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Individuals who are congenitally deprived of a sense Similar results have been obtained in congenitally deaf
often exhibit considerable brain plasticity. Work on con-  individuals. Studies with congenitally deaf nonhuman

genital blindness has demonstrated remarkable changes animals have shown extensive compensatory and cross-
both in neural processing and in cognitive performance

for nonvisual information. For instance, blind individuals

show finer auditory pitch and tactile discrimination than

sighted individuals (e.g., Gougoux et al., 2004; Van

Boven, Hamilton, Kauffman, Keenan, & Pascual-Leone,

2000). Moreover, putative visual occipital regions are

recruited in blind individuals for nonvisual processing,

such as braille reading (e.g., Sadato et al., 1996).
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2006; Krl, Schroder, Klinke, & Engel, 2003; Meredith &
Lomber, 2011). In fact, some of these visually responsive
neurons present response patterns characteristic of neu-
rons within visual cortex (e.g., direction selectivity; e.g.,
Meredith & Lomber, 2011). Moreover, Lomber, Meredith,
and Kral (2010; see also Meredith et al., 2011) showed
that deaf cats are better than hearing cats in visual-
localization and motion-detection tasks, and that these
compensatory behaviors are dependent on certain struc-
tures of the auditory cortex.

Work on congenitally deaf humans has produced
somewhat converging, albeit much less conclusive,
results. For instance, deaf individuals are better than
hearing individuals at detecting visual stimuli presented
in the visual periphery (e.g., Neville & Lawson, 1987a;
Reynolds, 1993) and discriminating and detecting visual
motion (e.g., Bavelier et al., 2000; Bosworth & Dobkins,
2002; Neville & Lawson, 1987a). These individuals also
demonstrate heightened tactile sensitivity (Levanen &
Hamdorf, 200athe audince,esitivity(wson,)20J 0.28 1). Mo(Lo ()]TJ O0.putng 0 -1.2 T (te)5 (x.)]TJ 0.32res of th24suares 10 s
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collecting functional data, we acquired a high-resolution
3-D structural data set with a 3-D magnetization-prepared
rapid-acquisition gradient echo sequence in the sagittal
plane—repetition time (TR) = 2,530 ms, echo time (TE) =
3.39 ms, flip angle = 7°, matrix size = 256 x 256, voxel
size = 1.33 x 1 x 1.33 mm, 144 slices, acquisition time =
8.07 min. An echo-planar image sequence was used to
collect functional data (TR = 2,000 ms, TE = 30 ms, flip
angle = 90°, matrix size = 64 x 64, voxel size = 3.125 x
3.125 x 4 mm, 33 slices, interslice distance = 4.6 mm, slice
orientation = axial).
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between-groups classifiers. Within-groups classifiers
were trained and tested with data from participants of the
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2 patrticipants from that group; between-groups classifi-
ers were trained on data from 8 participants from one
group and tested over data from 2 participants from the
other group.

Our results showed that successful classification in
auditory cortex depended on the learning and testing
sets used for classification. Classifiers that learned from or

were tested with input from hearing participants were
not able to reliably decode the location of a visual stimu-
lus (see Fig. 3), which indicates that activity in auditory
cortex in hearing participants does not contain reliable
information about where a stimulus was presented. The
within-groups classification in auditory cortex (bilater-
ally) of deaf individuals was, however, significantly better
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than chance (27.47%; uppetboundary 99% confidence
interval for chance level: 26.82%; see Fig. 3a). This above-
chance classification accuracy seems to have been driven
more by decoding of the horizontal location (left vs. right)
than the vertical location (up vs. down). Classification
performance in auditory cortex for right/left classification
was 57.61% (upper-boundary 99.9999% confidence inter
val for chance level: 57.24%) and 49.28% for up/down
(upper-boundary 99% confidence interval for chance
level: 54.22%; see Fig. 3b). These above-chance perfor
mances were obtained only for data from bilateral audi-
tory cortex and not for unilateral analysis for data from
left or right auditory cortex.

Finally, the within-groups classification between the
innermost and outermost locations of the annuli stimuli
in deaf individuals was also above chance for data from
the right auditory cortex (and not for the left or bilateral
auditory cortex; performance with data from right audi-
tory cortex: 54.97%; upper-boundary 99.999% confidence
interval for chance level: 54.96%). This means that beyond
information on quadrant location (for the wedge stimuli),
the patterns of activity within auditory cortex of congeni-
tally deaf individuals contain information about whether
a stimulus was presented centrally or in the visual periph-
ery. As expected, classification accuracies for neural pat-
terns arising from V1 were near ceiling regardless of the
learning or testing set used (see Figs. 3c and 3d for clas-
sification accuracy in V1).

Whole-brain searchlight MVPA
of visual field location in the
congenitally deaf

We also performed a whole-brain searchlight analysis to
identify other areas that contain information that could
be used to decode locations within the horizontal plane
and the vertical plane (for wedge stimuli), as well as
between locations in the center and periphery of the
visual field (for annuli), in both our deaf and hearing
groups. Figure 4 showsz maps for the three classification
conditions (left vs. right, up vs. down, and center vs.
periphery); a z value above 3.9 corresponds to a p value
equal to or less than .0001. In this analysis, we tested
only within-groups classification (e.g., training and test-
ing on deaf participants).

Not surprisingly, classifying locations within the hori-
zontal or vertical plane, or between central and periph-
eral positions, could be performed within visual occipital
cortex of both deaf and hearing individuals. There were,
however, other areas beyond occipital cortex where the
location of a stimulus in the visual field could be success-
fully decoded. Peripheral versus central stimuli locations
could be decoded using data from superior parietal
regions for both deaf and hearing participants, although

this effect was more widespread for hearing than deaf
participants. This classification was also reliably above
chance in right superior and lateral temporal regions
(e.g., around the auditory cortex) for deaf but not hear-
ing participants (Fig. 4a). Decoding locations within the
horizontal plane was possible within left parietal regions
and right superior temporal and temporo-parietal regions
(around the auditory cortex) for deaf individuals (Fig.
4b). In hearing participants, decoding could be per
formed in bilateral anterior temporal regions and in the
right superior posterior temporal sulcus (Fig. 4b). Finally,
it was possible to decode locations within the vertical
plane in a more limited set of areas beyond occipital cor
tex and mainly for deaf individuals, in particular within
bilateral temporal regions (Fig. 4c).

Discussion

In the experiment reported here, we showed that the
auditory cortex of congenitally deaf individuals contains
reliable information about the location of a stimulus in
the visual field. We found that the fMRI patterns in the
auditory cortex (bilaterally) of congenitally deaf individu-
als can be used to decode the position of a stimulus,
especially along the horizontal plane. Using patterns of
activation in the right auditory cortex of deaf individuals,
we were also able to decode whether a stimulus was
presented in central or peripheral vision. Moreover,
whole-brain decoding results confirmed the importance
of temporal regions (mainly in the right hemisphere) for
decoding peripheral and horizontal locations in the deaf.
The implication of our results is that congenital deaffer
entiation of the auditory cortex leads to a remapping of
visual information and that along with this remapping,
the content of the representations stored within the neu-
roplastically changed auditory cortex may follow dimen-
sions that are typically seen in visual cortex. In particular,
we showed that one of the most ubiquitous visual
properties—stimulus location in the visual field—can be
decoded from the representations in the auditory cortex
of congenitally deaf individuals.

The differential hemispheric contribution reported
here for periphery versus center and left versus right may
be suggestive of aspects of neuroplasticity specifically
concerned with periphery versus center (potentially
associated with attentional processes and which differen-
tially depend on the right hemisphere) and aspects of
neuroplasticity that focus on the horizontal dimension
and depend on the processing taking place within both
hemispheres. Whole-brain searchlight analyses also sug-
gested that multisensory and attentional networks (e.g.,
around superior parietal cortex) may be important for the
representation of center versus periphery locations in
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of the horizontal plane in deaf participants. This could be
in line with the proposal that some of the neuroplastic
effects within congenitally deaf individuals are due to a
heightened ability to allocate attention to peripheral
visual locations (e.g., Bavelier et al., 2000).

Our data are in line with those from research on visual
responses within putative auditory cortex of deaf nonhu-
man mammals. The auditory cortex of these animals
responds to visual and somatosensory information (e.g.,
Hunt et al., 2006; Kral et al., 2003; Meredith & Lomber,
2011). These cortices inherit properties typical of visual
neurons. For instance, they seem to cover the contralat-
eral visual field and code for direction of motion and
velocity (Meredith & Lomber, 2011). In fact, Roe, Pallas,
Hahm, and Sur (1990) showed that the auditory cortex of
newborn ferrets, in which the projections of retinal cells
were surgically rerouted onto an auditory thalamic
nucleus, show response patterns to visual stimulation
similar to those observed in primary visual cortex. Most
important, neurons within the auditory cortex seem to
represent the visual field in a systematic way (Roe et al.,
1990; but see Meredith & Lomber, 2011). Hence, the data
herein regarding the representation of visual space in the
human auditory cortex converge with extant animal data.
Our findings raise the intriguing possibility that visual
responses in the auditory cortex of the congenitally deaf
could follow a systematic organization similar to what is
observed within visual cortex (i.e., retinotopy). Evidence
for such deep reorganization of the cortical surface under
congenital sensory deprivation in humans has been dem-
onstrated in blind individuals (Watkins et al., 2013).
Watkins and collaborators showed systematic representa-
tions of different sound frequencies within visual cortex.
While no such evidence has been reported for the audi-
tory cortex of congenitally deaf humans, as noted previ-
ously, there is some evidence within the animal model
for such organization (e.g., Roe et al., 1990). Regardless,
it may nevertheless be the case that our findings are
driven by a rudimentary type of organization in the audi-
tory cortex of deaf individuals of visual stimulation along
the horizontal plane. Thus, an important question to be
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the sensol cortices may be what the system exploits
under sensorial deprivation, thus facilitating the emer
gence of the neuroplastic changes presented here.

An important question for understanding the results of
our experiment is related to the potential role that sign-
language proficiency may play on the capacity of the
auditory cortex of the congenitally deaf to represent
visual content. Our two groups of participants differed
not only on their hearing capacity, but also in their profi-
ciency in using sign language—deaf individuals were
proficient in using sign language, whereas hearing par
ticipants here not. Extant data on visual processing under
deafness strongly suggests, however, that the majority of
effects indicating visual processing in the auditory cortex
of congenitally deaf individuals are due to auditory depri-
vation rather than to the use of sign language (e.g., Fine,
Finney, Boynton, & Dobkins, 2005; for similar results, see
also Bavelier et al., 2000; Neville & Lawson, 1987b).

Another outstanding issue concerns how visual infor
mation reaches the auditory cortex of congenitally deaf
individuals. One possible pathway involves visual and
auditory subcortical nuclei. Roe et al. (1990) suggested
that auditory thalamic nuclei may be involved in deliver-
ing visual information to deafferented Al. Work in the
barn owl may also suggest that mixing of auditory and
visual information at the level of the colliculus could pro-
vide a means for how auditory cortex could come to
represent crude organizational principles for visual infor
mation in the congenitally deaf (e.g., Brainard & Knudsen,
1993). Moreover, Barone, Lacassagne, and Kral (2013)
showed that Al of deaf cats receives a weak projection
from visual thalamus. Thus, it could be that there is an
unmasking effect of congenital deafferentation in audi-
tory cortex, such that the integration of auditory and
visual information occurring in the midbrain is projected
into the auditory cortex. Interestingly, it has been shown
that the lateral geniculate nucleus (a thalamic relay of
visual information to and from the cortex) overrepresents
the horizontal plane when compared with the vertical
one (e.g., Schneider, Richter, & Kastner, 2004), and this
could be the basis for our differential decoding results for
vertical and horizontal planes. Another possibility may
relate to existing cortico-cortical connections between
primary auditory and visual cortices. Bavelier and Neville
(2002) suggested that the degeneration of these connec-
tions as a result of deafness could be responsible for a
special involvement of auditory cortex in compensatory
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