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ARTICLE INFO ABSTRACT

Article history:

Objectives: To determine the long term effect of cochlear implant (CI) in children with GJB2-related
deafness in Japan.

Methods: Genetic testing was performed on 29 children with Cl. The speech perceptionin 9 children with
GJB2 gene-related deafness fitted with Cl was compared with those in matched 10 children who were
diagnosed as having no genetic loci. The average follow-up period after CI'was 55.9 months and 54.6
months, respectively.

Results: A definitive inherited hearing impairment could be confirmed in 12 (41.4%) of the 29 Cl children,
including 10 with G/B2-related hearing impairment and 2 with SLC26A4-related hearing impairment. The
results of IT-MAIS, word or speech perception testing under the noise, and development of speech
perception and production testing using the Enjoji scale were slightly better for the G/B2 group after CI
than for the control group without statistical significant difference. _

Conclusion: The long-term results of this study show that Cl is also effective in the development of speech
performance after Cl in Japanese children with GJB2-related hearing impairments as HL due to other
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1. Introduction

Recent progress in the research on hereditary hearing loss is
remarkable. Since 1992, more than 125 genetic loci have been
reported to be involved in nonsyndromic hearing loss (HL) [1], and
over 67 of those loci are involved in autosomal recessive
nonsyndromic HL [2]. Among these, the G/B2 gene encoding the
connexin (Cx) 26 protein (chromosomal 13q11-12) is the most
common, of which about 100 different GJB2 mutations have been
reported globally [3]. It is reported to account for between 20 and
50% of all recessive nonsyndromic cases [4].

On the other hand, the benefits of cochlear implantation (CI) for
spoken language, reading skills, and cognitive development have
been clearly demonstrated [5,6]. Recently, the outcomes of Cls in
patients with GJB2 mutations have also been reported. Several
studies have shown that patients with GJB2 mutations (OMIM
121011) usually exhibit excellent speech perception and language
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performance after CI, when compared with those without
identifiable GJB2 mutations [7-11}. However, other studies have
demonstrated that when the control group is appropriately
matched with regard to age at implantation and length of post
(I, there is no significant difference when comparing those with
G/B2-related deafness to' those without it {12-15]. Results
analyzing post-Cl speech performance in patients with GJB2
mutations are still controversial.

In this study, in order to know whether the long term effect of Cl
is better in children with GJ/B2-related deafness or not, we have
studied the speech perception outcome of Cl in children with GJ/B2
gene mutations, and compared them to those in matched children
without inherited hearing loss.

2. Materials and methods
2.1. Subjects

We have performed Cl in 301 cases in our clinic since 1997.
Genetic testing was performed in 29 children with ClI, and

definitive GJB2- and SLC26A4-related hearing impairment was
confirmed in 10 (34.5%) and 2 (6.9%) children with C, respectively.
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Table 1

Clinical information of cases in the 2 groups.
Group Control GJB2 P value
Number of cases ' 10 . 9
Sex (male:female) 3:7 2:7
Age at CI (months) 36.7 374 0.5996
Post CI (months) 546 - 55.9 0.6736

Pre-Cl education Auditory-verbal/oral

Auditory-verbalforal

Cl: cochlear implantation.

Finally, 19 children whose selection criteria were as follows were
enrolled for this study.

1. Their age at CI was 6 years or less

2. Their guardian accepted gene mutation analysis

3. There was no any other apparent cause of deafness such as inner
ear anomaly, central disorders/learning difficulties, or cytomeg-
alovirus (CMV) infection

We divided them into two groups: the first, a control group
consisting of 10 children who were diagnosed as having no genetic
loci, while the second was the actual G/B2 study group consisting of
9 children with GJB2 gene-related deafness. Detail of their clinical
information is shown in Table 1. HL was diagnosed at a different
age in each child, but showed 90 dB or more severe HL before the
age of 6 on auditory brainstem response (ABR) test. Preoperative
imaging studies (CT and MR) showed no abnormal findings in any
of the children in each group. None of the children showed any
cognitive delay. The average age at Cl in the two groups was 36.7
months (ranging from 21 to 67 months old; 3 male and 7 fernale)
and 37.4 months (ranging from 22 to 63 months old; 2 male and 7
female), respectively. Thus, there is no significant difference
between the two groups (Student's t-test, t = —0.5339, P = 0.5996).
Their average follow-up period after CI was 54.6 months (ranging
from 24 to 110 months) and 55.9 months (ranging from 47 to 62
months), respectively (Student’s t-test, t = —0.4278, P = 0.6736). All
the cases in this study had an intensive auditory-verbal education
without visual information since childhood. Both the CI operation
and the (re)habilitation after CI took place in the same clinic.

All patients were fitted with a CI system from either nucleus
multichannel cochlear implant system (Cochlear Corporation,
Englewood, CO, U.S.A)) or Combi40+ cochlear implant system
(MED-EL, Innsbruck, Austria). All electrode arrays were inserted in
all patients. There were no perioperative complications in any of
the patients. .

We examined the hearing level (both with Cl and with hearing
aids), the Infant-Toddler Meaningful Auditory Integration Scale
(IT-MAIS), speech perception skills, and development of articula-
tion in the two groups before and after CI several times in the post-
operative period ranging from 6 months to 4 years. The best results
from this period were used in evaluating the hearing level and the
speech perception skills in the two groups. The speech perception
skills were evaluated using CI 2004, SDS-67S, and Japanese CD SDS
system (TY-89) tested at 70 dB SPL (sound pressure level) using an
open-set questionnaire. We also examined the development of
speech perception and production by using the Enjoji Scale of
Infant Analytical Development (Enjoji Scale), which was developed
in Japan and is now established as one of the standard
developmental examinations for evaluating the development of
children from birth to about the age of 6 [16]. In this examination,
the development of a child can be assessed by checking his or her
performance on the chart, in which standard developmental items
at each month are described in the three fields including motor,
social and language skills. The results allow us to clearly assess to

what extent a child is successfully developing in each of the three
fields and the six subdivided categories. These tests were
conducted up to 2 years after ClL.

2.2. Mutation detection

15 ml peripheral venous blood using standard procedure was
sent to the Institute of Otorhinolaryngology, Shinshu University
School of Medicine, Matsumoto, Japan for Genomic DNA extrac-
tion. All subjects underwent mutation screening for 47 common
mutations of 10 hearing loss related genes in Japan by using
invader assay [17,18].

Written informed consent was obtained from the guardians of
all the subjects and the study was approved by the ethical

" committee of our institute (approval number: 07122106). The

differences between in the two groups were analyzed statistically
using the paired t-test and the unpaired Student’s t-test. All the
acceptance criterion for a significant addition to the explained
variance was set at P values under 0.05.

3. Results

A definitive GJB2-related hearing impairment was confirmed in
9 (32.2%) of the 29 children with CI. Table 2 shows the details of
detected GJB2 gene-mutations. G/B2 c.235delC was observed in 3
cases, while six children each had one distinct mutation as listed in
the table.

Fig. 1 shows the preoperative aided hearing thresholds. The
preoperative hearing level was over 90 dB in all the cases, and the
average level of preoperative aided hearing thresholds was nearly
60dB in the two groups presenting no significant difference
between the two groups.

Fig. 2 shows the postoperative hearing thresholds with CI. After
(I, the hearing level improved to 25-30 dB in both groups, thus
there was no significant difference between the groups.

Fig. 3 shows the results of the IT-MAIS for the two groups.
Preoperative scores were worse in the GJB2 group than in the
control group, however, these improved from 1 year to 3 years
after CI. The averaged IT-MAIS score in the GJB2 group was
9.8 &+ 12.9 (range, 0-31) preoperatively. The averaged IT-MAIS score
at 2 years after Cl increased up to 33.6 + 7.8 (range, 20-39), and this
improvement was statistically significant (paired t-test, P=0.017).
The averaged IT-MAIS score in the control group at 2 years after CI

Table 2
Mutations with GJB2 gene in 9 cases.

Mutation Number of cases

GJB2 c.[235delC];[235delC]

GJB2 c[511insAACG];p.[T86R]

GJB2 c.[235delC];[299-300delAT)

GJB2 p.[G45E;Y136X];[R143W]

GJB2 c.[176-191del16);{299-300delAT]
GJB2 c.[235delC];p.[G45E;Y136X]

GJB2 c.[235delC];p.[R143W]

e e el e e W
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Fig. 1. Results of the average level of preoperative aided hearing thresholds at each
frequency. Diamond dots and solid line: control group; square dots and solid line:
GJB2 group; bars: indicate two standard deviations.
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Fig. 2. Results of the average level of postoperative hearing thresholds with CI at
each frequency. Diamond dots and solid line: control group; square dots and solid
line: GJ/B2 group; bars: indicate two standard deviations.

was 30.4 + 7.6 (range, 19-38). There was no significant difference in
the scores between the two groups at 4 years after CL.’

Fig. 4 shows the results of speech perception skills in the two
groups after Cl. Longitudinal axis indicates the results (%) when
tested at 70 dB SPL using CI 2004, SDS-67S, and Japanese CD SDS
system (TY-89) in the two groups. There was no significant
difference between the two groups, but the percentage of correct
answers (%) examined under the noise tended to be better in the
GJB2 group.
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Fig. 3. Results of the difference of IT-MAIS scores from 0 years (=preoperative) to 4
years after CL. Diamond dots: scores in the control group; square dots: scores in the
GJB2 group; dotted line: trend line in the control group; solid line: trend line in the
GJB2 group.
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Fig. 4. Results of speech perception skills examined by using CI 2004, SDS-67S, and
Japanese CD SDS system (TY-89). Longitudinal axis indicates the correct answer rate
(%). Gray bars: control group; dotted bars: GJB2 group.
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Fig. 5. Results of the development of articulation from 0.5 to 4 years after Cl.
Diamond dots: accuracy rates in the control group; square dots: accuracy rates in
the GJB2 group.

Fig. 5 shows the results of development of articulation in the
two groups after Cl. There was no significant difference in the
scores between the two groups.

Fig. 6 shows the results in the development of speech
perception (Fig. 6a) and production (Fig. 6b) in the two groups
after CI. Values of month in the ordinate were calculated by
subtracting the developmental months assessed by the Enjoji
Scale from the actual age at each period, thus, smaller values
indicate better development of speech perception and production.
Postoperative language perception and production in the G/B2
group tended to be slightly better, especially at one and halfyears
after surgery, but there was no significant difference in these
scores.

4. Discussion

The incidence of HL is approximately 0.1% among newborns,
and hereditary HL is identified in at least 60% of patients with
congenital HL, for whom the proportion of syndromic and non-
syndromic is 30% and 70%, respectively [19]. The most common
trait of nonsyndromic HL is autosomal recessive, which accournts
for about 80% of cases [20], and GJB2 is the gene most frequently
associated with hereditary HL. The incidence of GJB2 mutations in
the Japanese population with HL is 14.2% overall and 25.2% in
patients with congenital hearing loss [21], and 35 of the 119 cases
(29.4%) with non-syndromic deafness [22]. In children with CI, 135
hearing-impaired -patients (270 alleles) were tested, and GJB2
mutations for the c.235delC were found in 39 alleles of 270 alleles
(14%). Especially the homozygous of c.235delC was detected in 26
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Fig. 6. Results of the developmental course of language perception (a) and
production (b) in the control and GJB2 groups examined by Enjoji Scale of Infant
Analytical Development test. Diamond dots: scores in the control group; square
dots: scores in the GJB2 group; dotted line: trend line in the control group; solid
line: trend line in the GJB2 group.

alleles (9.6%), single heterozygous of c.235delC was detected in 1
allele (0.4%) and compound heterozygous of c.235delC was found
in 12 alleles (4.4%) [23].

In this study, a definitive inherited hearing impairment could be
confirmed in 11 (37.9%) of the 29 CI children, including 9 with
G/B2-related hearing impairment, 2 with SLC26A4-related hearing
impairment. These percentages are quite high and remind us of the
importance of performing the mutation detection for Cl patients.

The GJB2 group underwent the IT-MAIS, word or speech
perception testing under the noise, and development of speech
perception and production testing using the Enjoji scale. The finally
achieved performances in the two groups were not significantly
different, but the averaged IT-MAIS score at 2 years after Cl was
significantly better in the GJB2 group than in the control group.
This result may indicate that the necessary period to achieve the
actual age development was shorter in the G/B2 group than in the
control group, and the difference may become smaller as they
acquire language through CI in longer term. Matsushiro evaluated
4 (I children with GJB2 gene mutation and reported that the
postoperative IT-MAIS score at 6 months was significantly higher
in comparison with that of other prelingual CI patients [24]. In this
study, children such as those having inner ear anomaly or
cytomegalovirus infection, whose postoperative performance after
Cl is not necessarily good, were excluded from the control group.
Considering that these children may also be candidates for CI in
general, we can expect Cl is efficient for Japanese children with
GJB2 gene mutation as well as for those reported previously
[8,23,24].

GJB2 and GJB6, mapping to the DFNB1 locus and encoding the
gap-junctions Cx 26 and 30, respectively [25]. Cx 26 and 30 are
widely expressed in the cochlea at the level of the organ of
Corti’s supporting cells and connective tissues, and have an
important role in forming homomeric or heteromeric hemi-
channels [26,27]. Mutations in Cx26 are presumed to result in
altered potassium recirculation, leading to an accumulation of
potassium in the cochlear endolymph and causing hair cell
dysfunction and deafness [28]. In other words, mutations in the
Cx26 protein mainly lead to the impairment of the endolymph
potassium concentrations, which are required for auditory
signal transduction, but may not lead to severe damage or
decreasing the number of hair cells. It is generally assumed that
the results of Cl are poorer for inner ear malformation and in
cases with neural and/or central damage than in cases with
disorders within the inner ear causing the hair cells damage
because the auditory pathway including the first neuron, spiral
ganglion cells, may well be preserved in the latter. We speculate
that the reason why the GJB2 group had better results in this
study is perhaps due to a comparatively good survival and
preservation of electrical excitability of the cochlear spiral
ganglion cells and the auditory nerve, which is important in the
successful CI results [29].

There are some specific reports which support the present
results and our speculations. In a rat model, Cx26 was shown to
be expressed in nonsensory epithelial and connective tissue
cells, but not in the inner or outer hair celis or cochlear nerve
fibers [30]. Anatomically, Cx26 mutations result in a dysgenesis
of the stria vascularis and hair cells in the organ of Corti, but
with minimal neural degeneration and a normal population of
spiral ganglion cells in both the apical and basal turns of the
cochlea. [31] In the electrophysiological study, children with .
G/B2-related HL had greater similarities between low- and high-
frequency residual hearing and between neural activity electri-
cally evoked at apical and basal regions of the cochlea than
children with non-GJB2-related HL [32]. These results may
suggest more consistent spiral ganglion survival along the
length of the cochlea in GJB2-related HL, which appears to
involve a decreasing gradient of spiral ganglion survival from
the apex to the base of the cochlea.

Most genotype-phenotype correlation studies have indicated
that HL of the subjects with GJB2 mutations shows a non-
progressive pattern [33,34], however, some studies indicated a
progressive pattern. [23,35,36]. Considering that early CI is well
known to be one of the most important factors for the better
postoperative performance for children with congenital HL, even in
children with progressive hearing loss due to GJB2 mutation, we
might be able to prepare for early Cl for those children if we were
aware of it. The early screening of GJB2 mutation for newborns

-with severe to profound HL might be advisable.

5. Conclusions

Despite the limits imposed by the small sample size, this study
points to the importance of routine genetic assessments. The long-
term results of this study also show that Cl is also effective in the
development of speech performance after Cl in Japanese children
with GJB2-related hearing impairments as HL due to other
etiologies. If a child through genetic assessment is diagnosed as
having a GJB2-related hearing xmpalrment Ci can provide
considerable benefits.
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Pathogenic substitution of IVS15 + 5G > A in
SLC26A4 in patients of Okinawa Islands with
enlarged vestibular aqueduct syndrome or
Pendred syndrome
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Abstract

Background: Pendred syndrome (PS) and nonsyndromic hearing loss associated with enlarged vestibular aqueduct
(EVA) are caused by SLC26A4 mutations. The Okinawa Islands are the southwestern-most islands of the Japanese
archipelago. And ancestral differences have been reported between people from Okinawa Island and those from
the main islands of Japan. To confirm the ethnic variation of the spectrum of SLC26A4 mutations, we investigated
the frequencies of SLC26A4 mutations and clinical manifestations of patients with EVA or PS living in the Okinawa
Istands.

Methods: We examined 22 patients with EVA or PS from 21 unrelated families in Okinawa Islands. The patient’s
clinical history, findings of physical and otoscopic examinations, hearing test, and computed tomography (CT) scan
of the temporal bones were recorded. To detect mutations, all 21 exons and the exon-intron junctions of SLC26A4
were sequenced for all subjects. Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) for SLC26A4
and calculations using the comparative CT (2722°T) method were used to determine the pathogenicity associated
with gene substitutions.

Results: SLC26A4 mutations were identified in 21 of the 22 patients. We found a compound heterozygous mutation
for IVS15 + 5G > A/H723R in nine patients (41%), a homozygous substitution of V515 + 5G > A in six patients (27%),
and homozygous mutation for H723R in five patients {23%). The most prevalent types of SLC26A4 alleles were

IVS15 +5G > A and H723R, which both accounted for 15/22 (68%) of the patients. There were no significant
correlations between the types of SLC26A4 mutation and clinical manifestations. Based on qRT-PCR results,
expression of SLC26A4 was not identified in patients with the homozygous substitution of IVS15+5G > A,

Conclusions: The substitution of IVS15 4+ 5G > A in SLC26A4 was the most common mutation in uniquely found in
patients with PS and EVA in Okinawa Islands. This suggested that the spectrum of SLC26A4 mutation differed from
main islands of Japan and other East Asian countries. The substitution of IVS15 +5G > A leads to a loss of SLC26A
expression and results in a phenotype of PS and EVA.
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Background

Profound hearing loss affects about 1 in 300 to 1 in
1000 newborns [1-4], and about one-half of these cases
can be attributed to genetic factors [5]. About 51% of
these cases are due to single nucleotide polymorphisms
[5]. As to inheritance pattern among monogenic pro-
bands, about 1% is X-linked, 22% is autosomal domin-
ant, and 77% is autosomal recessive [5]. Pendred
syndrome (PS) is an autosomal recessive disorder char-
acterized by congenital sensorineural hearing loss and
goiter [6]. The causative gene for PS and EVA was iden-
tified to be SLC26A4 [7,8]. Enlarged vestibular aqueduct
(EVA) is a common inner ear malformation that can be
diagnosed radiographically in patients with impaired
hearing (Figure 1). EVA is frequently associated with PS
[9-11]. In addition to PS, SLC26A4 mutations also cause
nonsyndromic hearing loss with EVA in the absence of a
" thyroid phenotype [12,13].

Previous studies revealed that the spectrum of
SLC26A4 mutations varied on the basis of ethnic back-
ground [14,15]. Tsukamoto et al. [15] demonstrated that
SLC26A4 mutations occurred in 90% of families with a
history of PS and in 78% of families with a history of
EVA in Japan. Among these SLC26A4 mutations, H723R
was suggested to have a founder effect in the Japanese
population.

The Okinawa Islands are the southwestern-most
islands of the Japanese archipelago (Figure 2). Previous
studies suggested that there were substantial ancestral
differences between Okinawa Islands the main islands of
Japan [16]. In this study, we examined patients with
EVA or PS from the Okinawa Islands to determine the
frequencies and the genotypes of SLC26A44 mutations
and their clinical manifestations.

Methods

Subjects

From May 2008 to July 2012, 22 patients (8 males, 14 fe-
males; age range: 0~33 years; mean age: 5.8 years; median
age: 8.5 years; Table 1) were diagnosed with PS or EVA in
the Department of Otorhinolaryngology, Head and Neck
Surgery of the University of the Ryukyus, Japan.
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Prior to enroliment, all subjects provided a written
informed consent. Our research protocol was approved by
the Ethical Review Board of the University of the Ryukyus.

Clinical manifestations of PS and EVA

Clinical history of 22 patients with neuro-otologic symp-
toms was recorded. A physical examination, including
otoscopy, hearing level test, computed tomography (CT)
scan of the temporal bones, and examination for thyroid
goiter was conducted.

Depending on a subject’s ability, hearing level was de-
termined using auditory brainstem response, condi-
tioned orientated response, or pure tone audiogram.
Hearing level was defined as the average of the hearing
threshold at 0.5, 1.0, 2.0, and 4.0 kHz. Hearing was de-
scribed as: normal, < 20 dB; mild impairment, 21-40 dB;
moderate impairment, 41-70 dB; severe impairment,
71-90 dB; and profound impairment, >91 dB.

Neck palpation or echography of the neck was
performed in all patients, to determine thyroid goiter. In
addition, their serum levels of thyroid-stimulating hor-
mone (TSH) and free thyroxine (FT4) were measured to
evaluate thyroid function (normal values: 0.9-1.6 ng/dl
and 0.5-5.0 mU/}, respectively). A perchlorate test was
not performed.

High-resolution temporal bone CT was performed in
all patients to determine if there were any other inner
ear malformations in addition to EVA. EVA was defined
as a vestibular aqueduct with a diameter of >1.5 mm at
the midpoint between the common crus of the semicir-
cular canal and the external aperture of the vestibular
aqueduct on CT [17].

Mondini dysplasia was defined when the cochlea
consisted of 1.5 turns in which the middle and apical
turns had coalesced to form a cystic apex due to the ab-
sence of the interscalar septum [18,19].

Vestibular enlargement was defined when the ratio of
the membranous vestibule diameter to the inner ear
diameter of the lateral semicircular canal was >1.2 [20].

Vertigo was investigated based on spontaneous nystag-
mus, caloric vestibular test or patients’ self-reporting of
past episode. The spontaneous nystagmus was evaluated

\
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Figure 1 Computed tomography of the temporal bone showing an enlarged vestibular aqueduct. Circles show the vestibular aqueduct.
The vestibular aqueduct is not identified in control subject (A). The enlarged vestibular aqueduct is identified in a patient with EVA (B).
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Figure 2 Location of the Okinawa islands in relation to East Asia. The Okinawa islands are located between Taiwan and the Japanese island
of Kyushu. The Japanese archipelago comprises Hokkaido, Honshu, Kyusyu, and the Okinawa islands, as well as some smaller islands.

using Frenzel’s glass or infrared CCD camera (IRN-1,
Morita, Kyoto, Japan).

SLC26A4 genotyping

Genomic DNA was extracted from whole blood using a
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany).
To detect mutations, all 21 exons and the exon—intron
junctions of SLC26A4 were sequenced for all subjects. A
35 step cycle of Polymerase chain reactions (PCR) was
performed as follows: initial denaturation at 94°C for
5 min; 35 cycles of 94°C for 40 s, 60°C for 40 s, and 72°C
for 1 min; and a final extension at 72°C for 5 min. PCR
reactions were run using a programmable thermal cycler
(Verti™ 96-Well Thermal Cycler, Applied Biosystems, CA,
USA).

PCR products were purified using a Wizard® SV Gel
and PCR Clean-Up System (Promega, W1, USA) and dir-
ectly sequenced using an ABI PRISM 3130 x1 Genetic
Analyzer (Applied Biosystems). The sequences obtained
were aligned and compared using the BLAST program
with known human genome sequences available in the
GenBank database.

We surveyed the substitution IVS15+5G > A in 100
healthy objects as control.

The genotype of the IVS15+5G > A was detected by
digestion of the PCR product with the restriction en-
zyme Sspl (New England Biolabs, Ipswich, MA, U.S.A).

Total RNA isolation and reverse-transcription
Total RNA was isolated from leukocytes using a
QIAamp RNA Blood Mini Kit (Qiagen) according to the

manufacturer’s protocol. Before cDNA synthesis, residual
DNA was removed by incubation with RNase-free DNase
I (Ambion Inc., City, TX, USA). Then, total RNA was
reverse transcribed using a TaKaRa Prime Script High Fi-
delity RT? Kit (TaKaRa, Tokyo, Japan) according to the
manufacturer’s protocol. Possible contaminating genomic
DNA in RNA samples was determined by electrophoresis.

Quantitative nested real-time PCR
Nested real-time quantitative (q) PCR was performed to
investigate the level of SLC26A4 expression in the blood.

First-step PCR (conventional PCR)

A conventional PCR assay was performed in a 10 pl reac-
tion mixture that included 2 pl of cDNA, 0.5 units of DNA
Taq polymerase (TaKaRa), 2.5 mM deoxynucleotide tri-
phosphates (dNTPs), 1 pM forward and reverse primers
for first-step PCR (Table 2), 10 x buffer, and 1.875 mM
MgCl,, with distilled water (Hy0) for the final reaction vol-
ume of 10 pl. A 33 step cycle of PCR were performed as
follows: 94°C for 5 min, 33 cycles of 94°C for 30 s, 60°C for
30 s, 72°C for 40 s, and a final extension at 72°C for 5 min.

Second-step PCR {(quantitative nested PCR)

Following the first PCR, a second PCR was performed
using a set of internal primers (Table 2). The reaction
mixture contained 1 pl of the first PCR product (diluted
10-fold), 10 pl of SYBR Premix Ex Taq, and 0.2 pM of
the internal forward and reverse primers; the final
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Table 1 Summary of clinical features of 22 patients

Age (years) cT PTA Vertigo Thyroid
EVA MD VE HL {dB) Conductive hearing loss Goiter Thyroid function
1 3 R + + SO unknown - - normal
L + + SO unknown
2 14 R + + - 105 + - + normal
L + + N 96 +
3 21 R + + + 73 + + + normal
L + + + 91 +
4 21 R + - - 81 + + + normal
L + - - 85 +
5 28 R + + + 96 + + + normal
L + + + SO +
6 33 R + + - 101 + + + normal
L + + + 106 +
7 1 R + + - SO unknown - - normal
L + + + SO unknown
8 1 R + - - SO unknown - - normal
L + - - 103 unknown
9 2 R + - 101 unknown - - normal
L + - 100 unknown
10 12 R + - 95 + - + normal
L + - - 100 +
1 29 R + + + 85 + - -
L + + + 110 +
12 0 R + - - 55 unknown + - normal
L + - - 73 unknown
13 3 R + - + 85 unknown + - normal
L + + + 58 +
14 5 R + + + 95 + + - normal
L + + + 93 +
15 5 R + + + 103 + - - normal
L + + + 100 unknown
16 6 R + - - 81 + + - normal
L + - = 91 +
17 7 R + - - 83 + - - normal
L + - + 81 +
18 14 R + + + 96 + - + normal
L + + + 91 +
19 16 R + - + 91 + - + normal
L - - + 21 -
20 26 R + - - 98 + + - normal
L + - + 103 +
21 5 R + + + 85 + - - normal
L + + = 97 +
22 10 R + - - s3 + - - normal
L - - - 15 -

EVA enlarged vestibular aqueduct, MD Mondini malformation, VE vestibular enlargement, PTA pure tone audiogram, HL hearing level, SO scale out, NA no
available data.
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Table 2 Primer sequences used for nested real-time PCR
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Nested PCR assay Sequence PCR product size (bp)
First-step PCR {external primer) Exon 14 forward TCTTGGAATGGCCTTGGAAGC 282

Exon 17 reverse TGAAACAGCATCACTTATGATGC
Second-step PCR (internal primer) Exon 15 forward TGAAGAACCTCAAGGAGTGAAG 154

Exon 16 reverse TITCTGTATTITCCTCAGCGCT

reaction volume was adjusted to 20 pl with distilled
H,0. A Light Cycler real-time guantitative PCR system
(Roche, Basel Switzerland) was used for amplification
and detection of the PCR products. A 40 step cycle of
thermal cycler program was performed as follows: de-
naturation at 95°C for 5 min; 40 cycles of 95°C for 10 s,
60°C for 20 s, and 72°C for 40 s; followed by recording
the fluorescence values after each elongation step and
melting curve analysis with denaturation at 95°C for
5 s, annealing at 65°C for 1 min, and redenaturation by
increasing the temperature to 95°C. The second-step
PCR products were separated by 1.5% agarose gel elec-
trophoresis, stained with ethidium bromide, and visual-
ized by UV transillumination. For this analysis, we used
three control subjects with no mutations (wild type),
three patients compound heterozygous for IVS15 +5G >
A/H723R, and three patients homozygous for IVS15 +
5G > A.

Validation of comparative CT (2722T) method and
calculations for quantifying SLC26A4 mRNA

We used the CT (2724¢T) method by assuming approxi-
mately equal amplification efficiencies for both target
and reference genes. This prerequisite was verified by
performing a validation experiment using both SLC26A44
and a housekeeping gene. Calculations were made using
the comparative CT (27*2") method. GAPDH (glycer-
aldehyde 3-phosphate dehydrogenase), PGK-1 (phospho-
glycerate kinase 1), and ACTB (actin beta) were used as
internal reference genes for PCR normalization with re-
gard to the amount of RNA added to the reverse tran-
scription reactions. Normalized results were expressed
ag the mean ratio of SLC264A4 mRNA to GAPDH mRNA,
PGK-1 mRNA, and ACTB mRNA. To evaluate relative
transcript levels, the threshold cycle value (Ct) of each
sample was used to calculate and compare the ACt of each
sample to that of the control subject and patients with a
compound heterozygous for [VS15 +5G > A/H723R, and
a homozygous for IVS15 + 5G > A, AACT was also calcu-
lated to compare the transcript levels in the control sub-
ject, and patients with a compound heterozygous for
IVS15+5G > A/H723R, and a homozygous for IVS15 +
5G > A. The transcript levels were calculated in each
genotype with three subjects and each subject was calcu-
lated in triplicate.

Results

Mutation analysis for SLC26A4

By direct DNA sequence analysis, SLC2644 mutations
were observed in 21 of 22 patients. Among the 21 pa-
tients with mutations, a compound heterozygous muta-
tion for IVS15+5G > A/H723R was identified in nine
patients (Figure 3C, D), a homozygous mutation for
H723R was identified in five patients (Figure 3E), and a
homozygous substitution of IVS15 + 5G > A was identified
in six patients (Figure 3F). A compound heterozygous
substitutions for IVS15 + 5G > A/T527P was identified in
one subject. We could not identify any SLC26A4 muta-
tions in one subject (Table 3). We could not find the sub-
stitution IVS15 + 5G > A in 100 control objects.

Clinical characteristics

Table 1 summarizes the clinical characteristics of all 22
subjects. High-resolution temporal bone CT scans re-
vealed that bilateral EVA was present in 20 patients and
unilateral EVA was present in other two. Mondini dys-
plasia and vestibular enlargement was observed in 17
ears (17/44; 39%) and 22 ears (22/44; 50%), respectively.

Hearing loss grades in the affected ears ranged from
moderate to profound in the patients with EVA (Table 1).
The hearing levels of the two unaffected ears were nor-
mal and mild hearing loss, respectively. Table 4 shows
the hearing level distributions based on genotypes. No
significant differences were expected in the distributions
for hearing level among the five genotype groups due to
the small sample of only 22 patients.

Neck examinations revealed thyroid goiters in 8 of 22
patients. Overall, 0% (0/11) and 73% (8/11) of the pa-
tients younger and older than 10 years of age, respect-
ively, had a thyroid goiter. Their serum FT4 and TSH
levels were within the normal ranges. There is no relation
between occurrence of goiter and mutation genotypes.

SLC26A4 expression in patients with IVS15 + 5G > A
Electrophoretic separation of the real-time PCR products
did not exhibit any bands in patients with the homozygous
substitution for IVS15 + 5G > A (Figure 4C).

Because the SLC26A4 expression levels were not high
in blood samples, we investigated its expression using
nested real-time gPCR for three control subjects, three
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Figure 3 Examples of direct sequence analysis of the SLC26A4 gene. Representative results of H723R and the IVS15 + 5G > A mutation
analysis are shown. Genomic sequences of the SLC26A4 gene in normal individuals (A), (B). A compound heterozygous mutation for V515 + 5G >
A/H723R (C), (D). A homozygous mutation for H723R (E). A homozygous substitution of IVS15 + 5G > A {F). The arrows indicate the
variant nucleotide.

patients with the compound heterozygous mutation for
IVS15+5G > A/H723R, and three patients with the
homozygous substitution for IVS15 + 5G > A. The control
subjects had normal hearing without any malformations
of the inner or middle ear and no family history of hearing
loss. After obtaining a written informed consent, blood
samples were collected from each subject and were
subjected to Real-time PCR with SYBR Green and the
expression level was evaluated using the comparative CT
(2722°Ty method. The relative SLC26A4 expression levels
in the control no.l, control no.2 and control no.3 with no
SLC26A4 mutations were 9089 +441.5 (standard devi-
ation), 2417 £189.5, and 4956+ 2604 respectively. In
patient no.12, patient no.14 and patient no.16 with a com-
pound heterozygous mutation for IVS15 + 5G > A/H723R
were 979.5 +79.12, 2846 + 206.5 and 1183 + 33.93 respect-
ively. In patient no.1, patient no.2 and patient no.4 with a
homozygous substitution for IVS15 + 5G > A were 1.96 x
10*+7.66x 10, 576x10°£337x10° and 4.35x
107 + 8.09 x 10°® respectively (Figure 5).

Based on the results of both electrophoresis and RT-
nested qPCR, no SLC26A4 expression was observed in pa-
tients with homozygous substitution of IVS15 + 5G > A.

Discussion

Correlations between SLC26A4 genotypes and hearing
phenotypes

Hearing loss in patients with EVA and PS is usually ap-
parent at the pre- or perilingual stage {6,21]. Hearing
loss in EVA and PS is sensorineural with some mixed
hearing loss in the low-frequency range [22-27]. The
hearing level sometimes deteriorates suddenly and may
be followed by a partial recovery, such as with fluctuat-
ing hearing loss [28,29]. In our study, hearing loss was
detected at the pre- or perilingual stage in all cases ex-
cept for two cases of unilateral EVA. However, in all
cases, hearing levels eventually deteriorated to severe or
profound loss (Table 1) and were permanent with or
without hearing fluctuation or stepwise hearing deterior-
ation. No significant differences were observed in the
hearing levels among the five genotypes (Table 4).

Correlations between SLC26A4 genotypes and thyroid
phenotype

SLC26A4 encodes for the 86 kDa transmembrane pro-
tein pendrin [7,30]. In the thyroid, this protein acts as
co-transporter of chloride and iodine in the thyroid
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Table 3 Distribution of SLC26A4 genotypes of 22 patients

Age at onset  Ageat  Sex Allele 1 Allele 2
of hearing genetic
loss {years) test {years)

1 0 3 M IVS1I5+5G > A IVS15+5G> A
2 2 14 F O IVS154+5G> A IVS154+5G > A
3 3 21 F o IVS1545G>A VS15+5G > A
4 2 22 F IVSI54+5G>A IVSI5+5G> A
5 0 23 M IVS15+5G>A IVS15+5G> A
6 0 29 FIVS15+5G>A [VS154+5G> A
7 6] 1 F H723R H723R

8 1 1 F H723R H723R

9 4 2 M H723R H723R

10 0 12 F H723R H723R

11 5 29 M H723R H723R

12 0 0 M IVSI5+5G> A H723R

13 2 3 M IVS154+5G> A H723R

14 0 5 F o IVS15+5G > A H723R

15 1 5 FOIVS15+5G > A H723R

16 0 6 F o IVS1545G> A H723R

17 2 7 F IVS15+5G > A H723R

18 2 14 F o IVMSIS+5G>A H723R

19 7 16 F o IVS15+5G > A H723R
20 5 26 M IVS154+5G > A H723R
21 1 5 M H723R T527P

22 7 10 F ND ND

ND not determined.

[31,32]. In PS patients, a mutation in SLC26A4 results in
reduced pendrin-induced chloride and iodide transport
and, ultimately, goiter [33].

Goiter usually develops around the end of the first
decade of life or during young adulthood, although the
time of onset and severity vary considerably among pa-
tients {12,34], and even within families [35]. Despite an
impaired incorporation of iodide, most patients with PS
are clinically and biochemically euthyroid [21,34,36].

Table 4 Clinical features in different genotype groups
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To our knowledge, no previous studies have investi-
gated correlations between SLC26A4 genotypes and the
thyroid phenotype. In the present study, PS was diag-
nosed in 8 of 11 patients older than 10 years of age, but
not in any of the 11 patients who were younger than
10 years of age. This indicates that it is difficult to diag-
nose PS before the age of 10 years.

Thyroid function was normal in all of the 21 patients
we examined, as demonstrated by their normal serum
concentrations of FT4 and TSH. There were no signifi-
cant differences in serologic thyroid test results and goi-
ter status among patients with homozygous substitution
for IVS15 +5G > A, the H723R homozygous mutation,
or compound heterozygous mutation for IVS15+5G >
A/H723R. Therefore, our results indicate that serologic
testing of FT4 and TSH levels is not useful to distinguish
between individuals with PS or EVA.

Distributions of SLC26A4 mutations in EVA and PS
patients in Okinawa Islands
It was previously reported that the spectrum of SLC26A4
mutations varied based on ethnic background [35,36].
H723R and IVS7-2A > G are prevalent alleles that ac-
count for the majority of the observed SLC26A4 muta-
tions in East Asian populations [35]. In the Japanese
population, H723R was the most common mutation
[15,36,37]. In Chinese and Taiwanese populations, IVS7-
2A > G was the most common mutation [38-40], whereas
in the Korean population, H723R and IVS7-2A > G were
the most frequent and accounted for 60.2% (47/78) and
30.7% (24/78) of the mutated alleles, respectively [41].
Ancestral differences have been reported between
people from Okinawa Islands and those from the main
islands of Japan based on single-nucleotide polymorph-
ism genotypes [16]. We analyzed SLC26A4 mutations
among 22 patients with EVA or PS from 21 unrelated
families. H723R have been reported as the most com-
mon mutation found in the main islands of Japan. As
with H723R mutation, IVS15 + 5G > A substitution was

Genotype Hearing level T Vertigo
Normal Mild Moderate Severe Profound MD VE
VS15+5 G > A homozygous {n =6) 0 0 0 3 9 6/12 6/12 4/6
H723R homozygous (n=5) 0 0 0 1 9 4/10 3/10 0/5
IVS15+5 G > A/H723R (n=9) 0 1 2 4 1 5/18 11/18 4/9
VS154+5G > /TS27P (n=1) 0 0 0 i 1 2/2 172 0/1
Ne mutation (n=1) 1 0 1 o] ¢ 0/2 0/2 0/1
Subtotal 1 1 3 9 30 17/44 21/44 8/22
Total 44

Normal: <20 dB; Mild: 21-40 dB; Moderate: 41-70 dB; Severe: 71-80 dB; Profound: >91 dB.
MD Mondini malformation, VE Vestibular enlargement, T computed tomography.



Ganaha et al. BMC Medical Genetics 2013, 14:56
http://www.biomedcentral.com/1471-2350/14/56

Figure 4 Expression of the SLC26A4 gene in patients with PS or
EVA. The expected RT-nested PCR ampilification product of SLC2644
was 154 base pairs (bp) in length, Agarose gel electrophoresis shows
the 154 bp band for the control subject (A} and the patient with
VS15+ 5G > A/H723R compound heterozygous mutation (B);
however, there was no band for the patient with IVS15 +5G > A
homozygous substitution (C).

also identified most frequently in 15 of 22 of our
Okinawa patients. The substitution of IVS15+5G > A
in one allele have been reported only 10 cases in Asian
populations [36,42-45]. Thus, IVS15+5G > A was the
characteristic SLC26A4 gene mutation among patients
in Okinawa Islands, indicating a difference in the
spectrum of SLC26A4 mutations among patients in
Okinawa Islands compared with patients in other
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Figure 5 Relative expression of the SLC26A4 gene in control
subjects and in patients with a homozygous mutation of IVS15+
5G > A or compound heterozygous mutation of [VS15+5G >
A/H723R. The ratio of SLC26A4 mRNA to GAPDH mBNA is shown in
three control subjects (A, B, C), three patients with compound
heterozygous mutation of IVS15 + 5G > A/H723R (D, E, F), and three
patients with [VS15 +5G > A hormozygous substitution (G, H, . No
expression of SLC26A4 was observed in the three patients with the
IVS15 + 5G > A homozygous substitution (G, H, 1). All experiments
were done in tripricate.
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populations. These results suggest that this SLC26A4
mutation may have originated from a commeon ancestor.

Pathogenic effect of IVS15 + 5G > A substitution

The heterozygous substitution of IVS15+5G > A has
been assumed to cause aberrant splicing [36,42-45].
However, Yang et al. [42] could not find any abnormal
RT-PCR products related to the size for SLC26A4 se-
quence analysis in patients with splice mutation. Because
its pathogenicity was only implicated on the basis of un-
common polymorphisms, the pathogenic potential of
IVS15 + 5G > A still remains unknown.

Substitutions near the canonical splice sites are diffi-
cult to classify as pathogenic or non-disease causing.
Because such substitutions affect proper RNA splicing
but some substitutions do not cause any effect [46-48].
Thus, it is important to determine the pathogenic effect
of a particular substitution near the donor site by
mRNA analysis [48]. We investigated SLC26A4 expres-
sion in patients with compound heterozygous mutation
for TVS15 + 5G > A/H723R and homozygous substitu-
tion for IVS15 +5G > A by RT-PCR and RT-real time
PCR by targeting genes around these mutations. No ab-
errant PCR products were detected in the patient with
heterozygous substitution of IVS15 + 5G > A (Figure 4B),
which suggests that IVS15 + 5G > A does not cause ab-
errant splicing, as also argued by Yang et al. However, in
patients with the homozygous substitution of IVS15 +
5G > A, SLC26A4 was not expressed, as shown in
Figure 4. In addition, for patients with the heterozygous
substitution, SLC26A4 expression was reduced from the
normal control level. These findings suggest that IVS15 +
5G > A disrupts pre-mRNA splicing and causes the loss of
SLC26A4 expression. The patients in Yang et al. {42] were
heterozyote so that Yang et al. [42] most likely amplified
the non-mutated allele. Taken together, our results
indicate that the substitution of IVS15 + 5G > A is a loss-
of-function mutation caused by a loss of SLC26A4
expression.

Conclusions

‘We found no correlations between the type of SLC26A4
mutation and hearing levels or the thyroid phenotype.
Moreover, thyroid testing using serum FT4 and TSH
levels was not useful for distinguishing between individ-
uals with PS and EVA.

The substitution of IVS15+5G > A in the SLC26A4
was unique and the most common in PS and EVA pa-
tients from Okinawa Islands. This supports that the
spectrum of SLC2644 mutations differs by geographic
area in East Asia. Our qPCR results for SLC26A4 indi-
cate that the substitution of IVS15 + 5G > A should be a
pathogenic mutation that leads to a loss of SLC26A4 ex~
pression and results in a phenotype of PS and EVA.
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Abstract
Background/Purpose: Previous FDG-PET studies have indicated neuroplasticity in the adult
auditory cortex in cases of postlingual deafness. In the mature brain, auditory deprivation
decreased neuronal activity in primary auditory and auditory-related cortices. In order to re-
evaluate these issues, we used statistical analytic software, namely a three-dimensional ste-
reotaxic region of interest template (3DSRT), in addition to statistical parametric mapping
(SPM; Institute of Neurology, University College of London, UK). Materials and Methods:
18FE-FDG brain PET scans were performed on 7 postlingually deaf patients and 10 healthy vol-
unteers. Significant increases and decreases of regional cerebral glucose metabolism in the
patient group were estimated by comparing their PET images with those of healthy volunteers
using SPM analysis and 3DSRT. Resulis: SPM revealed that the glucose metabolism of the deaf
patients was lower in the right superior temporal gyrus, both middle temporal gyri, left infe-
rior temporal gyrus, right inferior lobulus parietalis, right posterior cingulate gyrus, and left
insular cortex than that of the control subjects. 3DSRT data also revealed significantly de-
creased glucose metabolism in both primary auditory cortices of the postlingually deaf pa-
tients. Conclusion: SPM and 3DSRT analyses indicated that glucose metabolism decreased in
the primary auditory cortex of the postlingually deaf patients. The previous results of PET
studies were confirmed, and our method involving 3DSRT has proved to be useful.
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Introduction

Previous FDG-PET studies have indicated neuroplasticity in the adult auditory cortex in
cases of postlingual deafness. In the early 1990s, this phenomenon was discussed based on
visual findings. In PET images, different colors indicate different rates of glucose metabolism.
That is, red indicates a high rate, yellow a moderate, and blue a low rate [1]. Patient and
normal control groups were compared in this way. Then, in the 2000s, a similar comparison
was performed using voxel-based analysis software such as statistical parametric mapping
(SPVN; Institute of Neurology, University College of London, UK) [2]. SPM has been widely used
for the objective analysis of brain images. This software package compares the differences
between two anatomically standardized groups with the linear model at each voxel. However,
it is sometimes not possible to detect slight differences because of technical issues. In the
mature brain, auditory deprivation decreases neuronal activity transiently in the primary
auditory and auditory-related cortices. In order to reevaluate these issues, we used a further
statistical analytic software, namely a three-dimensional stereotaxic region of interest (ROI)
template (3DSRT) [3], in addition to SPM. 3DSRT is fully automated ROI-based analysis
software for the brain. It was established to perform ROI analysis of the brain with improved
objectivity and excellent reproducibility [4-7].

Materials and Methods

In a resting state (eyes closed, ears unoccluded, dark and quiet environment}, 185-MBq 8F-FDG (the
dose was adjusted according to the body weight of each subject) brain PET scans were performed on 7 post-
lingually deaf patients and 10 healthy volunteers using the Biograph 16 PET scanner (Siemens). Seven
patients (2 men, 5 women; mean age, 55.7 * 8.7 years) underwent FDG-PET scans at Miyazaki University
Hospital between July 2012 and August 2013. The duration of deafness ranged from 1 to 30 years (mean
duration, 13.4 + 10.8). The clinical features of the patients are listed in table 1. They had neither cerebral
disease nor visual disturbance. Ten age-matched healthy volunteers (2 men, 8 women; mean age, 57.9 + 16.2
years) served as control subjects. Exclusion criteria for the control subjects included a history of any neuro-
logical, psychiatric or significant medical illness, or a history of drug abuse. All patients and control subjects
were right-handed. Detailed explanations of the procedure, risk, and purpose of the FDG-PET study were
provided to them. The present work was approved by the Ethics Committee of Miyazaki University School of
Medicine, and written consent was obtained from each participant.

Significant increases and decreases of regional cerebral glucose metabolism in the patient group were
estimated by comparing their FDG-PET images with those of the healthy volunteers using SPM analysis.

We also compared the glucose metabolism of auditory cortices with that of visual cortices using 3DSRT.
Because all patients and control subjects had neither cerebral disease nor visual disturbances, we adopted
the primary visual cortex as a reference. 3DSRT applies constant ROIs on anatomically standardized images
and enables image analysis of miscellaneous radioactive tracers {**"Tc-ECD, #3[-IMP, [*°0]-H;0, and '8F-
FDG) with excellent reproducibility and objectivity. The analytical process of this method is as follows: (1)
anatomical standardization using the SPM algorithm; (2} analysis using 318 constant ROIs divided into 12
groups (segments) on each hemisphere; (3) calculation of the area-weighted average for each of the respective
24 segments based on the value in each ROI, and (4) display of the results followed by saving of the respective
values of the 636 ROls (both hemispheres) in the CSV file format. For 3DSRT analysis, 318 constant ROls on
each brain hemisphere were prepared. The constant ROIs were determined on the T1-weighted magnetic
resonance images (MRI) anatomically standardized by SPM and classified into 12 segments according to
their arterial supply. 3DSRT allows for quantitative analysis, in contrast to SPM, which involves statistical
analysis.
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Table 1. Clinical features of deaf

patients Patient  Age, Sex  Cause of deafness Duration of
No. years deafness, years
1 50 F Unknown 1
2 52 F Unknown 24
3 63 F Unknown 1
4 49 F Head injury 30
5 47 M Otosclerosis 13
6 72 M Unknown 5
7 57 F Unknown 20

Table 2. Significantly decreased glucose metabolism {deaf versus normal)

Region Coordinates® Analysis
X y z Vida p

Right middle temporal gyrus 43.6 -12.1 -8.6 3.67 0.001
Right inferior lobulus parietalis 23.8 -38.9 40.0 3.61 0.002
Right superior temporal gyrus 39.6 -22 -5.4 344 0.002
Right posterior cingulate gyrus 23.8 -35.1 37.0 3.61 0.003
Right posterior cingulate gyrus 23.8 -23.4 38.0 341 0.035
Left middle temporal gyrus -41.6 -25.5 -43 3.35 0.008
Left inferior temporal gyrus -35.6 -3.0 -20.1 3.29 0.009
Left insular cortex -39.6 3.8 -2.03  3.09 0.011

* International Consortium on Brain Mapping coordinates for the location where the significant difference
between conditions was centered.
** 7 values refer to the comparison of normalized glucose metabolism between the deaf and the normal

group.

Results

When we compared the ®F-FDG brain PET images of the postlingually deaf patients with
those of the healthy control subjects (fig. 1) by using the SPM methaod, the glucose metabolism
of the deaf patients was lower in the right superior temporal gyrus, both middle temporal
gyri, left inferior temporal gyrus, right inferior lobulus parietalis, right posterior cingulate
gyrus, and left insular cortex (table 2). The 3DSRT data also revealed significantly decreased
glucose metabolism in both primary auditory cortices of the postlingually deaf patients. We
found a 13% decrease in the right hemisphere and a 16% decrease in the left hemisphere
(fig. 2).

Discussion

Generally, cortical glucose metabolism in the sensory system characteristically decreases
with sensory deficits, owing to the absence of central sensory input. The same pattern has
been observed in the auditory system [8].

In the early 1990s, glucose metabolism in the auditory cortices was compared by PET on
a visual basis. In PET images, different colors indicate different rates of glucose metabolism.
That is, red indicates a high rate, yellow a moderate, and blue a low rate [1]. Since the early
2000s, SPM has been used for these studies [2]. Voxel-based analysis software such as SPM
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Color version available online

Fig. 1. Brain areas with significantly decreased glucose metabolism
in the postlingually deaf patients (p < 0.01, uncorrected]. Metabolism
was decreased in the right superior temporal gyrus, inferior lobulus
parietalis, posterior cingulate gyrus, and in both middle temporal
gyri, the left inferior temporal gyrus as well as the insular cortex.
a 3D volume-rendering image. b Axial image. € Maximum intensity
projection.
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has been widely used for the objective analysis of brain images with various imaging drugs.
There are several reports about changes in the glucose uptake in the auditory cortex observed
by FDG-PET.

In prelingually deaf children, the hypometabolic area of the auditory cortex was widest
initially, but decreased as the duration of deafness increased. After 20 years of deafness,
cortical glucose metabolism did not differ from that of normal controls [9]. This finding was
supported by animal studies. In neonatal deafened rats, the same pattern was observed [10].
In addition, Lee et al. [9] found a positive correlation between the hearing performance of
prelingually deafened children after cochlear implantation and the extent of the preoperative
hypometabolic area in the auditory cortex. Glucose metabolism in the temporal lobe of deaf
children increases with age, and the hearing outcomes deteriorate accordingly. We consider
that this phenomenon involves the cross-modal plasticity of the brain. Because of the long-
term absence of auditory input in congenitally deaf children, the auditory cortex is gradually
displaced for another sensory center. Therefore, as the child grows older and the duration of
deafness increases, the hearing-capability score with a cochlear implant gets worse. An
FDG-PET study before cochlear implantation can predict the prognosis for prelingually deaf
children.

Indeed, there are some reports of visual language activation studies by FDG-PET
describing that the auditory association area of a deaf child develops to process visual aspects
of language if it does not receive sufficient auditory signals in the developmental period. In
addition, this cross-modal plasticity is suppressed and replaced by normal development if the
child uses a hearing prosthesis such as a hearing aid or a cochlear implant to increase his or
her spoken language skills [11, 12].

This fact was confirmed by other methods such as magnetoencephalography or func-
tional MRI. Levdnen et al. [13] reported that vibrotactile stimuli, applied on the palm and
fingers of a congenitally deaf adult, activated his/her auditory cortices. The recorded magne-
toencephalography signals also indicated that the auditory cortices could discriminate
between the applied 180- and 250-Hz vibration frequencies. Similar to the visual language
activation study by FDG-PET, these findings suggest that human cortical areas, normally
subserving hearing, may process vibrotactile information in the congenitally deaf because of
the lack of auditory signals. Sadato et al. [14] used functional MRI to study prelingually deaf
signers, hearing non-signers, and hearing signers. The visually presented tasks included
mouth-movementmatching, random-dot motion matching, and sign-related motion matching.
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