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Abstract: In the prelingual and congenital deaf, functional reorganization is known to occur through-
out brain regions normally associated with hearing. However, the anatomical correlates of these
changes are not yet well understood. Here, we perform the first tensor-based morphometric analysis of
voxel-wise volumetric differences in native signing prelingual and congenitally deaf subjects when
compared with hearing controls. We obtained T1-weighted scans for 14 native signing prelingual and
congenitally deaf subjects and 16 age- and gender-matched controls. We used linear and fluid registra-
tion to align each image to a common template. Using the voxel-wise determinant of the Jacobian of
the fluid deformation, significant volume increases, of up to 20%, were found in frontal lobe white
matter regions including Broca’s area, and adjacent regions involved in motor control and language
production. A similar analysis was performed on hand-traced corpora callosa. A strong trend for
group differences was found in the area of the splenium considered to carry fibers connecting the tem-
poral (and occipital) lobes. These anatomical differences may reflect experience-mediated developmen-
tal differences in myelination and cortical maturation associated with prolonged monomodal sensory
deprivation. Hum Brain Mapp 31:970-978, 2010.  © 2009 Wiley-Liss, Inc.
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INTRODUCTION

The human brain has the ability to modify both its mor-
phology and function to adapt to neurological damage, or
to a chronic lack of input from one of the senses (Rau-
schecker, 1997), as in the case of prelingual or congenital
deafness. To help our understanding of brain plasticity in
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general, it is of interest to know whether morphological or
specific neural differences can be detected in deaf individ-
uals. Mapping their scope and anatomical extent may pro-
vide important data to inform models of cross-modal
reorganization.

Numerous studies have examined differences in visual
processing associated with deafness. Neville and her col-
leagues examined functional responses from fMRI and vis-
ual evoked potentials in congenitally deaf individuals
(Bavelier et al., 2000, 2001; Neville, 1990; Neville and Law-
son, 1987a; Neville et al., 1983). They found an enhanced
neural response in the occipital and temporal areas in the
congenitally deaf subjects during conditions of peripheral
visual attention. The same research group explored several
aspects of behavioral and functional visual specialization
in the deaf, including motion (Armstrong et al., 2002;
Bavelier et al.,, 2000, 2001; Neville and Lawson, 1987a),
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color (Armstrong et al., 2002), reading (Neville et al., 1982,
1984) and oral and visual (sign) language (Neville and
Bavelier, 1998; Neville and Lawson, 1987b; Neville et al.,
1997, 1998). So, according to these results, a wide array of
cortical functions and regions in the occipital, temporal,
and frontal lobes of the human brain seems to be influ-
enced by the auditory deprivation.

Finney et al. (2001) reported visually evoked activity in
the right auditory cortex of deaf individuals from fMRI,
attesting to reorganization, and suggested that the hemi-
spheric asymmetry may reflect a predisposition for motion
processing in the right hemisphere. Similar results were
obtained in a follow-up paper using magnetoencephalog-
raphy (MEG; Finney et al., 2003). Using fMRI, Shibata and
colleagues (2001) observed activity in temporal regions
that normally support auditory processing, when deaf sub-
jects performed shape matching, mental rotation and atten-
tion to peripheral motion; the temporal cortex was also
activated during speech reading (MacSweeney et al., 2001)
and sign language (Fine et al., 2005; Nishimura et al., 1999;
Sadato et al., 2005).

This cross-modal plasticity, or re-assignment of function
to areas lacking normal sensory input, also extends to
other senses. Brain imaging studies have shown that even
in normal hearing subjects, the auditory cortex can be
recruited by tactile stimulation (Schurmann et al., 2006);
this effect is accompanied by enhanced tactile sensitivity
in deaf individuals (Levdanen and Hamdorf, 2001; Levanen
et al., 1998; Shibata et al., 2001).

Other studies have focused on differences in white mat-
ter fiber microstructure examined using diffusion tensor
imaging (Chang et al, 2004, Nath et al., 2007). For
instance, Chang et al. (2004) found a reduction in frac-
tional anisotropy in at least one of the five regions of the
auditory pathway in each of 10 deaf subjects.

One study also analyzed the cytoarchitecture of the
brain in a 4-year old deaf-mute child (Bogolepova et al.,
2002). Anomalies were found in both the gross brain struc-
ture and the cytoarchitecture of the cortical motor-speech
area of the cortex in this child.

Much work has been devoted to understanding the con-
sequences of deafness on brain function, but few studies
have analyzed the associated morphological changes. Pen-
hune and her collaborators (2003) used voxel-based mor-
phometry (VBM) to evaluate structural alterations of the
primary auditory cortical area, Heschl’s gyrus (HG), and
the planum temporale (PT) in congenitally deaf individu-
als. No significant differences were found between the
deaf and hearing groups, suggesting either a lack of power
to detect subtle abnormalities, or an absence of detectable
atrophy, degeneration or neurodevelopmental abnormal-
ities in the auditory cortices, even after complete, long-
term auditory deprivation. Even so, Emmorey et al. (2003)
found significant differences in congenitally deaf individu-
als in the gray matter-white matter ratio in the primary
auditory cortex, extending into the auditory association
cortex within the superior temporal gyrus (STG). They

attributed these differences to a smaller white matter vol-
ume in these areas. Both these prior studies focused on
the primary auditory cortex (HG) and on the auditory
association cortex (PT and STG). More recently, using
VBM, Shibata (2007) found a decrease in the left STG in
deaf individuals, as well as greater asymmetry in hearing
versus deaf subjects in the STG.

Using a regional volumetric analysis, Kara et al. (2006)
investigated corpus callosum morphometry in deaf indi-
viduals, compared to hearing controls. No statistically sig-
nificant differences were detected between the two groups.

In this work, we used tensor-based morphometry (TBM)
to examine morphological differences between a set of 14
native signing prelingually or congenitally deaf but other-
wise healthy individuals, and 16 matched hearing controls.
An advantage of TBM and other voxel-based mapping
approaches is that they do not restrict the analysis to pre-
determined regions of interest, such as purely auditory
structures, but can assess distributed abnormalities
throughout the brain, without the need for a priori specifi-
cation or manual delineation of regions of interest. Even
so, because we hypothesized that there may be structural
alterations in the corpus callosum at midline, we also per-
formed a separate TBM analysis on 2D hand-traced binary
corpus callosum images from the same subjects.

TBM has been shown to be a powerful method for
measuring local differences in brain volume. A few VBM
studies described earlier have already examined differen-
ces between deaf and hearing individuals. However, the
two analysis methods are sensitive to different quantities.
While TBM focuses on volume differences, VBM is
designed to pick up differences in the proportion of white
or gray matter in small spherical regions around each
voxel. However, these white or gray-matter proportions
can reflect differences in boundary curvature in addition
to tissue content, so we preferred to use TBM and pick up
purely volumetric differences. We used fluid registration,
which registers boundaries with high geometric precision,
and aimed to detect regional volume changes in the TBM
analysis that might be missed by a VBM analysis.

Regarding the distribution and direction of the effects,
we expect that the deaf subjects may exhibit subtle volu-
metric reductions in the lateral temporal cortices and
underlying white matter bilaterally, with corresponding
hypertrophy in some areas not normally associated with
primary auditory processing. Because of the use of sign
language, we hypothesized that Broca’s speech area as
well as the associated motor and language cortices may
show hypertrophy, perhaps reflecting their recruitment for
additional functions. Finally, Innocenti and Frost (1979)
showed that the final interconnections and much of the
myelinization of the corpus callosum are largely deter-
mined postnatally and were strongly influenced by envi-
ronmental factors. We thus hypothesized that there may
be subtle and distributed volumetric differences in cross-
modal association cortices responsible for sensory integra-
tion, although the expected direction of these effects
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(volumetric gain versus loss) was not clear in advance (so
two-tailed statistical testing was performed).

METHODS
Data Acquisition

Sixteen healthy volunteers and 14 deaf subjects (hearing
loss >90 dB in both ears) participated in this study. We
used a pure tone audiogram to assess the degree of hear-
ing loss. We tested pure tone frequencies of 250, 500, 750,
1,000, 1,500, 2,000, 3,000, 4,000, 6,000, and 8,000 Hz. Some
subjects were also tested at 125 Hz. To be included in the
group, subjects had to be unable to detect any of the fre-
quencies at a minimum of 90 dB and most were not able
to do so even at 120 dB. Twelve of the subjects were con-
genitally deaf and two became deaf at an early age (one at
6 months, and the other at 8 months). Deaf subject ages
ranged from 21 to 52 years (median age 29.5 years old, 7
men, 7 women), and control subjects were matched for
age and gender (median age 24 years old, 8 men, 8
women). All subjects were right-handed and had no his-
tory of psychiatric or neurological disorders, and the deaf
subjects were native signers in LSQ. Participants gave a
written informed consent prior to undergoing these experi-
ments in accordance with the Declaration of Helsinki. The
study protocol was approved by the Centre Hospitalier de
I'Université de Montréal ethics committee at the Hopital
Notre-Dame.

For each participant, a high-resolution volumetric brain
MRI scan was acquired on a Siemens 1.5 Tesla Magnetom
Vision MRI scanner (Siemens Electric, Erlangen, Germany)
at the Notre-Dame Hospital (CHUM), with a gradient
echo pulse sequence (MP-RAGE). Each subject was
scanned with a volumetric high-resolution (T1-weighted
3D) sagittally oriented MRI gradient echo sequence with
TR: 1,100 ms; TE: 4.38 ms; flip angle of 15°; 256 x 256 ma-
trix, slice thickness 1 mm and FOV: 250 mm.

Preprocessing of Data

We used the BSE software program (Brain Surface Ex-
tractor; Shattuck and Leahy, 2002) and manual editing to
remove extracerebral tissues from the images (scalp,
meninges, and brainstem). Nine-parameter transformations
(three translations, three rotations, and three scales) were
applied to linearly align the images to the ICBM-53 brain
template (International Consortium for Brain Mapping)
using the ANIMAL software program (Collins et al., 1994).
The corpus callosum of each subject was manually traced
in the midsagittal plane using the MultiTracer program
(Woods, 2003), following previously published -criteria
with established reliability (Thompson et al., 2006). After
applying radiofrequency bias field corrections to eliminate
intensity drifts due to magnetic field inhomogeneities,
each image volume was segmented into different tissue

types (gray matter, white matter, CSF, and a background
class) by classifying voxels based on their signal intensity
values (Shattuck and Leahy, 2002). All lobes were man-
ually segmented on the template image.

TBM

Each linearly registered image was then nonlinearly
aligned to a template (the same one for the whole dataset),
based on an arbitrarily selected control subject in the
standard ICBM space, using fluid registration (Christensen
et al.,, 1996, Leporé et al., 2008b). We chose registration to
a single subject rather than an average atlas template con-
structed from multiple subjects, as it has sharper, better
resolved features, which can be beneficial for registration.
In Chiang et al. (2006), we found that this method pro-
vides greater statistical power relative to using the stand-
ard mean deformation template from Kochunov et al.
(2001), in which one of the control brains is adjusted using
the average of the deformation fields mapping it onto all
the other controls. Furthermore, in Leporé et al. (2007), we
generated an average brain for TBM by minimizing the de-
formation tensors at each voxel from the templates to each
of the controls. The results were shown to be comparable
to those found from using a single control subject, and so
we adopted that simpler approach here.

Computation speed was increased using a fast filter
originally designed by Bro-Nielsen and Gramkow (1996)
and Gramkow and Bro-Nielsen (1997). This solves for the
deformation field by computing the Green’s function of
the fluid equation with sliding boundary conditions
(Christensen, 1994), and performing a recursive filtering
operation.

In the deformation mappings deforming each subject’s
registered image onto the control template, the determi-
nant of the associated Jacobian matrix | indicates local vol-
ume differences, with voxels with | > 1 and | < 1 showing
respectively locally greater or lesser volumes than corre-
sponding anatomical regions of the template.

To adjust for any effect of age and gender on the statis-
tics, we covaried the logarithms of the determinants at
each voxel with these parameters. The new adjusted mor-
phometric statistic, J.,v was found by fitting the following
general linear model to the data:

log(J) = By + By x age + B, x sex + B3 x diagnosis + error

where log()) is the logarithm of the Jacobian determinant,
the B; are estimated parameters, and sex and diagnosis are
coded as binary dummy variables, 0 or 1, so that J.,, =
log(J) — Bo — P1 x age — Po x gender. A t-test was then
performed on ], at each voxel, and permutation statistics
(Nichols and Holmes, 2001) were obtained at each voxel to
assess the uncorrected significance of the changes in each
of the two groups of subjects. To correct for multiple com-
parisons, global significance was assessed using a
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No volumetric differences are detected at the lobar level. Mean
volumes of white matter (WM; top graph) and gray matter (GM;
bottom graph) are shown for each lobe (in cubic centimeters)
for the deaf group (red), versus the hearing controls (green).
P-values were computed on the volumes after covarying for age
and gender, and none was significant. Top: white matter: from
left to right: frontal lobe: P = 0.073; limbic lobe: P = 0.98; occi-
pital lobe: P = 0.47; parietal lobe: P = 0.13; temporal lobe: P =
0.065. Bottom: gray matter: from left to right: frontal lobe: P =
0.27; limbic lobe: P = 0.75; occipital lobe: P = 0.95; parietal
lobe: P = 0.20; temporal lobe: P = 0.36. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

permutation test on the suprathreshold volume (using P =
0.05 as a threshold). Essentially, as is standard in brain
mapping studies, we assessed the total volume of the
brain with statistics exceeding a certain statistical thresh-

old. Then the assignments of subjects to groups was per-
muted 5000 times to determine how likely it would be to
find a pattern by chance with a still greater number of sig-
nificant voxels than was observed in the true experiment.
This probability, determined empirically on randomized
null data, is the corrected significance value, P oyrectea- Per-
mutation testing was used to avoid assuming a parametric
distribution for the log-transformed Jacobian statistics,
which can be advantageous to avoid skew and bias in the
resulting distributions (Leow et al., 2005). We also reper-
formed this entire analysis by removing the three scaling
factors from the linear registration, in order to examine the
effect of global brain scaling on the results (these are
called the unscaled results).

A 2D version of this intensity-based fluid registration
algorithm was used to register the segmented and binar-
ized images to the corpus callosum of the same control
subject. The same analysis was then repeated to examine
local area differences in those structures.

RESULTS
Volume Differences

Lobar volumes were computed from the local volumet-
ric expansion factors determined in the fluid registration
step. Although we expected TBM to be more sensitive to
regional anatomical differences than lobar volume meas-
ures, we first performed an analysis of gray and white
matter in lobar regions of interest to see if any systematic
differences were apparent. Figure 1 displays the mean
lobar volumes for the deaf and hearing groups. Volumes
were estimated from the Jacobians determined in the fluid
registration step. T-tests were used to compare the deaf
with the hearing controls. After covarying for age and gen-
der, none of the lobes showed significantly altered overall
volumes in either group, though trends were seen in the
frontal and temporal lobes white matter (P = 0.073 and
P = 0.065, respectively). In both cases, the lobes of the
deaf subjects’ brains are larger than those of the controls,
but a strict Bonferroni correction for multiple testing
would preclude interpreting these as trends. Thus, a more
sensitive method, such as TBM, is needed to detect more
localized changes.

3D Maps

In Figures 2 and 3, a voxelwise t-test was performed for
the (unscaled) regional anatomical volumes in the deaf
subjects compared to those of the hearing controls, and
permutation P-values at each voxel were obtained. The
scaled maps are not shown here as they were essentially
the same as the unscaled ones. A list of all clusters of sig-
nificant P-values is shown in Table I. Several areas of the
brain showed significant differences in deaf subjects when
compared with controls. Widespread gains were observed
in several subregions of the frontal lobes, including the
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Figure 2.

Volumetric differences between deaf and control groups. Permu-
tation P-values are shown, at the voxel level, from the t-test on
log|o J between deaf and hearing subjects, without brain scaling.
The significance is shown on a logarithmic scale, with red
regions showing voxel-level significance at a level of P = 0.05.
Top panel, a through f: map of positive effects (hypertrophy in
the deaf group), with a corrected P = 0.005. Bottom panel, a
through f: Map of negative effects, with a corrected P = 0.14 for
a region that included the whole brain. All images are shown in
the reference frame of the reader (so the left hemisphere is on
the left for the reader). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Figure 3.

Ratio of mean regional anatomical volumes in deaf versus hear-
ing subjects. Values in the color bar show the differences as a
percentage of the normal control average volume. Clearly, there
are broad regions of hypertrophy (red colors) that lie in the
white matter generally, with coherent effects in the frontal
lobes, but that do not affect all the tissue in any one lobe and
may not therefore be detectable using conventional lobar vol-
ume analysis. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

inferior, superior, and middle frontal areas and the areas
around the precentral and subcentral gyri. White matter
volume in the intraparietal area was found to be greater in
deaf subjects relative to controls. Finally, in the temporal
lobes, some of the white matter volume surrounding the
primary auditory areas was also significantly increased in
both hemispheres, though the differences were more
prominent in the right temporal lobe. However, we also
observed a relative decrease in the HG and STG, albeit not
significant, for white matter volume in both hemispheres
of the deaf subjects. Broca’s area was also significantly
larger in the deaf. Significant increases were also found in
the visual cortex, particularly on the right, perhaps reflect-
ing compensatory mechanisms from other senses such as
vision. The cerebellum was also bigger in the deaf.

Corpus Callosum Maps

When corrected for multiple comparisons, none of the
areas of the corpus callosum were significantly different.
However, we found a strong trend in the splenium (P =
0.052 from permutations on the suprathreshold volume),
where increased volumes are seen in the deaf compared to
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TABLE I. List of clusters of voxels with P-values < 0.05

Location (x, y, z) Cluster size (voxels)

Anatomical region

(48 2 18) 3,200
(—42 3 25) 240
(41 14 48) 12,000
(—44 8 53) 360
(39 6 —25) 5,200
(—46 6 —22) 160
(40 15 8) 2,400
(36 —7 48) 7,600
(21 -8 —10) 320
(25 -8 —10) 160
(—46 —25 40) 280
(—39 —44 51) 200
47 —7 —12) 1,600
(—27 —68 34) 1,600
(=55 —24 —11) 720
(52 —23 —1) 120
(—46 5 25) 2,000
(44 7 24) 720
(8 —59 —32) 2,280
(—37 33 19) 4328

Primary motor cortex/subcentral gyrus—right
Primary motor cortex/subcentral gyrus—left
Precentral gyrus—right

Precentral gyrus—left

Temporal gyrus (white matter)—right
Temporal gyrus (white matter)—left

Frontal operculum—right

Middle frontal gyrus—right

Head of the hippocampus—right

Head of the hippocampus—Ileft

Primary somatosensory cortex—Ileft
Superior temporal gyrus—left

Superior temporal gyrus—right

Intraparietal sulcus—left

Middle temporal gyrus—left

Middle temporal gyrus—right

Superior precentral sulcus—left

Superior precentral sulcus—right
Cerebellum

Broca’s area

Voxels with P < 0.05 were included. Locations are in Talairach coordinates.

hearing controls (see Fig. 4). The volume changes detected
in the genu were not statistically significant (P = 0.27).

DISCUSSION

In this work, we mapped areas of significant morpho-
logical differences between deaf and hearing subjects,
revealing a hypertrophy of white matter in diffuse nonau-
ditory brain regions including parts of the frontal lobe.
These differences reached 20% tissue excess regionally but
were not detected using conventional volumetric analyses.

This study shows yet one more striking example of the
brain’s remarkable plasticity following sensory loss. In a
related TBM study on blind individuals (Lepore et al., in
press), several regions outside of the occipital regions
showed significant hypertrophy. In particular, as is the
case for the deaf subjects, the frontal lobes were signifi-
cantly enlarged in blind subjects compared to sighted
controls.

The prefrontal cortex is involved in visuomotor and per-
ceptual functions as well as working memory (Bruce et al.,
1981). Thus, increases in this area are possibly related to
an increased reliance on visual working memory proc-
esses, as the deaf individuals can no longer benefit from
auditory input. Romanski and collaborators (1999) have
shown that both the visual and auditory modalities were
represented in the frontal lobe and were organized into
distinct dorsolateral, spatial and ventrolateral object-proc-
essing regions. These afferents, one from the occipital and
parietal lobe (visual) and the other from the temporal lobe
(auditory), are functionally distinct but extend across
modalities. In the absence of competition from auditory

input in these regions, the functional visual cells may
recruit auditory ones.

The intraparietal sulcus is implicated in perceptual
motor coordination and visual attention. Thus, a hypothe-
sis for future testing is that the increase in white matter in
this area may be related to the greater recruitment of these
sensory integration areas in deaf subjects.

Broca’s area was shown to be larger in deaf subjects.
This region is well known to be involved in language
processing and sentence formation, which may be
impaired in the deaf. FMRI (Neville et al., 1998) and
Event-Related Potentials studies (Neville et al., 1997) have
shown Broca’s area to be activated in American Sign Lan-
guage (ASL) speakers when presented with either spoken
or sign language sentences. The extensive use of sign lan-
guage by deaf individuals, in addition to lip reading, may
change the organization of Broca’s area. We do not know
the exact mechanisms underlying the processing of a vis-
ual language rather then an auditory one in Broca’s area;
however, our results suggest that processing a different
modality implies some functional and structural
modifications.

According to the Wernicke-Geschwind model, language
involves a large network comprising many cortical areas
(Damasio and Geschwind, 1984). Sign language is primar-
ily analyzed by the primary visual cortex, and then the
information travels to higher-level parietal-temporal-occi-
pital association cortex. Next, it is transferred to Wer-
nicke’s area, where the visual information is transformed
into representation and meaning of the word, then to Bro-
ca’s area for word generation and finally to the motor
areas to produce the sign. So, the use of sign language in
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Figure 4.

Relative differences in area (top) and associated permutation-
based P-values, at the voxel level (bottom) for the corpus cal-
losum of deaf versus hearing individuals. See Figures 2 and 3 for
details. The red spots in the splenium and genu correspond to
group differences with a 20% tissue volume excess in the deaf
group. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

everyday life instead of a vocal one potentially affects the
whole network.

Two areas of possible differences were observed in the
splenium of the corpus callosum (see Fig. 4), though the
results found here failed to reach significance. Pandya
et al. (1971, 1982), Seltzer and Pendya (1984), and Cipolloni
and Pandya (1985) showed that in monkeys, the fibers that
connect the auditory and visuospatial structures of the
two hemispheres are located in the posterior half of the
corpus callosum. Furthermore, using DTI tractography,

Hofer and Frahm (2006) and Zarei et al. (2006) both
showed that the affected area of the splenium is composed
of fibers connecting the left and right auditory and visuo-
spatial areas. These visuo-spatial regions were also found
to be increased in whole brain 3D maps. A larger sple-
nium in prelingual or congenitally deaf subjects may be
the result of increased myelination from compensatory
plasticity effects and may reflect the increased need for the
transfer of visual information in these areas.

Voxel based methods such as TBM are quite clearly
needed in studies such as this one. In the ROI analysis, we
observed a trend toward larger temporal lobes in the deaf,
as expected from the large regions of hypertrophy seen on
the TBM maps. However, these results fail to reach signifi-
cance. The ROI analysis is much coarser than the TBM
analysis, and the temporal lobes changes are likely aver-
aged away in the temporal lobe analysis by considering
such a large region in aggregate.

Our results are somewhat consistent with those reported
in Shibata (2007), who found volume decreases in the
white matter of the STG, particularly on the left. Our
results do not reach significance, which may be due to the
smaller sample size of our study. However, TBM found
the increases in other regions that were not detected in
other studies. These increases in the temporal lobes may
reflect the greater recruitment of other regions for compen-
satory processes. Furthermore, our STG results seem rather
consistent with those of Emmorey et al. (2003) and Pen-
hune et al. (2003). They did not find any differences
between the deaf and hearing groups, but did show signif-
icant gray to white matter ratio increases in the STG,
which they ascribe to a reduced myelination in the audi-
tory cortices. We did not look at the ratio, but we did find
a decrease in WM in deaf subjects in that area. This
decrease of volume in the deaf is in accordance with some
of the results of Ptito et al. (2008) on the blind. Their work
reported a significant volume decrease in the optic radia-
tion in congenitally blind subjects. However, as cortical
folds vary a lot between individuals, a minor weakness of
TBM is that the fluid registration algorithm has limited
success in matching cortical folds.

This study may be improved in a few ways. In particu-
lar, the HG and STG results here failed to reach signifi-
cance. In Leporé et al. (2008a), we designed a new
multivariate statistical method for TBM. Instead of com-
puting statistics on the determinant of the Jacobian matrix
as was done here, and therefore solely assessing volume
changes, the full deformation tensors were analyzed using
the log-Euclidean formalism from Arsigny et al. (2006).
Both shape and volume changes are taken into account
with the multivariate approach. This method increased sta-
tistical power when compared with statistics from the vol-
ume changes alone. A future direction for this work
would thus be to perform additional analysis to evaluate
both shape and volume differences.

Furthermore, this study focuses solely on the neuroana-
tomical differences in the deaf compared to hearing
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subjects. However, a complete understanding of the cross-
modal reorganization seen here can only be determined by
combining the results found here with functional studies
of these regions.
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