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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 CI. The speech perception in 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 CI children,
including 10 with GJB2-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 GJ/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 CI in Japanese children with G/B2-related hearing impairments as HL due to other

Keywords:

GJB2 hearing impairments
Cochlear implant

Genetic testing
Hereditary hearing loss

etiologies.

© 2013 Elsevier Ireland Ltd. All rights reserved.

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 G/B2 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 CIs in
patients with G/B2 mutations have also been reported. Several
studies have shown that patients with G/B2 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
Cl, there is no significant difference when comparing those with
GJB2-related deafness to those without it [12-15]. Results
analyzing post-CI speech performance in patients with GJB2
mutations are still controversial.

In this study, in order to know whether the long term effect of CI
is better in children with GJB2-related deafness or not, we have
studied the speech perception outcome of CI in children with G/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 CI in 301 cases in our clinic since 1997.
Genetic testing was performed in 29 children with CI, and

definitive GJB2- and SLC26A4-related hearing impairment was
confirmed in 10 (34.5%) and 2 (6.9%) children with CI, 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) 37 2:7
Age at CI (months) 36.7 374 0.5996
Post CI (months) 54.6 55.9 0.6736

Pre-CI education Auditory-verbal/oral

Auditory-verbal/oral

CI: 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 GJB2 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 female)
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 CI 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 CL

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. GJB2 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
Cl, 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 Cl. 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

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

GJB2 c.[511insAACG];p.[TS6R]

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]

Number of cases

—_ e e e 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: GJB2 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 CI.

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 CI. 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.

CI12004 SDS-67S SDS-67S  Japanese Japanese
with noise  CD SDS CD SDS
system  system with
noise

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: GJ/B2 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 GJB2
group tended to be slightly better, especially at one and half years
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 accounts
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 GJ/B2 group; dotted line: trend line in the control group; solid
line: trend line in the GJ/B2 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
GJB2-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 CI 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 CI 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 GJB2 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 CI is efficient for Japanese children with
GJ/B2 gene mutation as well as for those reported previously
[8,23,24].
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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 CI 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 cells 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
GJB2-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 CI 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 CI 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 impairment, CI can provide
considerable benefits.
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Abstract

In order to investigate the referral status of the infants in Japan after newborn hearing screening
(NHS) and to discuss new problems including new high risk factor of hearing problems, this review
is reported.

Postal questionnaire survey to the facilities appointed by the Oto-Rhino-Laryngological Society of
Japan was performed in 2007 and 2009. One-hundred and ninety-five otolaryngology facilities in 2006
and 175 in 2008 were listed for the post-screening audiometric evaluation. One-hundred and eighty-
eight facilities (96.4%) in 2007 and all of 175 (100%) in 2009 responded to questionnaire. This survey
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revealed that 0.16% of 1,092,674 births in 2006 and 0.19% of 1,091,156 in 2008 had bilateral or uni-
lateral hearing loss. Intervention with hearing aid was started in 429 out of 666 infants with bilateral
hearing loss in 2006, and 522 out of 849 infants referred after NHS had increased. This might ascribe
to advancement of maternal education and increase in knowledge of NHS among mothers. Although
NHS has not been legislated, cooperation among the regional professionals achieves the original goals
to some degrees, but there are still disparities between the regions. Approximately, 30% of newborns
were not screened.

This nationwide survey clarifies current problems facing congenitally deaf infants and children. The
first is the delayed discovery of congenital deafness in infants. The second is the limited numbers of
auditory training preschools for patients moreover. We need to make more efforts to achieve the best

outcomes of pediatric cochlear implants and facilitate speech and language development.

Key words
Newborn hearing screening, OAE, AABR, ABR, Cochlear implant, Speech and language development
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