CB process the colonizing
nonvisual stimuli in a global manner or does it do so using some
functional modularity similar to what is observed in SI, with
precise regions involved in specific cognitive functions?

Several studies have reported that the occipital cortex of CB
responds quite indifferently to a variety of cognitive tasks, sug-
gesting that some common factors (i.e., attentional) rather than
specific cognitive processes may contribute to the unselective
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occipital activity observed in this population (5-8). In contrast,
other studies do suggest that distinct regions of the visually de-
prived occipital cortex may show functional specialization that is
to some extent comparable to what is known in SI (9). In SI,
visual information is thought to be processed along two distinct
(but interacting) pathways: (i) a ventral stream flowing from the
primary visual cortex to the infero-temporal cortex and involved
in the analysis of object properties (“what” pathway), and (ii) an
occipito-parietal stream devoted to the analysis of the spatial
relationship between objects (“where” pathway) (10, 11). Alter-
natively, another perspective on dorsal and ventral visual pro-
cessing streams rather considers them to be involved in the
control of object-directed actions and object recognition, re-
spectively (12). Interestingly, recent studies in CB have reported
task-specific responses in ventral (13-16) and dorsal (17-22)
occipital streams in response to “what” and “where” nonvisual
processing. For example, Renier et al. (22) have recently found
that the middle occipital gyrus (MOG) is preferentially activated
by the spatial processing of nonvisual inputs.

In the present study, we used functional MRI (fMRI) to mea-
sure brain responses of CB and SI when they processed either the
identity (pitch) or the spatial (position in azimuth) attributes of
exactly the same sounds; two core auditory abilities that allow us
to make sense of the acoustic environment. This allowed for equal
sensory input in both tasks, with only the instructions differing
between the two. Additionally, using a psychophysical staircase
paradigm, we ensured a level of complexity that was similar across
tasks and subjects. This paradigm allowed us to precisely in-
vestigate whether specific processes map onto specialized sub-
regions of the occipital cortex in CB and whether these regions
maintain a modular organization similar to what is observed in SI.

Results

Behavioral results are presented in S/ Text and show no differ-
ences between the groups.

Ventral-Dorsal Auditory Streams. We first tested whether our
paradigm allowed us to observe a dissociation between a ventral
and a dorsal network for the pitch and spatial processing of
sounds, respectively, as previously suggested (23, 24). A con-
junction analysis (investigating what is jointly activated in both
groups) revealed that the spatial processing of sounds, compared
with pitch processing, elicited significantly larger brain responses
in a right-sided dorsal network (including the superior frontal

Author contributions: 0.C,, G.V.,, M.L,, and F.L. designed research; O.C,, P.V., and G.C.
performed research; O.C,, G.V., and G.A. analyzed data; and O.C,, G.V,, P.V,, G.A,, M.L,,
and F.L. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.
To whom correspondence should be addressed. E-mail: olivier.collignon@umontreal.ca.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1013928108/-/DCSupplemental.

PNAS | March 15,2011 | vol. 108 | no. 11 | 4435-4440

]
2o
3=
[T}
So
g a
UI.I.I
Q2
oE
=
S&
=]
£ 0O


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013928108/-/DCSupplemental/pnas.201013928SI.pdf?targetid=nameddest=STXT
mailto:olivier.collignon@umontreal.ca
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013928108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013928108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1013928108

L T

/

1\

=y

gyrus, the middle frontal gyrus, the inferior and superior parietal
lobule, and the middle occipito-temporal gyrus; Fig. 1 and Table
S1). The processing of the pitch attributes of sounds, compared
with spatial processing, revealed a widespread network of tem-
poral areas mainly localized in the left hemisphere (including
inferior, middle, and superior temporal gyri and inferior frontal
gyrus/insula; Fig. 1 and Table S1).

Cross-modal Plasticity in the Occipital Cortex of CB Individuals. To
investigate the effect of congenital blindness on the global pro-
cessing of sounds, we compared the cerebral responses of blind
vs. sighted participants for both tasks combined ([CB > SI] x
[Spatial + Pitch]). This analysis revealed substantial activity in
most of the occipital cortex in CB compared with SI (Fig. 2 and
Table 1). The significance of these neuroplastic changes is sup-
ported by our calculation of the posterior probability map (25),
as inferred by Bayesian statistics, showing that the probability of
activation of these regions in the [Spatial + Pitch] contrast is
very low in the sighted group (left MOG: 0; calcarine gyrus: 21%;
right MOG: 0).

Several studies have emphasized that processing auditory
stimuli results in a significant decrease below baseline in the
occipital cortex of sighted subjects (cross-modal deactivation)
(26). We investigated whether such deactivations occurred in the
occipital cortex of our sighted group. Interestingly, deactivation
was limited to one cluster in the right MOG (28, —82, 4) of
sighted subjects, whereas no such deactivation was observed in
the occipital cortex of blind subjects (Fig. S1).

Functional Specialization in the Occipital Cortex of the Congenitally
Blind. The group [Blind > Sighted] x condition [Spatial > Pitch]
interaction analysis revealed significant differences in activity
in the right cuneus, the right MOG, the right middle occipito-
temporal gyrus, and in the right lingual gyrus (Fig. 3 and Table 1).
Posterior probability of activation of these regions in SI was low,
with the exception of the right middle occipito-temporal region
(right cuneus: 7%; right MOG: 22%; right middle occipito-
temporal region: 82%; right lingual gyrus: 4%). The group
[Blind > Sighted] x condition [Pitch > Spatial] interaction
analysis did not reveal any significant results (Table 1).

Functional Connectivity of the Reorganized Occipital Cortex of CB
Individuals. Psychophysiological interaction (PPI) analyses were
computed to identify any brain region functionally connected to
the reorganized occipital regions involved specifically in the
spatial processing of sounds, relative to pitch processing, in CB
(Fig. 3 and Table S2). For these analyses, the right cuneus (12,
—80, 22 mm), the right MOG (48, =76, 6 mm), the right middle
occipito-temporal gyrus (40, —56, 12 mm), and the right lingual
gyrus (24, —48, —8 mm) were selected as seed regions (these
regions were found to be preferentially active in the interaction
analysis [CB > SI] x [Spatial > Pitch]). We observed significant
functional connectivity between the right cuneus and bilateral
inferior parietal lobules, bilateral superior frontal gyri and the

Spatial > Pitch
Pitch > Spatial

Fig. 1. Ventral-dorsal auditory streams. Activations obtained in a conjunc-
tion analysis characterizing brain areas jointly activated in both groups (Sl
and CB) in the [Pitch > Spatial] (blue) and in the [Spatial > Pitch] (red) con-
trasts are overlaid at Pyncorrected < 0.001 on a 3D render.
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right middle frontal gyri. We further observed significant cou-
pling between the right MOG and the right cuneus (this region
was already observed in the contrast [CB > SI] x [Spatial >
Pitch]), the right inferior parietal lobule, the left superior frontal
gyrus, and the right cerebellum. We also observed that the right
middle occipito-temporal gyrus was functionally connected to
the right supramarginal gyrus, the right superior, and the inferior
frontal gyrus. Finally, the right lingual gyrus was connected to the
right inferior parietal lobule. All of the PPI analyses described
above revealed stronger connectivity in CB between the seed
areas and the reported brain areas for the spatial processing of
sounds, compared with pitch processing. Importantly, all of the
clusters reported above are not affected by an exclusion mask
(P = 0.05) of the PPI carried out in the sighted subjects with the
same seed areas, indicating that the reported regions present
a pattern of functional connectivity that is specific to the CB.

Discussion

By contrasting BOLD signals recorded when SI and CB selec-
tively attended to “pitch” or “spatial” attributes of sounds, we
identified specific right-sided occipital subregions in CB that
were preferentially activated for the spatial processing of sounds.
Such a result suggests that the reorganized “visual” cortex of CB
should no longer be considered as an undifferentiated structure
but should rather be divided into different anatomical areas
devoted to specific cognitive functions. These findings are com-
pelling because they cannot be attributed to physical properties
of the sensory inputs, nor can they be attributed to any perfor-
mance differences between conditions or between groups.
Remarkably, most of the regions showing functional prefer-
ence for auditory-spatial processing are regions that are known
to show preference for visuospatial processing in sighted subjects
(11), suggesting that cross-modal plasticity in CB may be con-
strained by the innate disposition of a specific cortical area to
selectively serve a particular function. Moreover, we further
show that these reorganized regions in CB are part of an ex-
tended network of higher-order brain regions known to be im-
portant in processing the spatial attributes of sensory inputs.

Ventral-Dorsal Auditory Streams. The existence of separate hier-
archical visual pathways for the analysis of object properties (the
occipito-temporal “what” stream) and for the analysis of the
spatial relationship between objects (the occipito-parietal “where”
stream) is arguably one of the most influential theories about the
organization of the visual system (9). Similarly, it was later pos-
tulated that auditory-cortical processing might follow such a dual
principle of organization (23, 24, 27).

The present results confirm that the processing of pitch attrib-
utes preferentially maps onto a “ventral-what” stream (here
mainly composed of distributed left temporal areas) and that the
spatial processing of sounds are more localized within a “dorsal-
where” stream (here mainly composed of distributed right parietal
and frontal areas) (Fig. 1 and Table S1). One of the strengths of
the present study is the direct comparison of brain activity elicited
by the pitch and the spatial task in a well-controlled paradigm
adjusting in real time the difficulty level of the tasks throughout the
experiment, while the physical stimuli were kept identical regard-
less of the task. Indeed, both tasks share exactly the same sensory
stimulation, require the same motor response, share similar work-
ing memory or attentional load, and the performance level never
differed between them; the only difference resides in the perceptual
process at play (either “process pitch” or “process location”).

Functional Specialization in the Occipital Cortex of CB for Spatial
Processing. In accordance with the literature on cross-modal pro-
cessing after blindness, we demonstrate here a substantial level of
activity in the occipital cortex of CB in response to sounds (Fig. 2
and Table 1). Previous studies have suggested that blindness may
lead to a general-purpose functional reorganization of the occip-
ital cortex due to the undifferentiated pattern of activity observed
during different tasks (5-8). Indeed, the auditory activity we ob-
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Fig. 2. Auditory cross-modal plasticity in the blind. Upper: Activations
obtained from contrasts testing the main effects of group independently of
condition [Blind > Sighted] x [Spatial + Pitch]. Functional data are displayed
(Puncorrected < 0.001) over a horizontal, a coronal, and a sagittal section of the
mean structural image of all subjects normalized to the same stereotactic
space. Lower: Mean activity estimates (arbitrary unit + SEM) associated with
sound processing (Spatial + Pitch) in the sighted (blue) and blind (red) groups
for the three main activity peaks obtained with this contrast.
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serve in the primary visual cortex of CB seems equal in both tasks,
supporting the notion that “early” areas of occipital cortex in the
CB (e.g., V1/V2) support more generalized functions (28, 29).
However, we also demonstrate that occipital regions involved in
auditory spatial discrimination partially differ from those involved
in auditory pitch discrimination (Fig. 3).

Spatial hearing in CB is shown here to preferentially map onto
specialized subregions mainly located in the right dorsal occipital
stream. The two primarily activated regions (Fig. 3 and Table 1)
are the right cuneus [in the vicinity of what has been described as
dorsal hV3/V3A in SI (30)] and the right MOG [in the vicinity of
what has been described as hMT+/V5 in SI (31)]. Because these
regions have been extensively documented as subserving visuo-
spatial/motion abilities in SI (11, 32), we suggest that they might
maintain their functional role in CB for the processing of a pre-
served modality, in this case audition. It is also worth noting that
these two regions were also reliably active at an individual level
(Table S3). Regarding the right cuneus, our results are in
agreement with a previous study of Collignon et al. (17) dem-
onstrating that the application of transcranial magnetic stimu-
lation (TMS) over the right superior occipital gyrus (in the vi-
cinity of the right cuneus/superior occipital clusters observed in
the present study; see figure 2 in ref. 17) selectively interfered
with sound localization abilities in CB, whereas TMS did not
interfere with pitch and intensity discriminations in CB and had
no effect on any auditory ability in SI. Regarding the right MOG,
our results replicate those of Renier et al. (22), who also found
this region preferentially active for the processing of spatial over
nonspatial nonvisual stimuli in CB. In our study, the identified
MOG was located posterior to the meeting point of the as-
cending limb of the inferior temporal sulcus and the lateral oc-
cipital sulcus (region B in Fig. 3), matching the anatomical
location of hMT+/V5 in SI (31, 33). Anatomical localization of
functional activations based on probabilistic cytoarchitectonic
maps as implemented in Anatomy Toolbox (34) and quantifying
structure—function correspondences showed that the cluster of
interest covered 73% of hMT+/V5 region. Because our spatial
task has the potential to induce an apparent motion percept
(Materials and Methods), further studies should selectively ad-
dress whether the MOG could be differentially activated by lo-
cation and motion processing (either real or apparent).

Collignon et al.

The lingual gyrus, a primary visual region, was also found to be
preferentially activated in CB for the spatial processing of
sounds, even if to a lesser extent than the dorsal clusters (Table
1). This finding is not entirely unexpected: Gougoux et al. (35)
found a similar region to be active during an auditory-spatial
task in an early blind group. In the visual domain, the right lin-
gual gyrus has often been reported to be specifically activated
during direction/motion discriminations (32, 36, 37). This region
may contribute to more “object-like” processing important for
extracting spatial position, as postulated by Gougoux et al. (35),
although this remains speculative.

None of the brain clusters showing specific activations in CB
for the spatial processing of sounds correlated with the spatial
resolution level of CB. This may seem puzzling given that
a previous study reported that the degree of activation of several
foci in the occipital cortex of CB correlated with sound locali-
zation accuracy (35). However, the use of an adaptive staircase
method, as was the case here, obviously results in the absence
of performance differences between subjects. Consequently, the
measure used to correlate with brain occipital activity is the
“auditory-spatial threshold,” reflecting the mean interaural level
difference (ILD) and interaural time difference (ITD) required to
discriminate the left or right target from the centrally presented
probe (Materials and Methods). In audition, computation steps for
the spatial perception of sounds in azimuth are mainly processed
by the superior olivary nuclei in the brainstem (38). We therefore
suggest that the activity in the occipital cortex of CB reflects
higher-level perceptual functions rather than the extraction of
ILD-ITD cues, which possibly explains the absence of correlation
between auditory spatial threshold and occipital recruitment.

The fact that no occipital regions showed preferential activa-
tions for the processing of pitch in CB is not so surprising in light
of the results of a recent study carried out in deaf cats (39). The
authors propose that “supramodal” functions, or attributes that
are shared across senses, have a greater potential to engage
specific cross-modal plasticity mechanisms after the loss of a
sensory input. Indeed, pitch processing, which is specific to au-
dition in contrast to the ability to spatially locate information,
which is shared by both vision and audition, may have less po-
tential for specialized cross-modal recruitment of occipital re-
gions in the blind.

Functional Connectivity of the Reorganized Occipital Cortex of CB.
We also demonstrate here that the occipital regions preferentially
activated for auditory—spatial processing in CB are part of an
extended network of brain areas, including multisensory regions
(i.e., inferior parietal lobules, intraparietal sulcus, and superior
frontal gyrus; Fig. 3) traditionally considered as important for
spatial attention and awareness (40). In fact, most of these regions
are activated in both groups, as revealed by the conjunction
analysis based on the [Spatial > Pitch] contrast (Fig. 1). Inter-
estingly, we found reliable functional connectivity between the
three main peaks of activity located in the right dorsal occipital
stream and the posterior superior frontal sulcus (Fig. 3), a region
known as the frontal eye field and thought to play a role in the
control of spatial attention in SI (41). Strikingly, it has been shown
that this region is actively engaged during auditory spatial atten-
tion in CB (42). Taken together, these results suggest that the
reorganized occipital regions in CB are inherently part of the
network involved in auditory localization. Indeed, specific con-
nectivity of precise occipital regions (i.e., dorsal) into an extended
brain network wired to serve a specific function (i.e., spatial pro-
cessing) might constrain the cross-modal reorganization in CB
to regions with similar functional specificity. Supporting this hy-
pothesis are the results of a diffusion tensor imaging study showing
limited changes in the occipito-parieto-frontal white matter tracts
of CB subjects relative to SI (43) and also from a recent study
demonstrating that the prefrontal cortex shows massive functional
connectivity with the hMT+/V5 area in CB (44).
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Fig. 3. Network for the spatial processing of sounds in CB subjects. (Left) Activations obtained from the contrast testing which regions are specifically
dedicated to the spatial processing of sounds in blind subjects: [Blind > Sighted] x [Spatial > Pitch]. Functional data are overlaid (Pyncorrected < 0.001) over a 3D
render of the brain and over sagittal sections of the mean structural image of all blind subjects normalized to the same stereotactic space. (Lower) Mean
parameter estimates (arbitrary unit + SEM) associated with the processing of pitch (blue) or spatial (red) attributes of sounds in the sighted and the blind
groups for the four main activity peaks. (A) The right cuneus. (B) The right middle occipital gyrus. (C) The right middle occipito-temporal gyrus. (D) The right
lingual gyrus. Right: Psychophysiological interaction results using the four activity peaks as seed areas.

Mechanisms. These findings raise questions regarding the de-
velopmental mechanisms through which auditory inputs mas-
sively invade occipital regions in CB. In early life, the brain is
sculpting itself on the basis of experience, with some synaptic
connections eliminated and others strengthened (45). The hu-
man occipital cortex undergoes such changes in synaptic density
during its normal development (46). After a peak of de-
velopment ending approximately at the age of 8 mo, approxi-
mately 40% of the synapses of the visual cortex are gradually
removed to reach a stable synaptic density at approximately the
age of 11 y (45). It has been suggested that the maintenance of
normally transient intermodal connections may underlie, at least
in part, the plastic changes observed in CB (2, 9, 47). Moreover,
recent anatomical studies showed direct connections between
auditory and visual cortical regions in adult sighted monkeys (48,
49), suggesting that some intermodal connections might not be
pruned in early infancy. In the present study, as previously ob-
served (26), we found clusters of deactivation in the occipital
cortex of sighted subjects during sound processing (Fig. SI).
Because both activations and deactivations by nonvisual tasks

4438 | www.pnas.org/cgi/doi/10.1073/pnas.1013928108

indicate the presence of nonvisual input in the occipital cortex of
sighted individuals (22), these observations suggest that con-
nections between auditory and visual cortices (48) may subserve
cross-modal inhibition and/or multisensory integration in the
early stages of sensory processing in individuals without visual
deprivation (50, 51). In the absence of competitive visual input
during development, these connections may provide the pathways
for occipital processing of auditory inputs after visual deprivation.

Klinge et al. (52) recently used dynamic causal modeling of an
fMRI dataset to investigate the effective connectivity underlying
auditory activations in the primary visual cortex of CB. They
found clear evidence for stronger corticocortical connections
from primary auditory cortex to primary visual cortex in the blind
compared with sighted controls, whereas their results regarding
thalamocortical tracts (from medial geniculate nucleus to V1)
were inconsistent. These results suggest that plastic changes in
corticocortical connectivity probably play a crucial role in
allowing auditory information to elicit the participation of the
primary visual cortex of blind individuals.

Collignon et al.
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Table 1. Functional results summarizing the main effect of group
Area Cluster size x (mm) y (mm) z (mm) z P
Group effect [Blind > Sighted] x [Spatial + Pitch]
Right lateral occipital gyrus 9,289 28 -82 4 5.79 0.000*
Left calcarine gyrus — -6 -84 6 5.02 0.010*
Left superior occipital gyrus — -20 -80 30 4.80 0.024*
Group X task interaction [Blind > Sighted] x [Spatial > Pitch]
Right cuneus’ (xhV3/V3A) 740 12 -80 22 4.28 0.001
Right superior occipital gyrus™ (~hV3/V/3A) — 24 -70 20 3.41 0.001
Right middle occipital gyrus™ (xhMT+/V5) 390 48 -76 6 4.20 0.001
Right lingual gyrus® 538 24 —48 -8 3.74 0.011
Right lingual gyrus™ — 24 -60 -4 3.49 0.014
Right middle occipito-temporal gyrus'™* (xhMT+/V5) 15 40 -56 12 3.27 0.018

Group-by-task interaction [Blind > Sighted] x [Pitch > Spatial]
No significant responses

Brain activations significant after correction over the entire volume (*) or over small volume of interest (small-volume correction).
TCluster not affected by an inclusive mask (P = 0.001) of the [Blind] x [Spatial > Pitch] contrast, indicating that the [Blind > Sighted] x
[Spatial > Pitch] interaction effect was driven selectively by differences observed in blind subjects.

*Cluster not affected by an exclusive mask (P = 0.05) of the [Sighted] x [Spatial > Pitch] contrast, further indicating that the reported
interaction effect was driven by differences observed in the blind subjects.
SClusters not surviving an inclusive mask (P = 0.001) of the [Blind] x [Spatial > Pitch] contrast, thus not driven selectively by the spatial

processing of sounds in blind subjects.

Conclusion. The present study sheds light on mechanisms of cross-
modal plasticity by demonstrating that domain specialization,
wherein specific functional processing is found to involve specific
cortical regions (3), seems to be a ubiquitous property of the oc-
cipital cortex, even when deprived of its “natural” inputs since
birth. In particular, we have shown that the spatial processing of
sounds in CB is performed in specific occipital regions over-
lapping areas well known to process the spatial attributes of visual
inputs in SI. These results suggest that the dorsal stream innately
designates its computational role for processing space in-
dependently of sensory developmental experience. Moreover,
because these reorganized regions are part of an extended brain
network, the maintenance of their functional specificity may help
a colonized area to keep its functional role within a system of
multiple cortical regions. We therefore postulate that cross-modal
plasticity in CB allows nonvisual processes to find a “neuronal
niche” into a set of circuits that perform functions that are suffi-
ciently close to the ones required by the remaining senses (9, 22).

Materials and Methods

Subjects. Eleven CB [four female, age range 28-56 y (mean + SD, 36 + 13 y)]
and 11 SI [four female, age range 26-56 y (mean + SD, 39 + 11 y)] partici-
pated in the study. Both groups were blindfolded throughout the fMRI ac-
quisition and were matched for age, sex, handedness, educational level, and
musical experience. None of the blind subjects had ever had functional vi-
sion allowing pattern recognition or visually guided behavior, and all were
totally blind except for one who had only rudimentary sensitivity for
brightness with no pattern vision. In all cases, blindness was attributed to
peripheral deficits with no neurological impairment (Table S4). For all sub-
jects, pure-tone detection thresholds at octave frequencies ranging from 250
to 8,000 kHz were within normal limits in both ears. All of the procedures
were approved by the research ethic and scientific boards of the Centre for
Interdisciplinary Research in Rehabilitation of Greater Montreal and the
Quebec Bio-Imaging Network. Experiments were undertaken with the un-
derstanding and written consent of each subject.

Task and General Experimental Design. Subjects were scanned in a single fMRI
session using a block design. The run consisted of 30 successive blocks (20.4-s
duration each) separated by rest periods ranging from 6 to 12.4 s (median,
7.34 s), during which the subjects had to alternatively process the spatial or
the pitch attributes of the sounds. The duration of the rest blocks were jit-
tered between the start of the sampling of brain volume images relative to
the start of the task blocks. This method was used to avoid time-locked
sampling whereby all brain images would be acquired at the same time
points. A short verbal instruction (1,300 ms) was delivered 2 s before the start
of each block to instruct participants which task they would have to carry out
(spatial or pitch). The starting condition (either spatial or pitch) was coun-
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terbalanced across subjects. In the “spatial” condition, participants had to
determine whether the second sound of a pair was left- or right-sided
compared with a constant central probe sound, regardless of the variation in
pitch of these sounds. In the “pitch” condition, participants had to de-
termine whether the second sound of a pair was lower- or higher-pitched
compared with the same probe sound, regardless of the position of these
sounds. Therefore, in both conditions and irrespective of the instructions
given, the probe was a central sound (simulating zero degrees azimuth) of
1,000 Hz with a 150-ms duration (10-ms rise/fall times). The target sounds
always appeared 200 ms after the probe and also had a 150-ms duration
(10-ms rise/fall times). It is worth noting that, in the spatial blocs, the pre-
sentation in rapid succession of two spatially separate auditory stimuli can
induce the perception of auditory movement, a phenomenon called “ap-
parent motion” (53). Each pair of sounds was separated by a 1,200-ms re-
sponse period. Each block, either spatial or pitch, consisted of 12 successive
pairs of sounds (Fig. S2). The same response buttons (right index and right
major) were used in both two-alternative forced choice tasks.

The difficulty level of both tasks was controlled throughout the scan by
adjusting the gap between the probe and the target using a dynamic psy-
chophysical staircase procedure (one-down for correct response/six-up for
wrong response), with the subject performance converging at ~90% correct.
Given the age heterogeneity of the participants and the age-related decline
in spatial or pitch acuity, the staircase procedure adjusted the pairings to
generate equal task difficulty for all subjects. Moreover, the target locations
in a new pitch block were determined by the locations obtained in the
preceding spatial block, and vice versa (e.g., pitch in spatial task), so that the
same sounds were included in both conditions. This methodology ensures
that when contrasting the two tasks, no effect can be attributable to the
difference in difficulty level or to difference between physical attributes of
the stimuli between the two tasks.

The experimental run was preceded by a short sound calibration run,
during which the volume level was adjusted for each subject so as to ensure
optimal auditory perception during scanning. The task was coded using
Cogent2000v1.24 (http://www.vislab.ucl.ac.uk/cogent.php) implemented in
MATLAB (Mathworks), and the auditory stimuli were delivered by means of
circumaural, fMRI-compatible headphones (MR Confon).

All auditory stimuli were created using Audition 2.0 (Adobe Systems). A
matrix of 6,400 sounds using 40 left and right “spatial gaps” (created by jointly
varying steps of 0.2% ILD with steps of 20-u ITD from the probe sound; two
primary cues for sound localization in azimuth) and 40 high and low “pitch
gaps” (created using steps of 5 cents from the probe sound). When using the
term "spatial processing of sound" in this experiment, we refer to the ability
to lateralize sounds perceived along a line joining the two ears (51).

Before the fMRI acquisition, all participants underwent a 30-min training
session in a mock scanner, with recorded scanner noise played in the bore of
the simulator to familiarize them with the fMRI environment and to ensure
that the participants understood and could perform the tasks.
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Behavioral Analysis. Performances in the scanner were analyzed by separately
submitting accuracy scores and reaction times to a 2 (Groups: CB vs. SI;
between-subjects factor) x 2 (Tasks: Spatial vs. Pitch; within-subjects factors)
repeated-measures ANOVA. Moreover, we also separately submitted the
auditory—spatial and auditory—pitch resolution level (calculated as the mean
gap separating the target from the probe for an entire run) to a simple
ANOVA with the factor Groups (Blind vs. Sighted) as a between-subjects
factor. A threshold of P < 0.05 was used for assessing the significance of the
results. Behavioral results are presented in S/ Text and show no differences
between groups.

fMRI Data Acquisition and Analysis. The fMRI series were acquired using a 3-T
TRIO TIM system (Siemens) equipped with a 12-channel head coil. Multislice
T2*-weighted fMRI images were obtained with a gradient echo-planar se-
quence using axial slice orientation [time to repetition (TR) 2,200 ms; time to
echo (TE) 30 ms; functional anisotropy (FA) 90°; 35 transverse slices; 3.2-mm
slice thickness; 0.8-mm interslice gap; field of view (FoV) 192 x 192 mm?;
matrix size 64 x 64 x 35; voxel size 3 x 3 x 3.2 mm?]. The four initial scans
were discarded to allow for steady-state magnetization.

. Rauschecker JP (1995) Compensatory plasticity and sensory substitution in the
cerebral cortex. Trends Neurosci 18:36-43.

. Bavelier D, Neville HJ (2002) Cross-modal plasticity: Where and how?
Neurosci 3:443-452.

. Grill-Spector K, Malach R (2004) The human visual cortex. Annu Rev Neurosci 27:
649-677.

4. Wandell BA, Dumoulin SO, Brewer AA (2007) Visual field maps in human cortex.
Neuron 56:366-383.

. Stevens AA, Snodgrass M, Schwartz D, Weaver K (2007) Preparatory activity in
occipital cortex in early blind humans predicts auditory perceptual performance. J
Neurosci 27:10734-10741.

. Kujala T, Alho K, Naatanen R (2000) Cross-modal reorganization of human cortical
functions. Trends Neurosci 23:115-120.

. Lewis LB, Saenz M, Fine | (2010) Mechanisms of cross-modal plasticity in early-blind
subjects. J Neurophysiol 104:2995-3008.

. Burton H, Sinclair RJ, Dixit S (2010) Working memory for vibrotactile frequencies:
Comparison of cortical activity in blind and sighted individuals. Hum Brain Mapp 31:
1686-1701.

. Collignon O, Voss P, Lassonde M, Lepore F (2009) Cross-modal plasticity for the spatial
processing of sounds in visually deprived subjects. Exp Brain Res 192:343-358.

10. Mishkin M, Lewis ME, Ungerleider LG (1982) Equivalence of parieto-preoccipital

subareas for visuospatial ability in monkeys. Behav Brain Res 6:41-55.

11. Haxby JV, et al. (1991) Dissociation of object and spatial visual processing pathways in
human extrastriate cortex. Proc Nat/ Acad Sci USA 88:1621-1625.

12. Goodale MA, Milner AD (1992) Separate visual pathways for perception and action.
Trends Neurosci 15:20-25.

13. Pietrini P, et al. (2004) Beyond sensory images: Object-based representation in the
human ventral pathway. Proc Nat/ Acad Sci USA 101:5658-5663.

14. Mahon BZ, Anzellotti S, Schwarzbach J, Zampini M, Caramazza A (2009) Category-
specific organization in the human brain does not require visual experience. Neuron
63:397-405.

15. Amedi A, et al. (2007) Shape conveyed by visual-to-auditory sensory substitution
activates the lateral occipital complex. Nat Neurosci 10:687-689.

16. Gougoux F, et al. (2009) Voice perception in blind persons: A functional magnetic
resonance imaging study. Neuropsychologia 47:2967-2974.

17. Collignon O, Lassonde M, Lepore F, Bastien D, Veraart C (2007) Functional cerebral
reorganization for auditory spatial processing and auditory substitution of vision in
early blind subjects. Cereb Cortex 17:457-465.

18. Ricciardi E, et al. (2007) The effect of visual experience on the development of
functional architecture in hMT+. Cereb Cortex 17:2933-2939.

19. Saenz M, Lewis LB, Huth AG, Fine |, Koch C (2008) Visual motion area MT+/\V/5
responds to auditory motion in human sight-recovery subjects. J Neurosci 28:
5141-5148.

20. Weeks R, et al. (2000) A positron emission tomographic study of auditory localization

in the congenitally blind. J Neurosci 20:2664-2672.

. Poirier C, et al. (2006) Auditory motion perception activates visual motion areas in
early blind subjects. Neuroimage 31:279-285.

22. Renier LA, et al. (2010) Preserved functional specialization for spatial processing in

the middle occipital gyrus of the early blind. Neuron 68:138-148.

23. Rauschecker JP, Tian B (2000) Mechanisms and streams for processing of “what” and
“where” in auditory cortex. Proc Nat/ Acad Sci USA 97:11800-11806.

24. Alain C, Arnott SR, Hevenor S, Graham S, Grady CL (2001) “What"” and “where” in the
human auditory system. Proc Nat/ Acad Sci USA 98:12301-12306.

25. Friston KJ, Penny W (2003) Posterior probability maps and SPMs. Neuroimage 19:
1240-1249.

26. Laurienti PJ, et al. (2002) Deactivation of sensory-specific cortex by cross-modal
stimuli. J Cogn Neurosci 14:420-429.

27. Lomber SG, Malhotra S (2008) Double dissociation of ‘what’ and ‘where’ processing in

auditory cortex. Nat Neurosci 11:609-616.

N

Nat Rev

w

5

o

~

00

©

2

=

4440 | www.pnas.org/cgi/doi/10.1073/pnas.1013928108

A structural T1-weigthed 3D magnetization prepared rapid gradient echo
sequence (voxel size 1 x 1 x 1.2 mm3; matrix size 240 x 256; TR 2,300 ms; TE
2.91 ms; TI 900 ms; FoV 256; 160 slices) was also acquired for all subjects.
Functional volumes were preprocessed and analyzed using SPM8 (http://
www.fil.ion.ucl.ac.uk/spm/software/spm8/; Welcome Department of Imaging
Neuroscience, London), implemented in MATLAB R2008a (Mathworks).
Preprocessing included the realignment of functional time series, the cor-
egistration of functional and anatomical data, a spatial normalization to an
echo planar imaging template conforming to the Montreal Neurological
Institute space, and a spatial smoothing (Gaussian kernel, 8 mm FWHM).

Details of the fMRI data analysis can be found in S/ Text.
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Behavioral Results. As expected, because of the use of a staircase
paradigm, no difference of performance was observed between
groups or between tasks (Fig. S1 B and C). Moreover, the simple
ANOVA testing the group effect on auditory—spatial and audi-
tory—pitch resolution level did not show a significant between-
group effect (Fig. S1D). In the pitch discrimination task, the
mean distance between the probe (1,000 Hz, central position)
and the target was 27 Hz (+17 Hz SD) in the sighted group and
16 Hz (+20 Hz) in the blind group. In the spatial discrimination
task, the mean distance between the probe (1,000 Hz, central
position) and the target was 276 ps interaural time difference
(ITD) and 2.76% interaural level difference (ILD) (+ 198 ps
ITD and 1.98% ILD) in the sighted group and 284 ps ITD and
2.84% ILD (%196 ps ITD and 1,96% ILD) in the blind group.

The lack of performance differences between the two groups
may seem puzzling at a first glance, especially regarding the
spatial task because several previous studies outlined superior
performance of the congenitally blind (CB) over sighted indi-
viduals (SI) for this ability (see ref. 1 for a recent review on the
topic). However, previous studies showing difference in perfor-
mance between CB and SI groups in spatial tasks have demon-
strated that such differences manifest when sounds are presented
monaurally (2, 3) or in the periphery (4). In the present exper-
iment, the spatial task required the lateralization of intracranial
sounds perceived along a line joining the two ears (Materials and
Methods, main text). These sounds lead to a near-centered in-
tracranial perceived location, roughly estimated to the foveal-
parafoveal border if we attempt to make a correspondence with
3D sounds (5). This strongly suggests that blind individuals use
subtle spatial cues more efficiently than sighted controls, par-
ticularly the spectral content of the sound, which is one of the
principal remaining cues for localizing a source under a monau-
ral listening condition or for the localization of sounds in the
periphery (6). However, in the present experiment intracranial
sound locations were obtained by jointly adjusting the ITD and
ILD of pure tone. No head-related transfer function, which in-
cludes spectral cues, was used because people only had to judge
the location of sounds along the azimuth coordinate. Indeed, our
absence of better performance in the CB group may be related to
this absence of spectral content in the sounds used in the present
experiment.

Functional MRI Analysis. The analysis of functional MRI (fMRI)
data, based on a mixed-effects model, was conducted in two serial
steps, accounting respectively for fixed and random effects. For
each subject, changes in brain regional responses were estimated
by a general linear model including the responses to the pitch and
spatial conditions. These regressors consisted of boxcar function
convolved with the canonical hemodynamic response function.
The instruction preceding each block, movement parameters
derived from realignment of the functional volumes (translations
inx, y, and z directions and rotations around x, y, and z axes) and
a constant vector were also included as covariates of no interest.
High-pass filtering was implemented in the design matrix using
a cutoff period of 128 s to remove slow drifts from the time series.
Serial correlations in fMRI signal were estimated using an
autoregressive (order 1) plus white-noise model and a restricted
maximum likelihood algorithm.

Linear contrasts tested the main effect of each condition
([Pitch], [Spatial], [Spatial > Pitch], and [Pitch > Spatial]) and
the main effect of general auditory processing ([Spatial + Pitch])
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and generated statistical parametric maps [SPM(T)]. These
summary statistics images were then further spatially smoothed
(Gaussian kernel 6 mm FWHM) and entered in a second-level
analysis, corresponding to a random-effects model, accounting
for intersubject variance. One-sample ¢ tests characterized the
main effect of conditions ([Pitch], [Spatial], [Spatial > Pitch],
and [Pitch > Spatial]) in SI and CB groups separately. A con-
junction analysis based on a conjunction null hypothesis charac-
terized brain areas jointly activated for the contrasts [Spatial >
Pitch] and [Pitch > Spatial] in both groups (CI and SI). Two-
sample ¢ tests were then performed to identify group effects in-
dependent of the condition ([CB > SI] x [Spatial + Pitch]) and to
explore group X condition interaction effects ([CB > SI] x [Pitch
> Spatial] and [CB > SI] x [Spatial > Pitch]). Two-sample ¢ tests
were also performed to investigate group effect for each condi-
tion separately ([CB > SI] x [Spatial]; [CB > SI] x [Pitch]; [SI >
CB] X [Spatial]; [SI > CB] x [Pitch]; see Table S5). Main effects
of condition in each group were used as inclusive or exclusive
masks to identify which group was driving the interaction effects.

The resulting set of voxel values for each contrast constituted
a map of the ¢ statistic [SPM(T)], thresholded at P < 0.001 (un-
corrected for multiple comparisons; Z threshold of 3.09). Statis-
tical inferences were performed at a threshold of P < 0.05 after
correction for multiple comparisons over either the entire brain
volume or over small spherical volumes (10-mm radius), located
in structures of interest. Significant clusters were anatomically la-
beled using structural neuroanatomy information and probabilistic
cytoarchitectonic maps provided in Anatomy Toolbox 1.7b (7) or
using a brain atlas for brain regions not covered by this toolbox (8).

Psychophysiological interaction (PPI) analyses (9) were com-
puted to identify any brain regions showing a significant change
in the functional connectivity with a seed region (the right cu-
neus, the right middle occipital gyrus, the right middle occipito-
temporal gyrus, and the right lingual gyrus) as a function of the
experimental condition ([Spatial, Pitch]) in the CB group. In-
deed, PPI analyses were conducted to test the hypothesis that
functional connectivity between seed regions and the rest of the
brain not only differed between conditions (Spatial vs. Pitch) but
was also influenced by the experimental group (CB or SI). In
each individual, time-series of activity from the seed area were
extracted from the local maxima detected within 10 mm of the
peaks identified in the [CB > SI] x [Spatial > Pitch] contrast.
New linear models were generated at the individual level, using
three regressors. One regressor represented the condition (Spatial
> Pitch). The second regressor was the activity extracted in the
reference area. The third regressor represented the interaction of
interest between the first (psychological) and the second (physi-
ological) regressor. To build this regressor, the underlying neu-
ronal activity was first estimated by a parametric empirical Bayes
formulation, combined with the psychological factor and sub-
sequently convolved with the hemodynamic response function
(10). The design matrix also included movement parameters. A
significant PPI indicated a change in the regression coefficients
between any reported brain area and the reference region, re-
lated to the experimental condition (Spatial > Pitch) in CB. Next,
individual summary statistic images obtained at the first level
(fixed-effects) analysis were spatially smoothed (6-mm FWHM
Gaussian kernel) and entered in a second-level (random-effects)
analysis using a one-sample ¢ test. Inferences were conducted as
for the main-effect analysis. PPI carried out in the SI with the
same seed areas were used as exclusive masks (P = 0.05) to
ensure that the pattern of functional connectivity with the seeds
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areas that is present in CB is not present in SI. These analyses
allow exploration of the functional connectivity between any
seed area and the rest of the brain, in CB, during Spatial sound
processing compared with Pitch processing.

Finally, in the random-effects analyses, posterior probability
maps (PPMs) enabling conditional or Bayesian inferences about
regionally specific effects were performed (11). PPMs represent
a powerful complementary approach to classic statistical para-
metric maps inferences (11). This type of analysis allows con-
trolling that one seed area activated in one group (CB) presents
a low probability of activation in the other group (SI). This is of
particular interest in the case of the present study because it
gives a direct measurement of the intrinsic probability of acti-
vation in SI of regions showing significantly more activity in CB
than SI. PPMs and effect size were computed for the contrasts
[Spatial + Pitch] and [Spatial > Pitch] in the CB group to verify
that seed areas (using 10-mm volume of interest around activa-
tion peaks) obtained with [CB > SI] in these contrasts (the right
middle occipital gyrus, the left calcarine gyrus, and the left middle
occipital gyrus for [Spatial+Pitch]; the right cuneus, the right
middle occipital gyrus, and the right lingual gyrus for [Spatial >
Pitch]) have a low probability of activation in the SI group.

Coordinates of Areas of Interest Used for Spherical Small-Volume
Corrections. Literature reporting brain activations related to
auditory—pitch or auditory—spatial processing in blind and
sighted subjects was considered for selecting coordinates of in-
terest, depending of the contrast of interest. Before performing
any small-volume correction (svc), peaks reported in Talairach
(Talairach and Tournoux, 1988) space were transformed to
Montreal Neurological Institute space using Matthew Brett’s bi-
linear transformation (http://imaging.mrc-cbu.cam.ac.uk/imaging/
MniTalairach; no coordinates were shifted more than 5 mm).
Standard stereotactic coordinates of previously published a priori
locations, used for spherical svc, are as follows:

. Collignon O, Voss P, Lassonde M, Lepore F (2009) Cross-modal plasticity for the spatial
processing of sounds in visually deprived subjects. Exp Brain Res 192:343-358.

2. Lessard N, Paré M, Lepore F, Lassonde M (1998) Early-blind human subjects localize
sound sources better than sighted subjects. Nature 395:278-280.

3. Gougoux F, Zatorre RJ, Lassonde M, Voss P, Lepore F (2005) A functional neu-
roimaging study of sound localization: Visual cortex activity predicts performance in
early-blind individuals. PLoS Biol 3:e27.

4. Roder B, et al. (1999) Improved auditory spatial tuning in blind humans. Nature 400:

162-166.
. Blauert J (1997) Spatial Hearing: The Psychophysics of Human Sound Localization (MIT
Press, Cambridge, MA).
6. Van Wanrooij MM, Van Opstal AJ (2004) Contribution of head shadow and pinna cues
to chronic monaural sound localization. J Neurosci 24:4163-4171.
7. Eickhoff SB, et al. (2007) Assignment of functional activations to probabilistic
cytoarchitectonic areas revisited. Neuroimage 36:511-521.
8. Mai J, Patxinos G, Voss T (2007) Atlas of the Human Brain (Elsevier, New York),
3rd Ed.
9. Friston KJ, et al. (1997) Psychophysiological and modulatory interactions in neuroimaging.
Neuroimage 6:218-229.

10. Gitelman DR, Penny WD, Ashburner J, Friston KJ (2003) Modeling regional and
psychophysiologic interactions in fMRI: The importance of hemodynamic deconvolution.
Neuroimage 19:200-207.

11. Friston KJ, Penny W (2003) Posterior probability maps and SPMs. Neuroimage 19:
1240-1249.

12. R&maé P, et al. (2004) Dissociable functional cortical topographies for working memory
maintenance of voice identity and location. Cereb Cortex 14:768-780.

13. Weeks RA, et al. (1999) A PET study of human auditory spatial processing. Neurosci
Lett 262:155-158.

14. Paus T (1996) Location and function of the human frontal eye-field: A selective
review. Neuropsychologia 34:475-483.

15. Garg A, Schwartz D, Stevens AA (2007) Orienting auditory spatial attention engages
frontal eye fields and medial occipital cortex in congenitally blind humans.
Neuropsychologia 45:2307-2321.

16. Poirier C, et al. (2005) Specific activation of the V5 brain area by auditory motion
processing: An fMRI study. Brain Res Cogn Brain Res 25:650-658.

17. Bushara KO, et al. (1999) Modality-specific frontal and parietal areas for auditory and
visual spatial localization in humans. Nat Neurosci 2:759-766.

18. Griffiths TD, et al. (1998) Right parietal cortex is involved in the perception of sound

movement in humans. Nat Neurosci 1:74-79.

w

Collignon et al. www.pnas.org/cgi/content/short/1013928108

Frontal locations.

Right superior frontal gyrus: 3, 2, 52 (12), 34, -2, 36 (13), 36, 0,
40 (13); frontal eye fields: x right from 20 to 41, left from —40 to
—18; y from —17 to 11; z from 40 to 61 (14, 15); right middle
frontal gyrus: 48, 34, 28 (16), 30, 50, 20 (16), 44, 16, 28 (17); left
middle frontal gyrus: —38, 52, 10 (16), —42, 44, -2 (17); right
inferior frontal gyrus: 48, 11, 04 (12), 34, 28, —02 (16).

Parietal locations.

Bilateral inferior parietal lobule: 66, —26, 26 (18), 42, —43, 48
(18), 50, —33, 47 (19), 46, —44, 36 (13), 42, —43, 48 (20), 61, —27
44 (21), =52, =24, 36 (13), 25, —45, 39 (22); right intraparietal
sulcus: 42, —43, 48 (20); right superior parietal lobule: 26, —66,
54 (17), right precuneus: 8, —55, 60 (17).

Temporal locations.

Right posterior superior temporal gyrus: 62, =25, 3 (23), 60,
—21, 2 (22); right middle temporal gyrus: —56, —19, =5 (24), 44,
=72, =2 (25); right inferior temporal region: 57, —07, —25 (21);
left superior temporal gyrus: —53, —20, 06 (22), —40, =32, 12
(26); left middle temporal gyrus: —37, =25, 05 (22); left planum
polare: —48, —6, —14 (27).

Insula.

Left insula: —42, 2, 10 (28), —30, 20, 10 mm (29), —36, —18, 18
(30), —29, -3, 18 (30).

Putamen.

Left putamen: -22, 0, 11 (30).

Occipital locations.

Right middle lateral occipito-temporal gyrus: 48, =56, 6 (25),
46, —64, 17 (3), 44, =77, =2 (31); right cuneus: 22, —76, 24 (32),
24, =76, 24 (33), 3, —83, 12 (3); right lingual gyrus: 15, =73, —6
(3), 40, —68, —4 (32); right occipito-parietal junction: 12, —76,
37 (34).

Cerebellum.

Right cerebellum: 15, —64, —50 (35), 30, —54, —15 (30); left
cerebellum: —20, —59, —-21 (30).

19. Zatorre RJ, Bouffard M, Belin P (2004) Sensitivity to auditory object features in human
temporal neocortex. J Neurosci 24:3637-3642.

20. Voss P, Gougoux F, Zatorre RJ, Lassonde M, Lepore F (2008) Differential occipital
responses in early- and late-blind individuals during a sound-source discrimination
task. Neuroimage 40:746-758.

. Maeder PP, et al. (2001) Distinct pathways involved in sound recognition and
localization: a human fMRI study. Neuroimage 14:802-816.

22. Alain C, Arnott SR, Hevenor S, Graham S, Grady CL (2001) “What” and “where” in the

human auditory system. Proc Nat/ Acad Sci USA 98:12301-12306.

23. Zatorre RJ, Evans AC, Meyer E (1994) Neural mechanisms underlying melodic
perception and memory for pitch. J Neurosci 14:1908-1919.

24. Kiehl KA, Laurens KR, Duty TL, Forster BB, Liddle PF (2001) Neural sources involved in
auditory target detection and novelty processing: an event-related fMRI study.
Psychophysiology 38:133-142.

25. Poirier C, et al. (2006) Auditory motion perception activates visual motion areas in
early blind subjects. Neuroimage 31:279-285.

26. Poeppel D, et al. (2004) Auditory lexical decision, categorical perception, and
FM direction discrimination differentially engage left and right auditory cortex.
Neuropsychologia 42:183-200.

27. Barrett DJ, Hall DA (2006) Response preferences for “what” and “where” in human
non-primary auditory cortex. Neuroimage 32:968-977.

28. Hall DA, Plack CJ (2009) Pitch processing sites in the human auditory brain. Cereb
Cortex 19:576-585.

29. Renier LA, et al. (2009) Multisensory integration of sounds and vibrotactile stimuli in
processing streams for “what” and “where"”. J Neurosci 29:10950-10960.

30. Peck KK, et al. (2009) Event-related functional MRI investigation of vocal pitch

variation. Neuroimage 44:175-181.

. Tootell RB, et al. (1995) Functional analysis of human MT and related visual cortical
areas using magnetic resonance imaging. J Neurosci 15:3215-3230.

32. Weeks R, et al. (2000) A positron emission tomographic study of auditory localization

in the congenitally blind. J Neurosci 20:2664-2672.

33. Haxby JV, et al. (1994) The functional organization of human extrastriate cortex: A PET-
rCBF study of selective attention to faces and locations. J Neurosci 14:6336-6353.

34. Weaver KE, Stevens AA (2007) Attention and sensory interactions within the occipital
cortex in the early blind: an fMRI study. J Cogn Neurosci 19:315-330.

35. Zimmer U, Lewald J, Erb M, Grodd W, Karnath HO (2004) Is there a role of visual
cortex in spatial hearing? Eur J Neurosci 20:3148-3156.

36. Oldfield RC (1971) The assessment and analysis of handedness: The Edinburgh
inventory. Neuropsychologia 9:97-113.

2

=

3

=

20f7


http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach
http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach
www.pnas.org/cgi/content/short/1013928108

PNAS

Global processing of sounds [Spatial + Pitch]

Sighted Blind B Deactivations
Activations

Right Middle Occipital Gyrus
[x= 28, y=-82, z = 4]

*

Activity estimates (a.u. +/- SD)

Sighted Blind

Fig. S1. Activations (yellow) and deactivations (blue) obtained on contrasts testing the main effects of global sound processing [Spatial + Pitch] in both groups
separately. Functional data are displayed (Pyncorrected < 0.001) over coronal and horizontal sections of the mean structural image of all blind subjects and of all
sighted subjects respectively normalized to the same stereotactic space. Right: Mean activity estimates (arbitrary unit + SEM) associated with sound processing
[Spatial + Pitch] in the sighted and the blind groups for peak activation and peak deactivation estimates in the right middle occipital gyrus in both groups
separately. One can see that this region is strongly activated in blind subjects, whereas it shows deactivation in sighted subjects.
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Fig. S2. Experimental design and behavioral results. (A) fMRI acquisition design. Performance in the scanner is illustrated by the accuracy scores (B) and the
reaction times (C) in both tasks, as well as by the spatial and the pitch difficulty level (D) of these tasks. No between-group or between-task effects were found
to be significant.
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Table S1. Functional results for the main effect of condition ([Pitch > Spatial] and [Spatial > Pitch]) in conjunction in

each group (SI and CB)

Area Cluster size x (mm) y (mm) z (mm) V4 P

Conjunction [CB n SI] x [Spatial — Pitch]
R superior frontal gyrus 1,308 32 0 48 5.34 0.002*
R middle occipito-temporal gyrus 690 48 -54 10 5.31 0.000
R inferior parietal lobule 1,444 52 -40 30 495 0.005
R middle frontal gyrus 340 40 56 16 4.29 0.001
R precuneus-superior parietal lobule 385 4 -52 60 4.23 0.001
L inferior frontal gyrus 64 -40 50 -6 3.58 0.01
R insula-R inferior frontal gyrus 107 46 22 -8 3.54 0.024
R middle frontal gyrus 32 44 06 30 3.30 0.025

Conjunction [CB n SI] x [Pitch — Spatial]
R anterior inferior temporal gyrus 35 44 0 -32 4.24 0.024
L anterior planum polare 405 -24 4 -20 415 0.013
L inferior frontal gyrus/insula 90 -46 06 04 4.12 0.002
L posterior middle temporal gyrus 207 -42 -36 02 412 0.006
L precentral gyrus 75 -38 -24 66 3.41 0.016
L middle temporal gyrus 21 -48 =22 -12 3.31 0.034

Brain activations significant after correction over the entire volume (*) or over small volume of interest (svc). R, right; L, left.

Table S2. Summary of the PPl analyses (functional connectivity analyses) performed on the
[Spatial > Pitch] contrast in CB

Seed area for PPl analyses in CB Cluster size x (mm) y (mm) z (mm) V4 P

Right cuneus

R superior frontal gyrus 31 18 -12 60 3.87 0.005
— 22 -18 70 3.26 0.028
L superior frontal gyrus 84 -14 -10 64 3.86 0.006
R inferior parietal lobule 25 58 -30 54 3.49 0.021
— 64 -24 46 3.26 0.027
R middle frontal gyrus 7 56 22 36 3.45 0.037
L inferior parietal lobule 34 -64 -24 40 3.34 0.028
L inferior parietal lobule 7 —-66 -22 30 3.23 0.029
R middle frontal gyrus 1 50 38 26 3.13 0.037
R inferior parietal lobule 1 30 -38 40 3.1 0.038
Right lateral occipital gyrus
R inferior parietal lobule 29 32 -38 38 3.71 0.013
L superior frontal gyrus 66 -16 -12 58 3.70 0.010
R cuneus 42 14 -84 38 3.58 0.014
R cerebellum 17 14 -72 -44 3.26 0.027
Right middle occipito-temporal gyrus
R inferior frontal gyrus 14 52 10 6 3.24 0.026
R superior frontal gyrus 6 6 6 60 3.21 0.028
R supramarginal gyrus 8 36 -40 42 3.18 0.030
Right lingual gyrus
R inferior parietal lobule 26 32 -34 42 34 0.038

Brain activations significant after correction over small volume of interest (svc). All of the clusters reported in
the table are not affected by an exclusive mask (P = 0.05) of the PPI carried out in the sighted subjects with the
same seeds areas, further indicating that the reported regions present a pattern of functional connectivity with
the seeds areas that is present on CB but not on SI. R, right; L. left.
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Table S3. Small-volume correction analysis done around the Montreal Neurological Institute
coordinate 44, —77, —2, identified as hMT+/V5 by Tootel et al. (1) and coordinate 24, —76, 24,
identified as a visuospatial region by Haxby et al. (2)

Coordinates

Subjects Cluster size x (mm) y (mm) z (mm) V4 P

hMT+//5 (44, =77, -2)
CB1 8 46 —66 -12 3.56 0.041
CB2 629 44 -72 12 >8 0.000
CB3 1,255 44 —-66 -2 >8 0.000
CB4 42 48 —-66 8 4.32 0.003
CB5 4 52 -64 2 4.16 0.007
CB6 — — — — — —
CB7 249 36 -76 -10 4.86 0.000
CB8 48 40 -76 -2 3.82 0.021
CB9 245 48 -74 12 4.26 0.004
CB10 27 52 -70 8 4.2 0.004
CB11 — — — — — —

V3/V3A (24, -76, 24)
CB1 264 22 -84 34 5.53 0.000
CB2 678 18 -70 34 6.72 0.000
CB3 1305 24 -86 20 >8 0.000
CB4 4 28 -78 38 3.46 0.05
CB5 673 24 -84 36 7.25 0.000
CB6 — — — — — —
CB7 260 16 -74 26 5.45 0.000
CB8 40 32 -88 22 3.57 0.000
CB9 372 38 -80 26 5.76 0.000
CB10 176 36 -82 18 5.3 0.000
CB11 48 22 —66 16 3.67 0.033

Brain activations significant after correction over small spherical volume of interest (15-mm radius), centered

on the above-mentioned coordinates.

Table S4. Characteristics of the blind subjects

1. Tootell RB, et al. (1995) Functional analysis of human MT and related visual cortical areas using magnetic resonance imaging. J Neurosci 15:3215-3230.
2. Haxby JV, et al. (1994) The functional organization of human extrastriate cortex: A PET-rCBF study of selective attention to faces and locations. J Neurosci 14:6336-6353.

Residual visual Musical
Subject Age (y) Sex Hand perception Onset Cause of blindness Education experience
CB1 32 F R No 0 Glaucoma High school No
CB2 43 M R No 0 Glaucoma University Yes
CB3 39 M R Diffuse light 0 Leber’s congenital amaurosis University No
CB4 56 F R No 0 Retinopathy of prematurity High school No
CB5 38 M R No 0 Detached retina High school Yes
CB6 31 F R No 0 Bilateral Retinoblastoma High school No
CB7 26 M R No 0 Leber’s congenital amaurosis University Yes
CB8 30 M R No 0 Bilateral retinoblastoma High school Yes
CB9 46 M R No 0 Congenital Cataract University Yes
CB10 40 M R No 0 Retinopathy of prematurity University Yes
CB11 27 F R No 0 Retinopathy of prematurity High school No

Handedness was evaluated using an adapted version of the Edinburgh inventory (1). CB and Sl were classified as “musician” if they currently practice or have
practiced an instrument or vocal for more than 2 y on a regular basis (at least 2 h a week). M, male; F, female; R, right handed; L, left handed; A, ambidextrous.

1. Oldfield RC (1971) The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia 9:97-113.
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Table S5. Brain activations (P < 0.001, uncorrected) related to the main effects observed in our tasks

Area Cluster size x (mm) y (mm) z (mm) V4
Task effect [Spatial > Pitch]
Sighted
R inferior parietal lobule 426 68 -32 38 4.27
— 62 -42 48 3.89
— 52 -40 32 3.85
R precentral gyrus 64 32 0 48 3.53
R middle occipito-temporal gyrus 28 48 -54 10 3.50
R middle frontal gyrus 15 34 60 8 3.25
Blind
R middle occipital gyrus 3,179 50 -52 6 5.22*
— 50 -64 10 4.78*
— 12 -80 22 4.1
R inferior parietal lobule 283 36 -40 40 3.94
R superior frontal gyrus 43 24 10 68 3.72
R middle frontal gyrus 254 34 2 52 3.66
— 46 -2 52 3.38
R lingual gyrus 68 24 -66 -2 3.33
Task effect [Pitch > Spatial]
Sighted
R central sulcus 128 58 -10 50 4.67*
R posterior superior temporal gyrus 287 46 -30 -6 4.45
R anterior inferior temporal cortex 171 44 -4 -32 3.96
L insula 647 -42 =24 22 3.96
L putamen — -20 6 10 3.56
L inferior frontal gyrus (opercular part) 61 -58 -8 16 3.74
L middle/superior temporal gyrus 221 -52 -36 4 3.73
R cerebellum 31 28 =72 -34 3.43
L cerebellum 20 -26 -54 -18 3.35
Blind
No significant responses
Group effect [Blind > Sighted]
Spatial
R lateral occipital gyrus 11,950 32 -80 -2 6.06*
L calcarine — -6 -86 6 4.96*
R lateral occipital gyrus — 46 -64 8 4.70*
Pitch
L calcarine 5,474 -6 -84 2 4.95*%
L superior occipital gyrus — -20 -78 30 4.90*
R lateral occipital gyrus — 26 -82 4 4.73*
Group effect [Sighted > Blind]
Spatial
R middle temporal gyrus 58 64 -8 -14 4.43
R hippocampus 67 24 -22 -10 4.05
R angular gyrus 202 50 -62 38 3.95
Pitch
R angular gyrus 50 46 -64 46 4.16
R hippocampus 12 26 -40 -4 3.26
Main effects separately
Spatial in sighted
L premotor/motor cortex 5,924 -34 -10 52 5.69*
R superior temporal gyrus (A1) 1,119 66 -26 12 5.14*
R cerebellum 939 12 -72 20 5.05*
L superior temporal gyrus (A1) 903 —64 -18 12 4.3
R cerebellum 116 22 -62 -50 4.02
L cerebellum 68 -24 -64 -50 3.66
L cerebellum 132 -28 -64 -26 3.66
L inferior parietal lobule 12 -48 -38 56 3.27
Pitch in sighted
L premotor/motor cortex 7,081 -6 8 54 5.88*
R cerebellum 1,607 34 —-64 26 5.17*
R superior temporal gyrus (A1) 1,227 64 -26 10 5.11%
R inferior frontal gyrus 387 58 14 20 4.56
R precentral gyrus 399 56 2 48 4.31
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Table S5. Cont.

L T

Area Cluster size x (mm) y (mm) z (mm) Z
R cerebellum 113 22 -64 -50 3.95
L cerebellum 165 -28 -62 =24 3.75
L thalamus/putamen 247 -14 -16 6 3.68
L cerebellum 12 =22 -64 -50 3.23
Spatial in blind
L cuneus/primary visual cortex (V1) 14,966 -6 -86 6 6.27*
"‘ L premotor/motor cortex 8,929 -34 -10 52 5.86*
L intraparietal sulcus — -38 -42 48 5.15*%
’:.‘ R superior temporal gyrus (A1) 1,561 64 -26 10 5.69*
L superior temporal gyrus (A1) 1,511 -60 -32 12 4.96*
R intraparietal sulcus 398 42 -40 44 4.36
R superior frontal gyrus 181 38 38 28 4.06
L brainstem 21 -6 -22 -8 3.81
R superior parietal lobule 98 30 -56 54 3.45
R brainstem 5 6 -22 -10 3.33
Pitch in blind
L cuneus/primary visual cortex (V1) 10,453 -6 -84 4 6.26*
L premotor/motor cortex 7,581 -12 -2 62 6.08*
R superior temporal gyrus (A1) 1,624 64 -26 10 5.89*
L superior temporal gyrus (A1) 1,884 -58 -32 12 5.66*
L occipito-temporal gyrus 532 —44 -62 6 4.54
R occipito-temporal gyrus 252 46 -60 6 4.48
R insula 251 32 20 6 4.2
R inferior frontal gyrus 463 58 12 8 4.1
R intraparietal sulcus 81 42 -36 42 3.6
R superior frontal gyrus 22 36 38 28 3.48
L thalamus 26 -14 -16 6 3.39

*Significant after correction over the entire volume at P < 0.05.
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