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Development/Plasticity/Repair

Neuroanatomical Profiles of Deafness in the Context of
Native Language Experience

Olumide A. Olulade, Daniel S. Koo, Carol J. LaSasso, and Guinevere F. Eden

Center for the Study of Learning, Georgetown University Medical Center, Washington, District of Columbia 20057, and Center for Visual Language and
Visual Learning, Gallaudet University, Washington, District of Columbia 20002

The study of congenitally deaf adult humans provides an opportunity to examine neuroanatomical plasticity resulting from altered
sensory experience. However, attributing the source of the brain’s structural variance in the deaf is complicated by the fact that deaf
individuals also differ in their language experiences (e.g., sign vs spoken), which likely influence brain anatomy independently. Although
the majority of deaf individuals in the United States are born to hearing parents and are exposed to English, not American Sign Language
(ASL) as their first language, most studies on deafness have been conducted with deaf native users of ASL (deaf signers). This raises the
question of whether observations made in deaf signers can be generalized. Using a factorial design, we compared gray (GMV) and white
(WMYV) matter volume in deaf and hearing native users of ASL, as well as deaf and hearing native users of English. Main effects analysis
of sensory experience revealed less GMV in the deaf groups combined (compared with hearing groups combined) in early visual areas and
less WMV in a left early auditory region. The interaction of sensory experience and language experience revealed that deaf native users of
English had fewer areas of anatomical differences than did deaf native users of ASL (each compared with their hearing counterparts). For
deaf users of ASL specifically, WMV differences resided in language areas such as the left superior temporal and inferior frontal regions.
Our results demonstrate that cortical plasticity resulting from deafness depends on language experience and that findings from native

signers cannot be generalized.
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Introduction

Long-term experience affects brain anatomy. For example, voca-
tional skills honed by taxi drivers (Maguire et al., 2000) foster
greater gray matter volume (GMYV) in regions subserving this
skill, as do educational experiences such as written language ac-
quisition (Carreiras et al., 2009). Conversely, early blindness re-
sults in gray matter reduction in visual areas (Noppeney et al.,
2005; Noppeney, 2007; Ptito et al., 2008). Deafness, however, is
more difficult to assess because altered sensory experience in deaf
individuals is concomitant with altered language experience (e.g.,
a lifetime experience with sign language). Therefore, it is chal-
lenging to make attributions solely to auditory deprivation. In the
case of deaf users of sign language, differentiation of sensory and
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language experience has traditionally been addressed by the in-
clusion of hearing participants who sign from birth, thus sharing
the deaf participants’ experience of a visuospatial language (Allen
etal., 2008, 2013).

It is often assumed that all deaf individuals grow up using sign
language. In reality, most deaf individuals (95%) in America are
born to hearing parents (Mitchell and Karchmer, 2004) and, in-
stead of a sign language, most of these learn English as a first
language (L1) via lip/speech reading; indeed, >80% of American
deaf students report regular use of English in their homes and
schools (Gallaudet Research Institute, 2010). However, such a
group of deaf individuals has not been included in prior investi-
gations into the neuroanatomical basis of deafness. This is a no-
table omission, not only because these deaf native users of English
are more representative of the deaf population than the small
fraction born to deaf parents, but also because their inclusion
provides a good comparison group for hearing subjects, bypass-
ing native sign language experience.

Previous studies examining anatomical effects of deafness
(Emmorey et al., 2003; Penhune et al., 2003; Fine et al., 2005; Kara
etal., 2006; Shibata, 2007; Allen et al., 2008, 2013; Kim et al., 2009;
Smith et al., 2011) have achieved limited convergence. Whereas
studies of blind individuals reliably observe visual cortex gray
matter atrophy (Noppeney, 2007, but see Bridge et al., 2009),
there have been no analogous reports in auditory cortex in deaf
individuals. Although there are findings of less white matter in
auditory regions (Emmorey et al., 2003; Shibata, 2007; Smith et
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Table 1. Participant demographic information

Olulade et al. @ Neuroanatomical Profiles of Deafness

Native users of ASL Native users of English ANOVA?
Deaf Hearing p Deaf Hearing p F p
F/M 8/7 123 — 5110 7/8 — — —
Age
Mean = SD 23433 26.7 =69 NS 282=*38 259 6.0 NS 2.18 NS
Range 18.4-31.8 18.4-39.5 22.8-34.6 18.6-41.8
PIQ
Mean = SD 1120 £9.8 M32+1 NS 1133 =89 1184 £ 7.6 NS 1.44 NS
Range 92-127 99-129 93-124 106-129
TOSWRF
Mean = SD 107.6 = 16 106.7 = 13 NS 11951 1103 =17 NS 249 NS
Range 89-131 76-121 95-131 75-131

“One-way ANOVA including all four groups. NS, Nonsignificant (p > 0.05).

al., 2011), gray matter has been shown to be the same (Penhune et
al., 2003) and even larger in deaf relative to hearing groups (Em-
morey et al., 2003; Smith et al., 2011).

Here, we test the prediction that lifetime absence of auditory
input is reflected in less GMV and white matter volume (WMV),
specifically in early auditory regions. In the first study, we com-
pared adult deaf and hearing native users of American Sign Lan-
guage (ASL), testing this hypothesis in the signing population on
which prior work has focused and providing consistency with
existing publications. Then, we expanded the study to deaf and
hearing adults who report English (not ASL) as their native lan-
guage, thus testing the effects of deafness in a factorial design that
also considers native language experience.

Materials and Methods

Participants. In the first study, deaf native users of ASL (i.e., deaf individ-
uals born to deaf parents, also referred to as “deaf signers”) were com-
pared with hearing native users of ASL (i.e., hearing individuals born to
deaf parents, also referred to as “hearing signers”; in the literature, these
individuals are also referred to as children of deaf adults [CODAs]).
These two groups of signing participants are similar to those included in
previous studies comparing deaf and hearing signers (Allen et al., 2008,
2013). For ease of comparison with these prior studies, GMV and WMV
from deaf and hearing native signers were compared using a two-sample
f test. Just as in the prior work involving signers, the logic that applies
here is that this comparison should reveal differences attributed to their
contrasting auditory experiences because both have in common that they
are native users of ASL (which they learned from birth from their signing
parents). However, to expand on the previous studies, both of which had
restricted their analyses to regions of interest (Allen et al., 2008, 2013), we
used a whole-brain analysis.

In the second study, the primary focus of this investigation, we ex-
panded the sample to include deaf native users of English (i.e., deaf
individuals born to two hearing parents) and hearing native users of
English (i.e., hearing individuals born to two hearing parents). These
deaf participants self-reported English as their native language on a ques-
tionnaire completed before enrolling in the study. Therefore, we refer to
this group as “deaf native users of English” because English is their first
language (English L1), it is the language used in their homes and at school,
and it was their only language through most of childhood and adolescence.
Although many of these participants learned ASL as young adults, they still
use English most of the time on a daily basis and it is their preferred language.
Their access to English is through oral communication (lip-reading) or cued
speech (i.e., augmenting lip reading with a series of hand motions and hand
placements on the face that fully distinguish the phonemes of English and
other traditionally spoken languages). GMV and WMV from all four groups
were submitted to an ANOVA to test for differences specific to their sensory
experience (deafvs hearing), their language experience (ASL vs English), and
the interactions of these.

All deaf individuals (deaf native users of ASL and deaf native users of
English) had a severe hearing loss of at least 75 dB in the better ear based

on prior clinical audiologic evaluation (conducted on average 18 months
before the subject’s participation in the study). Average hearing loss in
the better ear was matched between the two deaf groups, with 87 dB loss
for the deaf native users of ASL and 89 dB loss for the deaf native users of
English. All of the deaf individuals were either congenitally deaf or be-
came deaf before the age of two years. All participants were right handed,
as assessed via the Edinburgh Handedness Inventory (Oldfield, 1971),
and none reported any history of congenital or acquired neurological or
psychological disorder.

All participants had completed at least a formal high school education
and most were enrolled in college (at the undergraduate or graduate
level) at the time of participation. All individuals were within or above
the normal range (i.e., a score of 85 or above) for nonverbal intelligence
as measured by the Wechsler Abbreviated Scale of Intelligence (WASI;
Wechsler, 1999).

There was a total of 60 participants (32 female, 28 male), 15 partici-
pants in each of the four groups. Their demographic information is
provided in Table 1. The four groups were equated on age, performance
1Q (PIQ) assessed by the WASI (Wechsler, 1999), and single word read-
ing measured by the Test of Silent Word Reading Fluency (TOSWREF;
Mather et al., 2004; single-factor ANOVAs, n = 60; main effect of group
was nonsignificant; p > 0.05 for all three measures). For consistency with
the two-way ANOVA used for the neuroanatomical data (see “Image
Analysis” section), these behavioral data were also submitted to an
ANOVA examining main effects of sensory experience (deaf vs hearing),
main effect of language experience (ASL vs English), and their interac-
tion. This analysis revealed a significant main effect of sensory experience
for the TOSWRF measure (F, 54, = 4.16; p = 0.046) with an advantage
observed for the deaf groups. To ensure that any findings were unrelated
to this difference, the ANOVAs of GMV and WMV were performed with
and without this measure included as a covariate of no interest. The
results were largely the same and are reported here using the data with
TOSWREF included as a covariate of no interest in the analysis.

The Georgetown University Institutional Review Board and the
Gallaudet University Institutional Review Board granted approval of
the study, and participants provided informed written consent for
their participation.

Image acquisition. High-resolution T1-weighted MR images were ac-
quired on a 3T Siemens Trio scanner located in the Center for Functional
and Molecular Imaging at the Georgetown University Medical Center.
Images consisted of 160 contiguous slices and were acquired with the
following parameters: voxel size = 1 mm X 1 mm X 1 mm, TR = 1600
ms, TE = 3.37 ms, flip angle = 15°, FOV = 256 mm. Subjects were asked
to remain as still as possible during the scan. Three or more high-
resolution images were acquired for most participants, depending on
time constraints and participant compliance. In these cases, the images
were inspected and blindly rated for motion artifacts by two individuals,
with the best image chosen for inclusion in subsequent analysis.

Image analysis. Analysis of images consisted of volume measurements
using the automated voxel-based morphometry (VBM) technique im-
plemented in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) via the methods
outlined by Ashburner and Friston (2000). Prior to preprocessing, the
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Hearing > Deaf

No Significant Clusters

Figure 1.

template.

original images from all participants were manually realigned to the an-
terior commissure to reduce between-subject variability in spatial loca-
tion. Images were subsequently processed via the following steps:
coregistration to the white matter template; segmentation to gray matter,
white matter, and CSF using the “New Segment” toolbox (Ashburner
and Friston, 2005), registration of each image to a custom study-
specific template, and spatial normalization to the MNI stereotaxic
space via affine registration of the generated template to the MNI tem-
plate using DARTEL (Ashburner, 2007). In the previous step, the “mod-
ulation” option was selected so that observed differences represented
tissue volume rather than density. Finally, images were smoothed with an
isotropic Gaussian kernel of 10 mm FWHM to reduce anatomical vari-
ability and intensity was thresholded at 0.2 to reduce edge artifacts. Im-
ages were visually inspected to ensure accuracy of the spatial
normalization procedure.

For statistical analysis, we performed a between-group ¢ test for the
first study and an ANOVA for the second, both at the level of the whole
brain. First, whole-brain between-group statistical analysis was imple-
mented using SPM8 to compare GMV and WMV between deaf and
hearing native users of ASL. For the spatial normalization procedure
implemented during the preprocessing stage, the study-specific template
was generated using only these two groups of participants (total n = 30).
Two-sample ¢ tests were conducted to reveal where deaf individuals ex-
hibited greater GMV or WMV than hearing individuals and vice versa.
Images were thresholded at a height level of p < 0.005 (minimum cluster
size = 95 contiguous voxels) and nonstationary cluster corrected (Haya-
saka etal.,2004) ata threshold of p < 0.05. There were no between-group
differences in total intracranial volume (TIV: the sum of whole-brain
GMV, WMV, and CSF), but to be sure to infer regional variation in brain
matter, this measure was included as a regressor of no interest in the
analyses (Peelle et al., 2012).

In the second analysis, an ANOVA was implemented at the whole-
brain level for all four groups using SPM8 to determine brain matter
volume differences related to sensory experience (deaf vs hearing), lan-
guage experience (ASL vs English), and interactions between the two. A
new comparison-specific template was generated for the spatial normal-
ization, this time using all subjects (n = 60). Gray and white matter
images were entered into a 2 X 2 factorial design with sensory experience
and language experience as between-subject factors. An uncorrected
threshold of p < 0.005 (minimum cluster size = 95 contiguous voxels)
was applied. Clusters surviving this threshold were extracted using Mars-
BaR (http://marsbar.sourceforge.net/) to examine the direction of ob-

GMV and WMV differences between deaf and hearing native users of ASL. Less GMV (A) was observed in the deaf
group in bilateral temporal lobe regions, including Heschl’s gyrus. Less WMV (B) was also observed in the bilateral temporal lobe
regions, close to areas identified to differ in gray matter. Deaf signers had more GMV in right superior frontal cortex. Height
threshold p << 0.005; nonstationary corrected threshold p << 0.05. Clusters were overlaid onto the standardized MNI brain

J. Neurosci., April 16, 2014 - 34(16):5613-5620 * 5615

served effects. Again, TIV did not significantly
differ between the four groups, but was entered
asa covariate of no interest in this analysis to be
conservative.

Results

Between-group comparisons of deaf
and hearing native users of ASL

Hearing > deaf

GMYV. Greater GMV was observed for the hear-
ing native signers relative to the deaf native
signers within the left transverse temporal (He-
schl’s) gyrus, extending into the superior tem-
poral gyrus and the insula (Fig. 14, Table 2). In
the right hemisphere, greater GMV was found
for the hearing group within the claustrum and
extending into the transverse and superior
temporal gyri, the insula, and portions of the
inferior parietal lobule. Greater GMV was also
observed in the left middle temporal gyrus and
in the right fusiform gyrus. In both hemi-
spheres, these clusters extended into the infe-
rior temporal, fusiform, and parahippocampal
regions.

WMYV. Areas with more WMV for the hear-
ing group (Fig. 1B, Table 2) were located in
close proximity to those observed for gray mat-
ter. A large cluster revealing greater WMV for
the hearing signers relative to the deaf signers was observed in the left
hemisphere, with a peak location in the middle temporal gyrus and ex-
tending into the superior, transverse, and inferior temporal gyri, as well
as the insula, fusiform, and parahippocampal gyri. In the right hemi-
sphere, more white matter in the hearing compared with the deaf signers
was observed in the superior temporal gyrus, extending into Heschl’s
gyrus and the insula. A second right hemisphere region was observed in
the middle temporal gyrus, extending into the fusiform and inferior
temporal regions.

Deaf > hearing

GMV. The opposite contrast (Fig. 14, Table 2) yielded greater GMV in

the deaf native signers compared with the hearing native signers in the

right superior frontal gyrus, extending into the middle frontal gyrus.
WMYV. No differences in WMV were observed between deaf and hear-

ing native signers.

ANOVA of deaf and hearing native users of ASL and deaf and
hearing native users of English

Main effect of sensory experience

Hearing > deaf. For gray matter (Fig. 2A, top, Table 3), the two hearing
groups combined compared with the two deaf groups combined exhib-
ited greater GMV in the left anterior fusiform and lingual gyri and in the
left cerebellum. Hearing groups also had greater GMV than the deaf
groups in the right precuneus and in the right posterior cingulate.

For white matter (Fig. 2B, top, Table 3), the hearing groups overall had
greater WMV than the deaf groups in the left superior temporal gyrus,
extending into the transverse temporal (Heschl’s) gyrus.

Deaf > hearing. Relatively greater GMV was observed for the deaf
groups in the middle temporal regions bilaterally, and in the bilateral
superior frontal gyri, extending into the middle frontal gyrus in the right
hemisphere.

There were no findings of greater WMV in the deaf groups relative to
the hearing groups.

Main effect of language experience

ASL > English. Deaf and hearing native users of ASL combined exhibited
greater GMV than deaf and hearing native users of English, predomi-
nantly in right hemisphere regions. These included the right middle,
medial, and inferior frontal cortices and the precuneus (Fig. 2A, middle,
Table 3). Left hemisphere differences were observed in the middle frontal
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Table 2. MNI coordinates of maxima of volume differences for whole-brain between-group comparisons of deaf and hearing native users of ASL

MNI coordinates

Comparison X y z Anatomical region BA L
Hearing > deaf GMV differences
—33 =25 6 L. transverse temporal gyrus’ 4 4.01
—36 -3 —30 L. middle temporal gyrus® 21 461
32 —18 12 R. daustrum* 3.92
39 —6 - R. fusiform gyrus® 20 3.82
WMV differences
—52 -2 -8 L. middle temporal gyrus’ 21 493
50 —21 9 R. superior temporal gyrus® 4 4.00
46 2 —38 R. middle temporal gyrus” 21 4.04
Deaf > hearing GMV differences
22 M 52 R. superior frontal gyrus? 8 4.07
WMV differences
No significant clusters

“Cluster extends into the superior temporal gyrus and the insula.
®Cluster extends into the inferior temporal gyrus, the fusiform gyrus, and parahippocampal gyrus.

“Cluster extends into the transverse temporal gyrus, superior temporal gyrus, the insula, and the inferior parietal lobule.

9Cluster extends into the transverse temporal gyrus, superior temporal gyrus, inferior temporal gyrus, insula, fusiform gyrus, and parahippocampal gyrus.

“Cluster extends into the transverse temporal gyrus and insula.
"Cluster extends into the fusiform gyrus and inferior temporal gyrus.
9Cluster extends into the middle frontal gyrus.

gyrus and in the cingulate gyrus, where native users of ASL had more
GMYV than native users of English.
Greater WMV (Fig. 2B, middle, Table 3) was observed for native users
of ASL in the left precentral gyrus and right inferior frontal gyrus.
English > ASL. Deaf and hearing native users of English did not exhibit
any areas of greater GMV or WMV compared with deaf and hearing
native users of ASL.

Interaction: sensory experience by language experience

GMYV. Significant findings for this interaction emerged in five areas (Fig.
2A, bottom, Table 3): left hemisphere middle temporal gyrus and caudate
and right hemisphere medial frontal and precentral gyri and insula. The
question central to this investigation is whether the differences in GMV
in deaf compared with hearing users of sign are unique to deaf native
signers, as evidenced by absence or reversal of this difference in the other
pair, the deaf and hearing native users of English. The first type of pattern
was observed in right insula, where the deaf native users of ASL had less
GMYV than the hearing native users of ASL, with GMV here being equal in
the deaf and hearing native users of English. Right precentral gyrus also
had less GMV in the deaf native users of ASL compared with the hearing
native users of ASL; here the deaf native users of English showed more
GMYV compared with their hearing counterparts (i.e., the reverse of the
signing groups). Less GMV in these two right hemisphere regions is
therefore specific to deaf native users of sign.

Conversely, deaf native users of ASL had more GMV than their hearing
counterparts in the right medial frontal gyrus and left caudate, whereas
this observation was the reverse in the deaf compared with hearing native
users of English. Together, these four differences in GMV (less in right
precentral gyrus and insula; more in right medial frontal gyrus and left
caudate) can be attributed to deafness only in native users of ASL.

The deaf native users of English showed, as just described, less GMV in
right medial frontal gyrus and left caudate compared with their hearing
native users of English comparison group. Also, as just described, there
was more GMYV in right precentral gyrus in deaf compared with hearing
native users of English, whereas the effect was the opposite in the deafand
hearing native users of ASL. In addition, for the fifth cluster identified in
the interaction analysis, more GMV was observed in the left middle
temporal gyrus in the deaf compared with the hearing native users of
English, whereas it was equal in the comparison of deaf and hearing
native users of ASL. In fact, GMV in this region was greater in the deaf
native users of English than in any of the three other groups. Together,
less GMV in the right medial frontal gyrus and the left caudate and more
GMYV in the right precentral and left middle temporal gyri can be attrib-
uted specifically to deafness in native users of English.

WMYV. The interaction analysis revealed five clusters (Fig. 2B, bottom,
Table 3): left hemisphere superior temporal and inferior frontal gyri and
cerebellum and right hemisphere precentral and fusiform gyri, extending
into the middle and inferior temporal cortices. Again, our interest was
primarily in areas where the deaf and hearing native users of ASL had a
difference in WMV, whereas there was no difference or a reversal of the
relationship between the deaf and hearing native users of English. This
was the case in left superior temporal and inferior frontal gyri and in the
right fusiform region, which were less in the deaf compared with the
hearing native users of ASL (and equal in the deaf and hearing native
users of English), suggesting that this experience-dependent difference in
WMV attributed to deafness is unique to deaf people who are native
signers, but cannot be considered generalizable to all deaf people. There
were no areas where deaf native users of ASL had more WMV than their
hearing counterparts.

The analysis also revealed that deaf native users of English have less
WMV in the cerebellum than their hearing counterparts, but this was
driven, as can be seen in Figure 2B, by more WMV in the hearing native
users of English than in any of the other groups. Conversely, deaf native
users of English had more WMYV than their hearing counterparts in right
precentral gyrus, whereas WMV was equal here in the deaf and hearing
native signers. In sum, less WMV resulting from deafness is unique to
native users of sign in left superior temporal gyrus, left inferior frontal
gyrus, and right fusiform gyrus, whereas, in deaf native users of English,
deafness manifests in less WMV in cerebellum and more WMV in right
precentral gyrus.

Discussion

The present study investigated how lack of auditory experience
affects brain anatomy by contrasting GMV and WMV in deaf
and hearing adults using whole-brain voxel-based morphom-
etry. By analogy with reports on visual system differences in
studies of the blind, one might expect less brain volume in
early auditory regions. However, studies of deafness are compli-
cated by the fact that deaf individuals are raised with varying
language experiences and acoustic stimuli and language are both
processed in auditory regions within the superior temporal gyrus.
Therefore, our study involved deaf and hearing participants with
and without native sign experience to determine whether the
effects of deafness manifest differently on brain matter in deaf
individuals with distinct language backgrounds.
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Main Effect of Sensory Experience

Hearing > Deaf (red): L. Cerebellum; L. Fusiform Gyrus;
L. Lingual Gyrus; R. Cingulate Gyrus; R. Precuneus
Deaf > Hearing (blue): L. Middle Temporal Gyrus;

L. Superior Frontal Gyrus; R. Superior Frontal Gyrus;
R. Middle Temporal Gyrus

Main Effect of Language Experience

ASL > English: L. Middle Frontal Gyrus; L. Cingulate Gyrus;
R. Precuneus; R. Medial Frontal Gyrus; R. Middle Frontal Gyrus;
R. Inferior Frontal Gyrus

Interaction Sensory x Language Experience
L. Caudate R. Precentral R.MdFG

GM Signal
WM Signal

R.Insula

WM Signal

Deaf Native Users of ASL Hearing Native Users of ASL B Deaf Native Users of English

Figure 2.

mum cluster size = 95. Clusters were overlaid onto the standard MNI brain template.

Our first study of deaf native signers was intended to provide
consistency with prior investigations that have focused primarily
on this population. Hearing native signers served as the compar-
ison group because differences between deaf signers and hearing
nonsigners as reported by most (but see Allen et al., 2008, 2013)
make it impossible to make attributions to sensory versus lan-
guage experience. Unlike prior work, in the present study, we
investigated the whole brain. Prior work in the deaf (using hand
tracing, VBM, and other methods) has often examined a priori
regions of interest to focus specifically on auditory areas (Emmo-
rey et al., 2003; Penhune et al., 2003; Smith et al., 2011), visual
areas (Fine et al., 2005; Allen et al., 2013), insula (Allen et al.,
2008), motor cortex and inferior frontal gyrus (Allen et al., 2013),
and corpus callosum (Kara et al., 2006; Leporé et al., 2010). Those
who examined differences at the whole-brain level have in some
cases reported differences in auditory regions (Shibata, 2007;

Hearing > Deaf: L. Superior Temporal Gyrus

ASL > English: L. Precentral Gyrus; R. Inferior Frontal Gyrus

W Hearing Native Users of English

Results of ANOVA. Shown are the ANOVA results for GMV () and WMV (B) differences. Top, Main effect of sensory
experience (hearing > deaf, red; deaf > hearing, blue). Middle, Main effect of language experience (ASL > English, red). Bottom,
Interaction of sensory experience X language experience (green). MdFG, medial frontal gyrus; IFG, inferior frontal gyrus; MTG,
middle temporal gyrus; STG, superior temporal gyrus. Error bars indicate 1 SE measurement. Height threshold p << 0.005; mini-
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Kim et al., 2009; Leporé et al., 2010; Péni-
caud etal., 2012) and elsewhere, including
parietal, frontal, and temporal lobes; mo-
tor regions; and cerebellum (Penhune et
al., 2003; Shibata, 2007; Kim et al., 2009;
Leporé et al., 2010). When comparing
deaf with hearing native users of ASL
across the whole brain, we found less
GMYV and WMV in superior temporal re-
gions bilaterally, including primary audi-
tory cortex. Less WMV in auditory brain
regions has been reported in comparisons
of adult deaf signers and hearing nonsign-
ers (Emmorey et al., 2003; Shibata, 2007;
Leporé et al., 2010; Pénicaud et al., 2012),
and deaf and hearing prelingual infants
(Smith etal., 2011). Our replication of less
WMYV in superior temporal regions bilat-
erally, achieved here with a hearing native
signing control group, is consistent with
work conducted without hearing signers;
it also converges with our novel finding of
less GMV in bilateral transverse temporal
gyri. An interesting outcome of this anal-
ysis is the finding of more GMV in the deaf
native signers in right superior frontal
cortex.

Our second and main analysis served
to address the concern that prior studies
have largely involved deaf native users of
ASL, who represent a small section of the
deaf population and whose native experi-
ence with a spatial language might play a
mitigating role in the results to date (Car-
din et al., 2013). Although both the hear-
ing and deaf participants in the first study
were matched on their ASL experience,
the experience of a signed language might
add another layer of experience-induced
plasticity that could in part be responsible
for the anatomical differences attributed
to deafness. Sign language use makes
unique motor, visuospatial, and temporal
demands on the brain (Campbell et al.,
2008; MacSweeney et al., 2008). Indeed,
our results from the ANOVA revealed a
main effect of language experience in nu-
merous brain areas, notably in the right hemisphere, where native
users of ASL (deaf and hearing together) had more GMV than
native users of English (deaf and hearing), whereas there were no
areas that showed less GMV for native signers. These observa-
tions, especially the most robust finding in right middle frontal
(BA9) gyrus, fit with the idea that spatial demands of ASL affect
right hemisphere brain anatomy, here found in regions known to
subserve planning of motor movements.

Our central question was how such effects of ASL experience
would compound with deafness. The interaction analysis be-
tween language and sensory experience confirmed our prediction
that some anatomical differences attributed to deafness are
unique to native users of ASL. These included less GMV in right
precentral gyrus (BA6) and insula (BA13) and more in right me-
dial frontal gyrus (BA9) and left caudate in deaf native signers.
The frontal locations imply a role for movement sequencing or

R. Precentral
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Table 3. MNI coordinates of maxima of volume differences for whole-brain ANOVA
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MNI coordinates

X y z Anatomical region BA Z
Main effect of sensory experience
Hearing > deaf GMV differences
0 =73 -1 L. lingual gyrus 18 3.24
=50 —67 =51 L. cerebellum 3.63
—36 —58 =57 L. cerebellum 2.74
—40 -7 =30 L. fusiform gyrus 20 4.23
8 =75 45 R. precuneus 7 3.17
4 —60 18 R. posterior cingulate 23 3.01
WMV differences
—42 —24 7 L. superior temporal gyrus’ 4 4.25
Deaf > hearing GMV differences
=51 —16 -12 L. middle temporal gyrus 21 3.29
—20 68 16 L. superior frontal gyrus 10 3.08
44 2 =27 R. middle temporal gyrus 21 3.47
22 36 28 R. superior frontal gyrus® 10 3.72
WMV differences
No significant clusters
Main effect of language experience
ASL > English GMV differences
—12 23 37 L. cingulate gyrus 32 331
—20 41 -1 L. middle frontal gyrus n 3.63
—34 8 27 L. middle frontal gyrus " 3.27
16 —64 45 R. precuneus 7 3.63
0 -33 52 R. medial frontal gyrus® 6 3.63
33 18 28 R. middle frontal gyrus 9 4.10
34 33 =17 R. inferior frontal gyrus 47 3.34
WMV differences
—15 —18 73 L. precentral gyrus 6 331
54 20 12 R. inferior frontal gyrus 45 3.43
English > ASL GMV differences
No significant clusters
WMV differences
No significant clusters
Interaction: sensory experience X language experience
GMV differences
—45 —4 -2 L. middle temporal gyrus 21 2.87
-12 14 19 L. caudate 4.42
45 —40 19 R.insula’ 13 3.76
38 -9 42 R. precentral gyrus 6 3.76
18 35 33 R. medial frontal gyrus 9 3.76
WMV differences
-3 —66 —38 L. cerebellum 3.21
—50 -7 -8 L. superior temporal gyrus 21 3.95
-4 39 9 L. inferior frontal gyrus 45 425
56 -12 =27 R. fusiform gyrus® 20 3.75
44 -12 48 R. precentral gyrus 6 3.81

Clusters surviving a nonstationary correction at p << 0.05 are listed in boldface.
“Cluster extends into the transverse temporal gyrus.

bClyster extends into the middle and medial frontal gyri.

“Cluster extends into the paracentral lobule.

9Cluster extends into the supramarginal gyrus.

“Cluster extends into the inferior and middle temporal gyri.

decisions about actions in the absence of audition in signers.
Notably, there was less WMV in the deaf native signers in left
superior (BA21) and inferior frontal gyri (BA45), suggesting an
impact on language areas in the absence of audition in signers.
Together, these observations illustrate that some anatomical dif-
ferences attributed to deafness are unique to native users of ASL.
Native users of English in turn exhibit differential effects in other
brain regions.

So, what are the most salient differences between deaf and
hearing people independent of their language experience? The
main effect of sensory experience revealed less GMV, most nota-
bly in fusiform gyrus (BA20). This focus, along with a similar

finding in left lingual gyrus (BA18), suggests that visual areas
within and outside of striate cortex contain less GMV in the deaf
independent of their language experience. We also found more
GMYV in the deaf in right superior frontal gyrus (BA10), consis-
tent with a report of “hypertrophy” in deaf signers in nearby
prefrontal lobe structures (Leporé et al., 2010). This suggests the
possibility of altered, perhaps enhanced executive function in all
deaf in the absence of auditory information.

Our prediction was that brain matter within and surrounding
auditory regions would be affected by deafness. Although we did
not find overall less GMV in auditory cortex of the deaf, WMV
was less in left superior temporal gyrus (BA41) in the deaf (native
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users of english and ASL combined) compared with hearing
groups. This is consistent with prior studies of the deaf (Emmo-
rey et al., 2003; Shibata, 2007; Kim et al., 2009; Leporé et al., 2010;
Smith et al., 2011; Pénicaud et al., 2012) and our own between-
group comparison presented in the first analysis. White matter
reduction in auditory regions has been attributed to reduced my-
elination or increased pruning of auditory fibers, and thus fewer
connections between auditory cortex and other brain regions
(Emmorey et al., 2003), or as a result of functional reorganization
(Finney et al., 2001; Bavelier and Neville, 2002; Fine et al., 2005).
Indeed, there are reports of reduced white matter microstructural
integrity measured with diffusion tensor imaging in superior tem-
poral areas in adults with congenital hearing loss (Kim et al., 2009; Li
et al,, 2012). The interpretation of GMV differences is not straight-
forward. Much of the cortex undergoes thinning over development
perhaps due to neuronal pruning (Giedd and Rapoport, 2010), but
perisylvian language areas thicken (Sowell et al., 2004). Therefore,
observation of more GMV could reflect normal maturation, but also
failure to mature, depending on the location. In sum, the mecha-
nisms underlying microstructural changes and their interpretation
require further study and will benefit from other measures, such as
gyrification patterns (Im et al., 2010).

Whether classical language areas in the left superior temporal
lobe, also closely located to auditory cortex, are used differently in
the deafhas been a topic of debate, especially in the context of sign
language processing. Some have shown that sign language elicits
activity in auditory regions (Nishimura et al., 1999; Lambertz et
al., 2005; MacSweeney et al., 2008), whereas others have found
activity in visual (but not auditory) cortex (Leonard et al., 2012).
A recent report attributed activity in the left superior temporal
sulcus in deaf signers to the linguistic (not visual sensory) aspects
of sign language (Cardin et al., 2013). Our findings provide im-
portant new context for these observations, demonstrating that
all deaf people in our study, independent of their native language
background, have less white matter within left hemisphere audi-
tory regions (BA41). However, the interaction analysis revealed
critical new information: white matter in areas associated with
language—the left STG (BA21) and inferior frontal gyrus
(BA45)—is reduced only in deaf native users of sign (not in na-
tive users of English). Together, these findings provide new in-
sights, inferring fewer white matter connections in early auditory
regions in the deaf population in general, with extension of these
WMV differences into areas known to process phonological in-
formation only in the deaf subjects who did not grow up with
English as a native language. This may reflect a distinction that
exists for phonology in ASL versus phonology in English.

Together, these results demonstrate that language back-
ground plays an important role in determining how deafness
affects brain anatomy. Some anatomical differences attributed
to deafness are unique to native users of ASL and are not
generalizable to the larger deaf population. Further, the differ-
ential effects on brain areas subserving audition versus those
subserving language can be disambiguated by studying deaf
groups with distinct native language experiences, in this case
English and ASL.
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