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Abstract

The study of congenitally deaf individuals provides a unique opportunity to understand the organization and potential for reorganization
of human auditory cortex. We used magnetic resonance imaging (MRI) to examine the structural organization of two auditory cortical
regions, Heschl’s gyrus (HG) and the planum temporale (PT), in deaf and hearing subjects. The results show preservation of cortical volume
in HG and PT of deaf subjects deprived of auditory input since birth. Measurements of grey and white matter, as well as the location and
extent of these regions in the deaf showed complete overlap both with matched controls and with previous samples of hearing subjects. The
results of the manual volume measures were supported by findings from voxel-based morphometry analyses that showed increased
grey-matter density in the left motor hand area of the deaf, but no differences between the groups in any auditory cortical region. This
increased cortical density in motor cortex may be related to more active use of the dominant hand in signed languages. Most importantly,
expected interhemispheric asymmetries in HG and PT thought to be related to auditory language processing were preserved in these deaf
subjects. These findings suggest a strong genetic component in the development and maintenance of auditory cortical asymmetries that does
not depend on auditory language experience. Preservation of cortical volume in the deaf suggests plasticity in the input and output of
auditory cortex that could include language-specific or more general-purpose information from other sensory modalities.
© 2003 Elsevier Inc. All rights reserved.

Introduction

The study of congenitally deaf individuals provides a
unique opportunity to understand the organization and po-
tential for reorganization of human auditory cortex. Studies
in congenitally deaf individuals stimulated with cochlear
implants indicate preserved potential for auditory cortical
function (Hari et al., 1988; Okazawa et al., 1996), but
suggest that this potential diminishes with age and with
duration of deafness (Ponton et al., 1999). Neuroimaging
studies show auditory cortical activity in deaf subjects pro-

cessing sign language and other complex visual stimuli
(Finney et al., 2001; Newman et al., 2002; Petitto et al.,
2000). But, despite intense current interest in neural plas-
ticity and in the development of cochlear implants, there
have been no experiments examining the possible structural
changes in human auditory cortex that might underlie the
observed functional changes. A single postmortem study of
seven individuals with adult-onset deafness showed changes
in auditory brainstem nuclei, but did not examine the cortex
(Moore et al., 1997). Here, we used volumetric MRI to
examine the region of primary auditory cortex, Heschl’s
gyrus (HG), and a secondary cortical region, the planum
temporale (PT), in congenitally deaf individuals. Possible
changes in these and other anatomical regions were also
assessed using a whole-brain voxel-based technique.

The first question we asked is what global changes might
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occur in auditory cortex as a result of long-term sensory
deprivation? Anatomical and physiological studies have
shown reduction in the number and activity of neurons and
changes in their response properties in the auditory brain-
stem of congenitally deaf, or experimentally deafened ani-
mals (for review, see Shepherd et al., 1997), but studies of
auditory cortex have been inconclusive, because of the use
of unilaterally deafened animals (McMullen and Glaser,
1988; Reale et al., 1987). More recent studies in congeni-
tally deaf cats have demonstrated microstructural changes in
the dendrites in primary auditory cortex (Wurth et al.,
1999), as well as changes in electrophysiological function
(Klinke et al., 1999; Kral et al., 2000). Finally, human
neuroimaging studies with cochlear implant users show
variable responsiveness in auditory cortex (Hirano et al.,
2000; Naito et al., 1997; Okazawa et al., 1996). However,
none of these studies have examined possible structural
changes in auditory cortex that might underlie these func-
tional changes.

The second question we asked is whether there might be
specific changes in auditory cortex of the congenitally deaf
related to auditory language function. Human auditory cor-
tex is characterized by interhemispheric asymmetries in
gross morphology and cytoarchitectonic organization.
Gross anatomical asymmetries between the hemispheres
have been noted since the beginning of the century in both
HG (Heschl, 1878; von Economo and Horn, 1930) and PT
(Geschwind and Levitsky, 1968; Pfeifer, 1936; von
Economo and Horn, 1930). Previous work in our laboratory
using structural MRI has documented a L � R asymmetry
in the volume of HG (Penhune et al., 1996), and has repli-
cated earlier findings (Galaburda et al., 1978a; Loftus et al.,
1993) of an asymmetry in the angulation of the PT (West-
bury et al., 1999). The findings of gross anatomical asym-
metries have been complemented by cytoarchitectonic stud-
ies (Anderson et al., 1999; Galaburda et al., 1978b; Galuske
et al., 2000; Morosan et al., 2001; Seldon 1982) showing
left-right differences in cellular organization of these re-
gions. These asymmetries have been hypothesized to be
related to auditory language processing (Foundas et al.,
1994; Galaburda et al., 1978a,b; Geschwind and Levitsky,
1968; Zatorre et al., 2002), but whether they are genetically
determined or develop with exposure to auditory language
has not been established. This question can be elucidated by
determining whether these asymmetries are present in con-
genitally deaf individuals with no auditory language expe-
rience.

Finally, this experiment is also relevant to the question of
plasticity or reorganization in auditory cortex. Animal ex-
periments where retinal output is surgically redirected to
auditory cortex have shown that auditory cortex can be
reorganized to resemble visual cortex in its response pat-
terns and topography (Gao and Pallas, 1999; Sharma et al.,
2000), and that these animals can perform visual tasks
(Frost et al., 2000; von Melchner et al., 2000). Recent
neuroimaging studies in the deaf have found activity in the

auditory cortex during processing of sign language and
other visual stimuli (Finney et al., 2001; Newman et al.,
2002; Petitto et al., 2000), indicative of cortical reorganiza-
tion. Understanding the structural changes that occur in
these individuals can tell us about the time course and limits
of such reorganization.

Methods

Subjects

Subjects were 12 right-handed, deaf adults (7 male, 5
female; average age � 29 years) and 10 right-handed hear-
ing adults (5 male, 5 female; average age � 32 years) who
had previously participated in a PET activation study of sign
language processing (Petitto et al., 2000). All deaf subjects
were profoundly congenitally deaf in both ears [average dB
loss right ear � 95 (range � 90–110); average dB loss left
ear � 94 (range � 88–110)], with no residual hearing and
no known neurological deficits. In humans with congenital
sensorineural hearing loss, agenesis of the inner and outer
hair cells of the cochlea prevents sound waves from being
transduced and transmitted to the auditory cortex. All deaf
subjects were native speakers of a signed language (Amer-
ican Sign Language or Langue des Signes Québécoise) and
had at least a high school education in that language. Con-
trol subjects were matched for linguistic proficiency and
age. Subjects were drawn from the Montreal area popula-
tion, were paid for their participation, and gave informed
consent.

MRI scanning

MRI scans were performed on a Philips Gyroscan (1.5 T)
using a 3D FFE acquisition sequence to collect 160 contig-
uous 1-mm thick, T1-weighted images in the sagittal plane
(TR � 18 ms, TE � 10 ms). These data were automatically
transformed into standardized stereotaxic space (Collins et
al., 1994; Talairach and Tournoux, 1988). This resampling
results in a volume of 160 1-mm slices with an in-plane
matrix of 256 � 256. The stereotaxic transformation algo-
rithm used applies three linear scaling factors, one for each
spatial dimension, to each MRI volume (Collins et al.,
1994). These scaling factors effectively normalize brain
volume across subjects, controlling for differences in abso-
lute brain volume, while preserving relative volume differ-
ences between individual hemispheres or brain regions.

Procedure

HG and PT were identified in each scan using landmarks
(see Fig. 1) and criteria defined in previous studies (Penhune
et al., 1996; Westbury et al., 1999). Based on careful review
of the anatomical and physiological literature, HG was
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defined as only the most anterior transverse gyrus on the
superior temporal plane (for review of the relevant literature,
see Penhune et al., 1996). Although there is no one-to-one
correspondence between this gross anatomical definition and
the cytoarchitectonic boundaries of primary auditory cortex,
the tight coupling of mapping of this region from MRI (Pen-
hune et al., 1996) and the extent of primary auditory cortex
identified using quantitative cytoarchitecture techniques
(Rademacher et al., 2001), make it a very good approximation
(Patterson et al., 2002). Based on the work of Westbury et al.
(1999) the PT was measured as the volume of the cortical
ribbon lying behind HG and extending to the end of the
Sylvian fissure. This includes the temporal-parietal extension
of the Sylvian plane that is sometimes referred to as the planum
parietale (Jancke et al., 1994). Measurement of the PT using
this definition does not produce the commonly observed L �
R asymmetry of the region, although this difference is still
present if more traditional criteria are used (Westbury et al.,
1999). Because there is controversy surrounding the definition
of PT boundaries and whether the well-known asymmetry of
the region is one of shape or volume (Binder et al., 1996;
Loftus et al., 1993), we examined both the total volume and the
angulation of the region in an effort to capture both aspects of
asymmetry.

Raters were blind to subject group and hemisphere (scans
were coded numerically and half were randomly selected and
flipped around the x-axis). The MRI scans were viewed and
labeled using DISPLAY, an interactive 3D imaging software
package developed at the McConnell Brain Imaging Center at
the Montreal Neurological Institute (MacDonald et al., 1994).
DISPLAY allows scans to be viewed simultaneously in three
planes of section, a feature that is vital in identifying the
borders of HG and PT from two-dimensional slices. Overall
intensity of the scans was set by visual inspection to give
adequate grey/white contrast. The total volume of each region
was labeled by marking all voxels in each continuous slice. For
HG, both grey and white matter was labeled, for PT only grey
matter was labeled. HG and PT were labeled separately in each
hemisphere, and the labels were stored as locations in stereo-
taxic space. The resulting label volumes were used to create the
3D probability maps, to measure average location, and to
calculate volumes. To assess reliability, two independent raters
labeled a subset of scans for HG (RC and VP) and PT (RC and
RDP).

Data analysis

Estimates of grey matter volume for the PT and of grey
and white matter volumes for HG were obtained for each
hemisphere by multiplying the number of marked voxels in
each hemisphere by the MRI voxel dimensions (1 mm3).
Two methods of classifying grey and white matter volumes
of HG were used: a rater-guided technique (Penhune et al.,
1996) and an automatic tissue classification technique
(Zijdenbos et al., 1996). In the rater-guided method, the
histogram of MRI intensities across the full brain volume

was generated. The grey/white boundary for the scan was
calculated from the histogram by identifying the peak in-
tensity values corresponding to grey and white matter, and
taking the midpoint. HG label volumes were then seg-
mented, so that voxels with intensity values below the
boundary were labeled as grey matter and those with inten-
sity values above the boundary were labeled as white mat-
ter. Importantly, the grey/white border generated by this
segmentation showed excellent correspondence with the
border as visually identified from the scan. For the auto-
matic technique, MRI scans were submitted to an automatic
tissue classification algorithm that uses an artificial neural
network classifier (Zijdenbos et al., 1996). The results of
this classifier are binary grey matter, white matter, and CSF
masks. These masks were then applied to the label volumes
to segment grey matter and white matter and to exclude any
voxels identified as CSF. For each technique, separate vol-
umes were then calculated for HG grey- and white-matter
regions. An index of asymmetry � � (R � L)/(R � L)/2
was calculated for each region and tissue type. An index
value was considered to be asymmetric when � � 0.10.
Interrater reliability was examined for each pair of raters for
the two regions. To examine the location of HG and PT in
the two groups, label volumes for each region were aver-
aged across voxel location to produce 3D statistical proba-
bility maps. These maps provide a qualitative representation
of the degree of variability in location and extent of the
given region. In addition, the minimum and maximum x, y,
and z values for each region were compared across groups
and between hemispheres. The angulation of the PT in the
left and right hemispheres was assessed by calculating the
slope based on these minimum and maximum values [z
extent/�(x extent2 � y extent2)].

In addition to manual labeling, a voxel-based statistical
analysis (Ashburner and Friston, 2000) was used. This tech-
nique allows comparison of the relative density of grey and
white matter across the whole brain between the two groups.
For this analysis, the grey and white matter volumes gen-
erated by the automatic classification algorithm were
smoothed using a 10-mm Gaussian filter and then compared
on a voxel-by-voxel basis for the two groups resulting in
t-statistic maps for the two tissue types (Worsley et al.,
1996). A threshold of t � 5.6 was set for grey matter (5400
mm3 search volume) and t � 5.7 for white matter (8100
mm3 search volume; for both analyses: P � 0.05; df � 20,
voxel size � 1 mm3, 10 mm smoothing, and a volume of
540 cm3).

Results

Volume measurements

Measurements of HG (see Fig. 2 and Table 1 ) showed
preserved cortical grey and white matter volumes for the
deaf compared to the hearing group [F(1,20) � 0.13, P �
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0.05]. Further, the distributions of HG volumes of the deaf
and hearing groups in this sample were overlapping with
those obtained in a previous sample (Penhune et al., 1996)
of 20 hearing subjects [F(2,38) � 0.7, P � 0.05]. When the
deaf subjects were compared to a combined sample of the
current matched controls plus the previous sample, the vol-
umes were again entirely overlapping [F(1,39) � 0.96, P �
0.05]. The mean of the deaf subjects was nonsignificantly
larger than that of the combined hearing sample (Ldeaf �
2771 mm3, Lhearing � 2618 mm3; Rdeaf � 2291 mm3,
Rhearing � 1978 mm3), and HG volumes for all deaf subjects
fell within 1 SD of the mean (z scores for the smallest left
and right HG were �1.02 and �0.70, respectively). Given
the power of our present sample, differences of 17.2% in the
total volume of HG could have been detected. Importantly,
the predicted L � R asymmetry in total HG volume was
observed for both the deaf and matched hearing controls
[F(1,20) � 13.08, P � 0.01], with no difference in the index
of asymmetry between the two groups for either grey mat-
ter, white matter, or total volume [F(1,20) � 0.7, P � 0.05].
For these groups, both grey and white matter were larger on

the left (tgrey � 0.03; twhite � 0.001), but nonparametric
analyses of the index of asymmetry for grey and white
matter showed a significant effect such that the leftward
asymmetry was larger for white matter than grey matter
(Wilcoxon z � �1.9; P � 0.03, one-tailed).

PT measurements (see Fig 2 and Table 2) also showed
complete preservation of cortical volume for the deaf com-
pared to the hearing group [F(1,20) � 1.2, P � 0.05]. Nor did
PT volumes for either group differ from those obtained from
a previous sample (Westbury et al., 1999) of 50 normal
subjects [F(2,68) � 0.75, P � 0.05]. When the deaf subjects
were compared to a combined sample of the current
matched controls plus the previous sample, the volumes
were again entirely overlapping [F(1,69) � 0.46, P � 0.05].
The mean of the deaf subjects was nonsignificantly smaller
than that of the combined hearing sample (Ldeaf � 4135 mm3,
Lhearing � 4199 mm3; Rdeaf � 3765 mm3, Rhearing � 4106
mm3), but PT volumes for all deaf subjects fell within 2 SD
of the mean (z scores for the smallest left and right PT were
�0.97 and �1.35, respectively). Given the power of our
present sample, differences of 9.8% in the total volume of

Fig. 1. This figure illustrates the labeling for HG and PT in the MRI scan of a single deaf subject. The sagittal, horizontal, and coronal planes of section are
shown from left to right. The upper panel shows the unlabeled scan, the lower panel shows the labeled regions. In all images, left is left and right is right.
Fig. 3. Results of the voxel-based analyses of grey matter density showing the region of maximum difference located in the left motor hand area (M1) in
horizontal (z � 52) and coronal (y � �27) slices. Of note in both images is a subthreshold region of difference located in right M1.
Fig. 4. This figure shows the probability maps of HG and PT for the two groups. Areas of highest probability (75–100%) are shown in white. For HG, note
the similarity in location, extent, and variability of the maps for both groups. For PT, note the steeper slope of the right compared to left PT.
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the PT could have been detected. In the previous sample, no
interhemispheric difference in the volume of PT was found.
However, in the present study there was an overall L � R
difference in PT volumes [F(1,20) � 5.8, P � 0.05], that was
significant for the hearing [t(1,9) � 4.2, P � 0.002], but not
the deaf group [t(1,11) � 0.8, P � 0.05]. In this respect, the
pattern of results for the deaf group in this sample was more
similar to that of the hearing subjects in the previous sam-
ple.

The pattern of results was the same for the rater-guided
and the automatic tissue classification methods, with the
exception that the automatic method resulted in overall
smaller volumes than the rater-guided method. This was
expected because the automatic classification excludes vox-
els identified as CSF as well as segmenting grey and white
matter. Three subjects (one deaf, two normal) had to be
excluded from analysis for the automatic technique because
inhomogeneity in the MRI data resulted in poor segmenta-
tion of grey and white matter. This inhomogeneity could be
compensated for in the rater-guided technique. Therefore, to
preserve a larger sample size and for comparability with the
results of our previous studies, the results described above
are from the rater-guided classification method. Interrater
reliability for the volume measures of the two regions was
excellent. The correlation between the two raters for total
HG volume was 0.84 (R � 0.92; L � 0.79). The correlation
for total PT volumes was 0.86 (R � 0.84; L � 0.83). These
values are similar to those obtained in previous samples
(Penhune et al., 1996; Westbury et al., 1999). Importantly,
values of the index of asymmetry were also highly corre-
lated for HG (r � 0.91) and PT (r � 0.78).

Voxel-based analyses

The results of the manual volume measurements for HG
and PT were supported by the whole-brain voxel-based
analysis that showed no significant differences between the
deaf and hearing groups in any region of auditory cortex or
in frontal or parietal language areas (see Fig. 3). Interest-
ingly, the most significant difference between the groups (t
� 4.7, P � 0.001, uncorrected; P � 0.12, corrected) re-
vealed a greater density of grey matter relative to white
matter in M1 of the deaf (x � �30, y � �27, z � 52).
Although not significant after correction for multiple com-
parisons, this peak difference is located within 1 SD of the
location identified for finger movement in an fMRI study
comparing finger, tongue, and toe movements within motor
cortex (Stippich et al., 2002). A very weak region of dif-
ference (t � 2.9) was also seen at a very similar location in
right M1 (x � 28, y � �27, z � 50).

Probabilistic mapping

Probabilistic mapping of HG and PT showed a high
degree of similarity in the location, extent, and variability of
the region between deaf and hearing subjects (see Fig. 4).

For both groups, the region of highest probability (75–
100%) was similar in extent and there appears to be greater
variability in the lateral boundary of the left hemisphere
than the right. For the PT, the region of highest probability
was smaller, but similar for both groups.

A quantitative comparison of the location and extent of
HG and PT between groups was made by extracting the
minimum and maximum x, y, and z coordinates for each
region in the two hemispheres (see Tables 3 and 4). For HG,
there were no significant differences between the two
groups [F(1,17) � 0.67, P � 0.05]. Consistent interhemi-
spheric differences were observed in both groups [F(1,20) �
6.3, P � 0.02] in the posterior commencement of HG, such
that right HG was located an average of 2 mm medial,
anterior, and superior to left HG. This is consistent with the
findings in our previous sample of hearing subjects showing
an anterior shift in right HG (Penhune et al., 1996).

Comparison of the minimum and maximum x, y, and z
coordinates for the PT showed a significant main effect of
group [F(1,20) � 7.6, P � 0.01], such that the inferior
boundary of right PT was 4 mm lower in the deaf than the
hearing group. Consistent interhemispheric differences

Fig. 2. These graphs illustrate the left and right HG (top) and PT (bottom)
volumes for the deaf and hearing. The graphs on the left show the average
volumes of left and right HG and PT. Grey bars indicate grey matter
volumes, white bars indicate white matter volumes. Measurements of the
total volume of HG and PT, and the grey and white-matter volume of HG
are completely overlapping for the two groups. For HG, grey and white
matter volumes were significantly larger on the left in both groups. The
graphs on the right plot the total left and right volumes (mm3) of HG or PT
for the deaf group (filled triangles) and the combined matched control and
previous hearing groups (unfilled circles; NHG � 30, NPT � 60). The solid
line represents the values for which left and right volumes would be equal.
Points falling above the line are individuals who have L � R and those
falling below the line have R � L.
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were observed for both groups [F(1,20) � 18.7, P � 0.001],
such that right PT was located an average of 1 mm lateral
and 3 mm superior to left PT. In addition, while the anterior
borders of left and right PT did not differ, right PT was an
average of 9 mm shorter in anterior-posterior extent. This is
consistent with the findings in our previous sample of hear-
ing subjects showing that the right PT was an average of 7
mm shorter in the anterior-posterior extent (Westbury et al.,
1999).

The slope of the PT, a measure of the degree of angula-
tion of the region, was also measured. Analysis of this
variable revealed a significant group difference [F(1,20) �
6.7, P � 0.01], but no interaction with hemisphere. Paired
sample t tests for each group showed a trend for deaf
subjects to have a more steeply sloped PT in the right than
in the left hemisphere [t(1,11) � 2.0, P � 0.07], whereas
hearing subjects showed no difference between hemispheres
[t(1,9) � 0.22, P � 0.05]. In the previous sample of 50
hearing subjects examined in our laboratory, analysis of
slopes showed a significantly steeper slope for the right than
the left PT [t(48) � 2.7, P � 0.05] (Westbury et al., 1999).
Therefore, the pattern of PT slope results for the deaf sub-
jects in the present sample is more similar to that of the
normal hearing subjects in the previous study.

Discussion

The results of this study are striking in showing preser-
vation of cortical volume in HG and PT of deaf subjects
deprived of auditory input since birth. Measurements of
grey and white matter, as well as the location and extent of
these regions in the deaf, showed complete overlap both
with matched controls and with two previous samples of
hearing subjects. Most importantly, expected L � R differ-
ences in the volume of HG and in the angulation of the PT
that are hypothesized to be related to auditory language
processing were preserved in these deaf subjects. Finally,
the results of the manual labeling were confirmed by a
voxel-based statistical analysis that showed an increased
grey-matter density in the motor cortex of the deaf, but no
differences in any auditory cortical region.

The integrity of grey and white matter volumes of HG
and PT in the deaf indicates no large-scale atrophy or
degeneration as a result of complete, long-term auditory
deprivation. This was confirmed by the automatic voxel-
based analyses, which showed neither significant global
differences in cortical volume between deaf and hearing
groups nor specific differences in auditory regions. Cell loss
following deprivation might have been expected as the

Table 1
HG volumes and indices of asymmetry (mm3)

Grey matter White matter Total

R L ASM Classification R L ASM Classification R L ASM Classification

Deaf
1246 2647 �0.72 L 325 749 �0.79 L 1571 3396 �0.73 L
1408 1246 0.12 R 313 345 �0.10 E 1721 1591 0.08 E
466 863 �0.60 L 1257 838 0.40 R 1723 1701 0.01 E

1630 1254 0.26 R 929 930 0.00 E 2559 2184 0.16 R
2812 2781 0.01 E 866 1706 �0.65 L 3678 4487 �0.20 L
1841 1458 0.23 R 1344 1525 �0.13 L 3185 2983 0.07 E
1319 1111 0.17 R 658 534 0.21 R 1977 1645 0.18 R
1569 1750 �0.11 L 635 815 �0.25 L 2204 2565 �0.15 L
2102 1466 0.36 R 596 734 �0.21 L 2698 2200 0.20 R
1168 2057 �0.55 L 439 1612 �1.14 L 1607 3669 �0.78 L
1233 2533 �0.69 L 532 942 �0.56 L 1765 3475 �0.65 L
2102 2249 �0.07 E 705 1102 �0.44 L 2807 3351 �0.18 L

avg 1575 1785 �0.1325 avg 717 986 �0.31 avg 2291 2771 �0.17
sd 593 652 0.39964 sd 331 427 0.43 sd 690 931 0.36
Hearing

2088 1991 0.05 E 1377 2057 �0.40 L 3465 4048 �0.16 R
364 967 �0.91 L 958 1142 �0.18 L 1322 2109 �0.46 L

1339 1641 �0.20 L 551 783 �0.35 L 1890 2424 �0.25 L
2370 3198 �0.30 L 806 1533 �0.62 L 3176 4731 �0.39 L
1405 1761 �0.22 L 602 1012 �0.51 L 2007 2773 �0.32 L
1476 1665 �0.12 L 842 1550 �0.59 L 2318 3215 �0.32 L
1540 1716 �0.11 L 583 843 �0.36 L 2123 2559 �0.19 L
410 1014 �0.85 L 1014 990 0.02 E 1424 2004 �0.34 L

1253 1170 0.07 E 514 553 �0.07 E 1767 1723 0.03 E
985 1366 �0.32 L 365 509 �0.33 L 1350 1875 �0.33 L

avg 1323 1649 �0.291 avg 761 1097 �0.339 avg 2084 2746 �0.273
sd 635 642 0.3364 sd 300 488 0.21137 sd 734 986 0.139
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result of degeneration or accelerated pruning due to lack of
auditory input. Previous studies in postnatally deafened
animals and humans have shown changes in the volume of
cells in auditory brainstem nuclei (Moore et al., 1997; Shep-
herd et al., 1997), but none have examined auditory cortex.
Given the power, and the present sample size, atrophy in the
range of 10–20% of total volume should have been detect-
able. This is well within the range of a recent volumetric
MRI study showing increases in grey matter volume of
130% in musicians compared to nonmusicians (Schneider et
al., 2002). If an environmental influence such as musical
training, occurring relatively late in auditory cortical devel-
opment, can produce this degree of change, it seems rea-
sonable to predict that complete elimination of auditory
input should produce changes of at least a similar magni-
tude. Conversely, the absence of gross morphological
changes detectable with MRI does not exclude likely
changes in cellular function and connectivity similar to
those observed in neonatally deafened cats (Klinke et al.,
1999; Kral et al., 2000; Wurth et al., 1999). The preserva-
tion of gross anatomical structure observed in the deaf
demonstrates a preserved neural substrate that may be mod-
ified substantially in terms of its functionality.

The overlap in HG and PT volumes for the deaf and
hearing found using manual labeling was confirmed by
voxel-based analysis, where the only region nearing signif-
icance showed increased grey-matter density in the left
motor hand area of the deaf. Increased density of grey

Table 2
PT volumes and indices of asymmetry (mm3)

Grey Matter

R L ASM Classification

Deaf
3122 3977 �0.24 L
2316 3403 �0.38 L
3840 3737 0.03 E
3700 4026 �0.08 E
4274 3425 0.22 R
3651 2875 0.24 R
2005 6447 �1.05 L
5226 4665 0.11 E
4614 6042 �0.27 L
5482 3532 0.43 R
3474 3625 �0.04 E
3475 3867 �0.11 E

avg 3765 4135 �0.10
sd 1039 1078 0.38
Hearing

3483 3959 �0.13 E
3310 4446 �0.29 L
3962 5334 �0.30 L
3969 3875 0.02 E
3481 4775 �0.31 L
2824 4179 �0.39 L
6008 5770 0.04 E
4177 5443 �0.26 L
4246 5076 �0.18 L
2618 4680 �0.57 L

avg 3808 4754 �0.237
sd 946 648 0.18391

Table 3
Minimum and maximum x, y, and z coordinates for HG

Left Right

Xmin Xmax Ymin Ymax Zmin Zmax Xmin Xmax Ymin Ymax Zmin Zmax

Deaf 36 63 �35 7 1 19 38 56 �28 2 �5 20
31 66 �36 �8 6 19 33 65 �30 �12 6 20
31 51 �32 �5 3 20 33 57 �30 �1 1 20
28 58 �36 �14 6 17 35 70 �32 �4 3 18
31 65 �33 �2 �3 19 31 69 �35 0 1 19
31 64 �36 �3 2 16 34 62 �32 5 �2 17
35 63 �33 2 2 14 35 61 �33 �3 2 16
33 64 �31 3 1 18 34 59 �33 �2 3 19
30 55 �28 0 1 14 32 58 �28 7 �1 15
32 66 �28 1 �7 15 35 63 �29 0 �2 9
29 64 �32 �4 �1 17 32 61 �29 �2 0 19
32 65 �34 �2 4 19 33 70 �32 �10 5 20

Hearing 31 62 �34 �2 �5 19 35 69 �29 �1 0 17
28 60 �35 0 3 17 34 66 �30 �9 8 18
29 64 �33 8 �2 14 32 65 �32 0 3 15
29 67 �39 �12 1 21 31 69 �30 1 3 18
31 60 �33 1 0 15 35 59 �30 �2 0 16
34 66 �25 9 �8 16 32 67 �35 �6 �3 17
30 59 �33 �5 �2 20 30 64 �31 �3 �1 20
30 65 �34 �2 3 17 35 60 �30 �8 6 16
31 58 �28 2 0 15 32 62 �28 3 2 16
32 57 �31 �1 2 12 33 63 �31 �8 6 15

avg 31 62 �33 �2 0 17 avg 33 64 �31 �3 2 17
sd 2.1 4.2 3.2 5.7 3.7 2.4 sd 1.8 4.3 2.0 4.9 3.3 2.6
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matter could result from increased cell size or number in the
region. Because all of the subjects were right handed, this
change in volume is likely to be related to extensive fine-
motor use of the right hand while signing. While both hands
are used during normal signing, the dominant hand is used
more actively and generally executes the more motorically
complex component of any sign (Brentari, 1999). This re-
sult is comparable to the results of voxel-based analyses
showing use-dependent increases of grey matter volume in
the motor cortex of musicians (Schlaug, 2001) and in the
hippocampus of taxi drivers (Maguire et al., 2000).

In addition to the absence of global changes in morphol-
ogy, we also replicated previously observed asymmetries of
auditory cortex. Both the expected L � R asymmetry of HG
volume and the greater angulation of the PT were preserved
in deaf individuals. Some of these gross morphological
asymmetries, along with asymmetries in cellular organiza-
tion and function, have been hypothesized to be related to
left-hemisphere dominance for language, or for processing
of auditory features relevant for speech (Foundas et al.,
1994; Galuske et al., 2000; Penhune et al., 1996; Westbury
et al., 1999; Zatorre et al., 2002). The present results dem-
onstrate that morphological asymmetries in the auditory
cortex are preserved in the absence of auditory input, sug-
gesting a strong genetic component in their development
and maintenance. This is consistent with the finding of L �
R asymmetry of the PT in the fetal brain (Witelson and
Pallie, 1973), and with cytoarchitectonic studies showing

that auditory cortex matures through the first 6 months of
life with little direct auditory input (Moore, 2002). To-
gether with these studies, the present data indicate that
auditory language experience is not required for the de-
velopment or maintenance of auditory cortical asymme-
tries, suggesting that the possible substrates of auditory
language function may be largely innate and not depen-
dent on auditory experience. However, this does not
negate the contribution of auditory or other types of
linguistic experience in the development of potential
functional asymmetries. Consistent with this idea, indi-
viduals with known right-hemisphere language lateraliza-
tion show more variable asymmetry in HG, suggesting
that auditory language processing can affect the expres-
sion of asymmetry (Dorsaint-Pierre et al., 2001). This is
also consistent with data showing use-dependent changes
in the volume of auditory cortex in professional musi-
cians (Schneider et al., 2002). Importantly, while our
findings support a strong genetic component to the de-
velopment and maintenance of auditory cortical asymme-
tries, they cannot shed light on whether these asymme-
tries are language specific. Such interhemispheric
differences may underlie more low-level auditory pro-
cessing differences (Zatorre et al., 2002) that might fa-
cilitate the processing of auditory language, but might not
be unique to language.

These results demonstrate the preservation of gross mor-
phology of auditory cortex in deaf individuals, suggesting

Table 4
Minimum and maximum x, y, and z coordinates and slopes for PT

Left Right

Xmin Xmax Ymin Ymax Zmin Zmax Slope Xmin Xmax Ymin Ymax Zmin Zmax Slope

Deaf 42 69 �52 �3 �5 26 0.55 42 69 �36 6 �1 27 0.69
38 69 �44 �13 3 31 0.64 37 69 �40 �13 �1 23 0.57
33 69 �51 �13 4 24 0.38 36 70 �40 �11 0 45 1.01
35 70 �45 �20 �2 29 0.72 40 73 �42 �11 �5 40 0.99
38 71 �47 �10 �2 17 0.38 37 71 �44 �17 0 33 0.76
36 69 �42 �14 0 17 0.39 40 70 �38 �8 �3 31 0.80
40 70 �60 �4 �1 29 0.47 40 72 �37 �5 1 17 0.35
39 72 �45 �5 �2 36 0.73 39 72 �43 �3 0 29 0.56
33 69 �49 �1 0 41 0.68 37 69 �33 6 �1 33 0.81
36 71 �35 �2 �12 17 0.60 31 73 �37 �2 0 28 0.51
33 70 �50 �18 �2 25 0.55 35 70 �41 �5 4 23 0.38
36 69 �53 �13 �1 32 0.64 35 72 �38 �14 3 30 0.61

Hearing 39 69 �51 �13 �5 24 0.60 39 69 �40 �10 1 17 0.38
32 68 �54 �1 �8 25 0.52 38 68 �44 �9 5 36 0.67
33 70 �58 �4 �9 24 0.50 34 70 �49 �6 1 22 0.37
34 70 �57 �21 0 21 0.41 38 72 �39 �7 �1 20 0.45
38 69 �40 3 �11 21 0.66 40 69 �41 2 0 24 0.49
39 71 �38 7 �8 26 0.76 34 71 �46 �13 1 16 0.30
32 71 �61 �12 4 28 0.38 31 71 �40 �7 �3 35 0.73
31 67 �60 �10 0 35 0.57 33 67 �41 �6 2 27 0.51
33 69 �48 �1 �3 21 0.41 32 69 �40 �6 �1 20 0.42
37 70 �42 �3 �8 23 0.61 35 70 �38 �10 0 19 0.42

avg 35 70 �49 �8 �3 26 0.55 avg 36 70 �41 �7 0 27 0.58
sd 3.1 1.1 7.4 7.5 4.6 6.3 0.1 sd 3.2 1.6 3.5 6.0 2.2 7.8 0.2

1222 V.B. Penhune et al. / NeuroImage 20 (2003) 1215–1225



possible functional reorganization. Supporting this hypoth-
esis, a PET study in the same subjects showed that the PT
was active in response to visual sign language stimuli
(Petitto et al., 2000). Similar results have been obtained in
other functional imaging studies of deaf subjects showing
auditory cortical activation in response to sign language and
other visual stimuli (Finney et al., 2001; Neville et al., 1998;
Newman et al., 2002). Such cross-modal reorganization
could occur through two potential routes that are not mu-
tually exclusive. In the first route, lack of auditory input
would result in reduced pruning of nonauditory input fibers,
creating the potential for functional reorganization of audi-
tory regions similar to that observed in animal preparations
where auditory thalamic inputs are removed (Sur and
Leamey, 2001). The second route for reorganization of
auditory cortex would be through enhanced cortico-cortical
connections from other sensory modalities. Both Raus-
checker (1995) and Hamilton and Pascual-Leone (1998)
have hypothesized that reorganization of visual cortex in
blind animals and humans is the result of enhanced repre-
sentation of somatosensory or auditory information arriving
through normally existing connections from secondary and
association areas. In the congenitally deaf, projections to
auditory cortex from secondary visual and somatosensory
areas and/or polymodal association areas could mediate
reorganization.

Both pathways could result in an auditory cortex at least
partially reorganized to process other types of sensory in-
formation. However, such reorganization is unlikely to be
complete. Even in animal experiments where retinal output
is surgically redirected to auditory cortex, structural and
functional organization is not identical to normal visual
cortex (Gao and Pallas, 1999; Ptito et al., 2001; Sharma et
al., 2000) and visually guided behavior is limited (Frost et
al., 2000; von Melchner et al., 2000). Based on work in
“ rewired” ferrets, Sur has described an interplay between
early, genetically determined processes that govern macro-
structural development and later, experience/input-depen-
dent processes that guide microstructural development and
functional connectivity (Sur and Leamey, 2001). This inter-
play between genetically and experientially determined fac-
tors might explain why reorganization in congenitally deaf
cats and humans does not appear to be complete. In partic-
ular, this may explain why cochlear implants in humans and
cochlear stimulation in animals are more effective at earlier
ages, but remain at least partially effective later (Shepherd
et al., 1997).

The result of auditory cortical reorganization could be
that these regions process specifically language-related
information, as suggested by the results of neuroimaging
studies in deaf speakers of signed languages (Newman et
al., 2002; Nishimura et al., 1999; Petitto et al., 2000).
Conversely, the auditory cortex of deaf individuals may
subserve more general-purpose processing from other
modalities. In addition to linguistically relevant stimuli,
auditory cortex has been shown to be active in response

to hand movements that are not perceived as meaningful
signs (Petitto et al., 2000) and moving dot patterns
(Finney et al., 2001). Further, there is no reason to
assume that vacant auditory cortical real estate would be
occupied only by visual input. In the case of the congen-
itally blind, visual cortex has been shown to respond to
both tactile (Cohen et al., 1997) and auditory stimuli
(Kujala et al., 1995; Weeks et al., 2000). Additional
experiments contrasting linguistic and nonlinguistic stim-
uli and utilizing other sensory modalities are required to
resolve these questions.
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