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significant negative
correlation with the duration of the sudden sensorineural
hearing loss (R¼�0.427, p¼ 0.012 for left-side unilateral
SSNHL and R¼�0.412, p¼ 0.013 for right-side unilateral
SSNHL) was also found in these brain areas. There was no
region with increased gray matter found in both groups of
unilateral sudden sensorineural hearing loss patients.
Conclusions: This study confirms that detectable decreased
contralateral auditory cortical morphological changes have
occurred in unilateral SSNHL patients within the acute
period by voxel-based morphometry methods. The gray
matter volumes of these brain areas also perform a negative
correlation with the duration of the disease, which suggests a
gradual brain structural impairment after the progression of
the disease. Key Words: Contralateral auditory cortex—
Unilateral sudden sensorineural hearing loss—Voxel-
basedmorphometry.
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ural hearing loss (SSNHL), com- emergency (2–4). Although some
Sudden sensorine
monly known as sudden deafness, can be associated with
tinnitus and vertigo and is defined as mostly unilateral
decline of hearing function of more than 30 dB in at least
three sequential frequencies over 3 days or less (1). The
incidence of SSNHL was reported to range from 3.9 to 27.5
per 100,000 per year and is considered to be an otologic
pathophysiological
mechanisms have been proposed, the precise cause of
SSNHL is still unknown (5). Hearing loss is usually
unilateral and has no side preference, and only less than
5% of the SSNHL patients were reported to have bilateral
involvement (1,6). What is worse is that it has been
reported that the hearing function of the SSNHL patients
will not be improved even after high-quality appropriate
therapy (7), which indicates that perhaps there already
exists some type of irreversible brain structural damage in
these SSNHL patients.

Brain structural alterations have been reported in
patients with auditory impairment such as tinnitus, uni-
lateral hearing loss, or deafness in auditory and non-
auditory areas (8–15). However, the results of SSNHL
studies vary because of some inhomogeneous experimen-
tal factors such as the sample age, disease duration, and
the side of the hearing impairments. For example, Yang
et al. (15) investigated regional brain structural altera-
tions in 14 patients with 14.2 years of right-sided uni-
lateral sudden hearing loss and found decreased gray
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matter volume in the bilateral posterior cingulate gyrus
and precuneus, left superior/middle/inferior temporal
gyrus, right parahippocampal gyrus, and lingual gyrus
compared with healthy controls, which suggests that
chronic unilateral sudden hearing loss could induce brain
morphological changes. Boyen et al. (12) found GM
increases in the superior and middle temporal gyrus
and decreases in the superior frontal gyrus, occipital
lobe, and hypothalamus in 16 hearing loss patients
compared with 24 healthy controls. Although there were
already some studies that reported the brain atrophy and
impaired microstructure induced by unilateral sudden
sensorineural hearing loss (15–17), whether these
changes already exist during the acute period is still
unknown. The inconsistencies between previous studies
of unilateral SSNHL and the lack of the brain structure
alterations in the acute period prompted us to set up a new
voxel-based morphometry (VBM) study to gain more
insight into the neuroanatomical differences that are
related to unilateral SSNHL.

The aims of this study were the after: (1) to investigate
the cerebral gray matter volume alterations in unilateral
SSNHL patients within the acute period by the VBM
method, and (2) to determine whether hearing impair-
ment is associated with regional gray matter alterations in
unilateral SSNHL patients. To the best of our knowledge,
no previous studies have examined the gray matter
volume changes and uncovered the correlation between
these changes and clinical indexes such as disease
duration, hearing level, and tinnitus handicap inventory
scores in unilateral SSNHL patients. We hope that our
results will complement previous studies and further the
understanding of unilateral SSNHL pathophysiology.

MATERIALS AND METHODS

Subjects
This study included data collected from two groups (left- and

right-side unilateral SSNHL) of patients and a healthy control
group, with a total of 191 right-handed subjects. The 86 patients
were recruited at the outpatient Otorhinolaryngology Depart-
ment of Union Hospital, which is a tertiary class A teaching
hospital of Tongji Medical College, Huazhong University of
Science and Technology, and 105 age-matched right-handed
TABLE 1. Summary of the dem

Demographic Control Le

Number (n) 105

Sex (male/female) 47/58

Age (yr) 39.6þ 16.0 3

Education level (yr) 10.3þ 4.2

Disease duration (d) N/A

PTA of left ear (dB HL) 13.2þ 1.5 6

PTA of right ear (dB HL) 12.9þ 1.2 1

THI score (0–100) N/A 4

PTA, pure-tone average; SNHHL, sudden sensorineural hearing loss; THI
ap value was obtained using a Pearson x2 test (two-tailed).
bp value was obtained using one-way ANOVA (two-tailed).
cp value was obtained using the independent-sample t test (two-tailed).
healthy adults were recruited at the Radiology Department of
Union Hospital from 2013 to 2015. All of the subjects had the
racial category of Chinese Han. The left-side unilateral SSNHL
group comprised 39 (19 males) patients, and the right-side
unilateral SSNHL group comprised 47 (27 males) patients.
The healthy control groups consisted of 105 (47 males) subjects.
Pure-tone audiometry was performed with a clinical audiometer
using seven different octave frequencies (0.125 0.25, 0.5, 1, 2,
4, and 8 kHz) to measure the pure-tone average (PTA) and
reflect the hearing level. All of the unilateral SSNHL patients
were included if the PTA hearing threshold at the octave
frequencies 0.5, 1, and 2 kHz was higher than 30 dB in the
unilateral hearing loss side ear. All of the healthy control group
subjects had normal hearing (defined as hearing loss of not more
than 25 dB hearing loss at any of the seven frequencies).
Additionally, individuals with noisiform or pulsatile tinnitus,
Ménière’s disease, intralabyrinthine hemorrhage (18), otoscle-
rosis, chronic headache, psychiatric illnesses, head injury, neuro-
surgery, neurological disorders such as brain tumors, and
individuals being treated for mental disorders were excluded
from the study, to obtain a more homogeneous sample (19).

Because most of the SSNHL patients also had tinnitus, we
assessed the tinnitus handicap by a Dutch translation of the
Tinnitus Handicap Inventory (THI) questionnaire (20). This
questionnaire consists of 25 questions that examine the func-
tional, emotional and catastrophic reactions to tinnitus by the
patients’ self-report. Higher total scores (ranging from 0 to 100)
represent a higher impact of the tinnitus on everyday life for the
unilateral SSNHL patients. We also assess the handedness by
the Edinburgh Inventory questionnaire (21) of all of the sub-
jects. Further details about the demographic information of the
subjects can be observed in Table 1.

This study was approved by the Tongji Medical College of
Huazhong University of Science and Technology medical
ethics committee. All of the subjects were informed about
the purpose of the study before giving their written consent
in accordance with Chinese legislation.

Data Acquisition
All of the patients were scanned before any drug treatment.

The imaging experiments were performed using a 3-T MRI
system (Siemens Trio Tim, Erlangen, Germany), which was
equipped with a 12-channel head coil. The patients were asked
to lay still in a supine position and cover their ears with
headphones to remove noise during the scanning. A foam
cushion was used to fix the head to reduce motion artifacts
produced by head movements. Anatomical images were
ographic and clinical data

ft SNHHL Right SNHHL p Value

39 47 N/A

19/20 27/20 0.914a

8.7þ 12.6 41.1þ 14.1 0.749b

9.8þ 3.8 10.1þ 3.5 0.878b

8.7þ 3.9 8.6þ 4.6 0.921c

3.7þ 27.5 16.3þ 5.2 <0.001b

5.8þ 4.0 60.2þ 31.8 <0.001b

8.4þ 27.8 52.5þ 25.9 0.477c

: tinnitus handicap inventory.
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acquired by a three-dimensional high-resolution T1-weighted
magnetization-prepared rapid acquisition gradient echo (MP-
RAGE) sequence. The sequence parameters were: repetition
time (TR)¼ 2250 ms, echo time (TE)¼ 2.26 ms, inversion time
(TI)¼ 900 ms, flip-angle¼ 9o, voxel size¼ 1.0 � 1.0 � 1.0
mm3, field of view (FOV)¼ 256 mm � 256 mm, slice thick-
ness¼ 1.00 mm; matrix¼ 256 � 256; and 176 sagittal slices
covering the whole brain. A t2-spc-rst-tra-iso (T2-weighted)
sequence was also acquired to evaluate the status of the
peripheral auditory system. The t2-spc-rst-tra-iso parameters
were as follows: TR¼ 1000 ms, TE¼ 132 ms, slice
thickness¼ 0.5 mm, slice number¼ 64, flip-angle¼ 1208,
FOV¼200 mm � 200 mm, and averages¼ 2. The MR images
were diagnosed independently by two radiologists (one with 4
yr of experience, and the other with more than 20 yr of
experience). Patients with abnormal MR signals such as otitis
media, acoustic neuroma, and brain tumors were excluded from
the subsequent analysis.

Data Preprocessing
Data processing was performed using the VBM8 toolbox

(http://dbm.neuro.uni-jena.de/vbm/) within the SPM8 software
package (22) (SPM8, http://www.fil.ion.ucl.ac.uk/spm) running
under MATLAB (Math Works, Natick, MA, U.S.A.). The
origin location of each participant’s structural image was
manually set to the anterior commissure. Then, these structural
images were corrected for bias-field inhomogeneity, registered
using linear (12-parameter affine) and nonlinear transform-
ations, and segmented into gray matter, white matter, and
cerebro-spinal fluid within the same generative model (23).
The segmented images were then iteratively registered by the
Diffeomorphic Anatomical Registration Through Exponenti-
ated Lie algebra toolbox (DARTEL) to improve the intersubject
registration (24). In addition, a template for the group of
individuals was created in this step. This template image was
transformed to MNI stereotactic space using affine and non-
linear spatial normalization with intensity modulation by the
Jacobian determinant of the deformation flow field computed
for each image to account for volume changes that resulted from
the normalization process (25). For the modulated normalized
option, we used ‘‘nonlinear only,’’ to result in an analysis of the
relative differences in the regional gray matter volume, which
was corrected for the individual brain size. The resulting gray
FIG. 1. A, Brain regions where there were significant reductions in gray
loss patients (n¼39) relative to healthy controls (n¼105), highlighted in
the pattern of correlation between the mean gray matter volume for the cl
right; rGMV, regional gray matter volume.
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matter images were transformed into MNI space and smoothed
with an isotropic Gaussian kernel of 10-mm full width at half
maximum (FWHM), to exploit the partial volume effects and
increase the signal-to-noise ratio.

Statistical Analysis
To detect the differences among the three groups of sub-

jects, a one-way analysis of covariance (ANCOVA) was
performed with sex, age, and education as covariates. A
family-wise error (FWE) with a confidence threshold of
p< 0.05 was used to correct for multiple comparisons. To
determine the differences between each of the groups, a post
hoc Tukey pair-wise comparison was conducted between
patient groups and healthy control groups with the FWE
corrected ( p< 0.05 and extent threshold 33 voxels). A cor-
relation analysis was also performed in the patient groups
between the regional gray matter volume and the duration of
the disease as well as the PTA and THI in the brain areas with
the gray matter alterations.

RESULTS

All of the subjects who were included in the study are
right handed. Demographic and clinical data for the
subjects in the right- and left-side unilateral SSNHL
groups are shown in Table 1. No significant differences
were found in sex, age, education level, disease duration,
or Tinnitus Handicap Inventory (THI) score among the
cohorts. The pure-tone average (PTA) of the left ear and
the PTA of the right ear were significantly different
among the three groups.

Compared with healthy control groups, the patients
with left-side unilateral SSNHL had significant gray
matter reductions in the right middle temporal gyrus
(rMTG) and right superior temporal gyrus (rSTG)
(Fig. 1A). We also found a significant negative corre-
lation (R¼�0.427, p¼ 0.012) in these brain areas with
the duration of SSNHL (Fig. 1B). Patients with right-side
unilateral SSNHL showed decreased gray matter in the
left superior temporal gyrus (lSTG) and left middle
temporal gyrus (lMTG) compared with the healthy
matter volume in left-side unilateral sudden sensorineural hearing
yellow (T¼6.12; p<0.05, FWE corrected). B, Scatterplots show

usters identified in (A) and the disease durations. L indicates left; R,

http://dbm.neuro.uni-jena.de/vbm/
http://www.fil.ion.ucl.ac.uk/spm


FIG. 2. A, Brain regions where there were significant reductions in the gray matter volume in right-side unilateral sudden sensorineural
hearing loss patients (n¼47) relative to healthy controls (n¼105), highlighted in yellow (T¼5.65; p<0.05, FWE corrected). B, Scatterplots
show the pattern of correlation between the mean gray matter volume for the clusters identified in (A) and the disease durations. L indicates
left; R, right; rGMV, regional gray matter volume.
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control group (Fig. 2A). This study also showed a
significant negative correlation (R¼�0.412,
p¼ 0.013) in these brain areas with the duration of the
right-side unilateral SSNHL (Fig. 2B). There is no sig-
nificant correlation between the regional gray matter
volume and the PTA and THI scores in both groups of
patients. In addition, there was no region that had
increased gray matter that was found in either group
of unilateral SSNHL patients, nor do any other brain
areas had an alteration of gray matter except the con-
tralateral auditory cortex.

DISCUSSION

In the present study, we investigated the brain morpho-
logical alterations in a large sample of unilateral SSNHL
patients using the voxel-based morphometry method.
Compared with the healthy control group, left-side uni-
lateral SSNHL patients showed a gray matter reduction in
the right auditory cortex (rMTG, rSTG), whereas right-
side unilateral SSNHL patients showed a gray matter
reduction in the left auditory cortex (lMTG, lSTG). This
interesting result suggested two meanings. On the one
hand, cortical morphological alterations already existed
in unilateral SSNHL patients within the acute period. On
the other hand, these alterations mainly occur in the
contralateral auditory cortex. For the first point, a
previous study has demonstrated activity-dependent tran-
sient and selective structural changes in gray matter
induced in human adults after 3 months of training
(26). Subsequent research from multiple groups has also
found cortical changes in gray matter that was already
detectable after repetitive nociceptive input over a period
of 8 days (27) and after 7 days of visuo-motor training
(28). Furthermore, a shorter time frame of as early as
within 5 days of induced gray matter changes in the
auditory cortex was reported after repetitive transcranial
magnetic stimulation (29), and a significant GM increase
occurred after 3 days of training in the right ventral
striatum (30). Considering the duration (days) of the
SSNHL patients in our experiment, we are not surprised
with the alteration of the gray matter found in this study
because brain morphological alterations could indicate
corresponding brain dysfunctions that are related to
unilateral SSNHL.

Another notable result of this study is that the location
of the decreased gray matter is on the contralateral
auditory cortex. To the best of our knowledge, there
seems to be a paucity of information in the literature on
lateralized brain structural alterations in patients with
unilateral SSNHL; in contrast, there was a clear laterality
effect of primary auditory cortex in functional studies
(31–34). Musiek et al. (35) reported an interesting patient
in which a patient had a specific hearing loss that was
lateralized distinctly to the right ear, which was con-
tralateral to a stroke that involved the left hemisphere,
with neural compromise limited primarily to the left
Heschl’s gyrus. The underlying mechanism of this con-
tralateral cortex impairment could be related to the
misrepresentation of the intensity at the cortical level
(35), given that our patients showed no abnormality in the
peripheral auditory system. The perception of loudness or
intensity at the cortical level could be affected by the
interaction between excitatory and inhibitory neurons
(35,36). If more excitatory fibers are damaged than
inhibitory fibers, then the perception of loudness would
decrease. As a result, the neuronal response to intensity
from this imbalanced damaged area in one hemisphere
will be reduced compared with the other.

Moreover, Yang et al. (15) reported a study in which
patients with a 14-year right-sided unilateral hearing loss
showed decreased gray matter volume in the left superior/
middle/inferior temporal gyrus, which is consistent with
our findings in the right-side unilateral SSNHL groups.
However, they also reported decreased gray matter volume
in nonauditory brain regions such as posterior cingulate
gyrus, precuneus, and right parahippocampal gyrus, which
is reported in other studies also (37,38). It is reported that
these areas were associated with additional disabilities and
complications in unilateral hearing loss patients, such as
spatial processing, tinnitus, visual processing, and seman-
tic memory (12,39–41). Although some of our unilateral
Otology & Neurotology, Vol. 36, No. 10, 2015
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SSNHL patients also presented with some symptoms such
as tinnitus and vertigo, we found no other brain area
alterations except in the contralateral auditory cortex.
We speculate that this finding is because these concom-
itant symptoms are secondary to the unilateral SSNHL.
Given that our patients only have days of duration and the
strict statistical correction method that we used (FWE), the
impairment of the brain structure after these concomitant
symptoms could be very slight and still undetectable, in
such a way that no significant changes showed. Increased
gray matter could represent a compensatory mechanism
that is secondary to the difficulties induced by unilateral
SSNHL. We found no brain areas that showed a significant
increase of gray matter. We speculate that the brain needs
more time to trigger a compensatory system from other
cerebrum areas and to accumulate the gray matter alter-
ation to a detectable level.

We also found a significant negative correlation
between the gray matter of the altered areas and the disease
duration. This finding could suggest that the impairment of
the gray matter in unilateral SSNHL has a cumulative
effect after the progress of the disease; the longer the
disease, the lower the level of the regional gray matter
volume. Hence, early intervention and prompt treatment
are especially important for the treatment of unilateral
SSNHL. Some previous studies (42,43) also showed a
correlation between the gray matter in the auditory areas
and tinnitus distress (THI scores). However, some of these
studies about the correlations are inconsistent; for
example, Leaver et al. (42) found a positive correlation
between tinnitus distress and the gray matter in auditory
areas, whereas Schecklmann et al. (43) reported a negative
correlation in their tinnitus study. We found no significant
correlation in our study, which is consistent with a
previous study (9). The differences might be because of
the heterogeneity in sample clinical characteristics such as
age, sex, hearing function, and education level as well as
methodical differences. In the future, the selection of a
larger sample of homogeneous subjects and more accu-
rately matched healthy control groups might help us to
uncover the relationship more exactly.

In our data, only the unilateral SSNHL patients were
included in this study, and thus, it is not clear whether there
is the same result about the gray matter alterations in
bilateral SSNHL patients because some studies have
reported different clinical characteristics and treatment
results between bilateral and unilateral SSNHL patients
(6,44,45). The use of MP-RAGE sequence at 3T scanner
may partially introduce the central brightening artifact
(46). In addition, some unilateral SSNHL patients had
some other clinical symptoms, such as tinnitus and vertigo,
other than hearing loss. We cannot exclude the compound
effect of these clinical characteristics on the brain struc-
ture. Furthermore, longitudinal studies with larger samples
are needed to provide more information about the alter-
ations of the gray matter with the disease progression of
unilateral SSNHL, to obtain a higher statistical power and
smaller within-subjects variability (29).
Otology & Neurotology, Vol. 36, No. 10, 2015
In summary, we found that detectable decreased con-
tralateral auditory cortical morphological changes have
occurred in unilateral SSNHL patients within the acute
period by voxel-based morphometry methods. The gray
matter volumes of these brain areas also perform a
negative correlation with the duration of the disease,
which suggests a gradual brain structural impairment
after the progression of the disease. These findings could
help to better characterize unilateral SSNHL and provide
insights for the potential pathophysiology of unilateral
SSNHL, which will ultimately assist in providing a better
diagnosis and more accurate and effective treatment of
unilateral SSNHL. It is hoped that this study will alert
audiologists to not only focus on the abnormal in the
peripheral auditory system but also be aware of the
alteration of the gray matter in the cerebral cortex that
the unilateral SSNHL patients might have.
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