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X-linked agammaglobulinemia (XLA) is caused by a mutation in the Bruton tyrosine kinase, leading to an
arrest in B cell development. Consequently, patients with XLA show significant decreases in
gammaglobulin. Here, we describe a child with postmeningitic deafness and XLA who underwent a
cochlear implantation. His psychomotor development had been normal and his congenital
immunodeficiency was noticed only postoperatively. Immunoglobulin replacement treatment was
started, but he still suffered repeated infections. Eventually, his cochlear implant was removed. A
preoperative check of immunological status might be advisable in postmeningitic patients undergoing
cochlear implantation to reduce the risk of postoperative infectious complications.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Cochlear implantation is generally accepted as a safe and
effective treatment to rehabilitate patients with bilateral severe-
to-profound hearing loss. The complication rate is relatively low.
The most common non-device-related complications occur around
the skin flap, and the incidence of infectious complications has
been reported as 12.9% [1].

Primary immunodeficiency affects as many as 10 million people
worldwide. More than 150 primary immunodeficiency diseases
have been identified, and they range widely in severity.
Immunodeficient conditions likely increase the risk of postopera-
tive infectious complications even in cochlear implant patients.

To the best of our knowledge, only five patients with cochlear
implants who had primary immunodeficiencies have been
reported to date. Hopfenspirger et al. [2] described two patients
with primary immunodeficiency: one with neutropenia/chemo-
tactic neutrophil dysfunction and one with IgA deficiency.
Although they had been diagnosed with primary immunodefi-
ciencies preoperatively, they suffered postoperative infections at
the surgical sites. Eventually, the cochlear implants in both
patients were removed. Yu et al. [3] reported two patients with
immunodeficiency who also suffered postoperative infections after
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cochlear implant surgeries and were then diagnosed with primary
immunodeficiencies based on results of their IgG isohemagglutinin
titers decreasing postoperatively. They reported that the cochlear
implant in one of the two patients was preserved with daily low-
dose oral antibiotic administration, without intravenous immu-
noglobulin therapy [3]. More recently, Brookes et al. [4] reported
on a patient who was diagnosed with deafness-dystonia-optic
neuronopathy (DDON) syndrome and X-linked agammaglobulin-
emia (XLA). His XLA was preoperatively diagnosed and antibody
replacement therapy was initiated. He did not appear to have any
wound troubles after cochlear implantation.

Here, we report on the clinical course of a child with a cochlear
implant who was diagnosed with XLA postoperatively. To the best
of our knowledge, this is the second report of a patient with XLA
who underwent cochlear implantation.

2. Case report

A 3-year-old boy with a postmeningitic profound sensorineural
hearing loss (SNHL) was referred to our department in May 2006,
to obtain an evaluation for cochlear implantation. A physical
examination at the first visit to our department revealed that he
had a partial severe retraction of tympanic membrane pars tensa in
the right ear and accumulated effusions in the left ear, with
purulent rhinorrhea in his nasal cavities. Play audiometry and an
auditory brainstem response examination revealed bilateral
profound SNHL. A CT scan and MRI examinations revealed
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ossification of the basal turn of the scala tympani of the bilateral
cochleae.

In June 2006, we performed cochlear implantation surgery on
the left ear. Although ossification was observed in the basal turn of
the scala tympani, all electrodes (CI24RE (CA); Cochlear, Ltd., Cove,
NSW, Australia) were inserted into the scala tympani. He received
ceftriaxone for 10 days postoperatively. His postoperative clinical
course and postoperative speech recognition ability were good.

However, in December 2007, he complained of pain where the
device had been implanted, and his mother noticed swelling at the
site. The swelling and his symptoms became worse (Fig. 1),
although he was receiving an oral antibiotic. We then performed
surgical drainage, revealing that the content of the swelling was a
purulent secretion. Drain tubes were placed during the surgery.
Bacteriological examination of the purulent secretion revealed
Streptococcus pneumoniae (PISP). The local condition improved
with daily postoperative lavage through the drain tubes and
antibiotic administration.

In April and July 2008, the localized swelling and pain re-
appeared again twice. We performed surgical drainage. The
content of the swelling revealed a blood clot, and bacteriological
examinations of the contents were negative. The local condition
again improved with the same treatment as before. During his
hospital stay, he underwent patch tests against the materials used
in the cochlear implant, provided by the implant company; all the
tests were negative. In June 2008, he was treated at a hospital for
pneumonia. In September 2008, he underwent an immunological
evaluation. His peripheral blood B cell subset was less than 1%, and
his serum IgG, IgA, and IgM were 7 mg/dL, 3 mg/dL, and 30 mg/dL,
respectively. Gene analysis revealed a mutation in the Bruton
tyrosine kinase gene.

He was finally diagnosed with XLA. He started to undergo
antibody replacement therapy every 3 weeks: his physical activity
level improved significantly; and, his repeated purulent nasal
discharges stopped spontaneously without usage of antibiotics,

Fig. 1. Swelling at the site where the cochlear implant was implanted.
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Fig. 2. A CT scan image of right ear at the second cochlear implantation. The
asterisks indicate ossification of the scala tympani in the basal turn of the cochlea.

after this treatment. Despite the antibody replacement therapy,
subsequently, local swelling around the implant recurred twice
more. On the second occurrence, we removed granulation tissue
surrounding the cochlear implant in addition to surgical drainage
under general anesthesia. During the surgery, we held electrode
bundle near the implant, turned it over, removed all granulation
tissue surrounding the cochlear implant, to the extent possible,
and washed the wound gently with saline many times, after which
the cochlear implant was covered with the temporal muscle.
Nevertheless, he experienced local swelling and pain again, and
self-destruction of wound skin was observed. Finally, we decided
to remove the cochlear implant. In February 2010, we performed
cochlear implant surgery on the right ear (PULSAR; Med-El,
Innsbruck, Austria) and subsequently removed the cochlear
implant from the left ear. We inserted the electrode into the scala
vestibule because a preoperative CT scan study revealed ossifica-
tion of the scala tympani in the right ear (Fig. 2). We successfully
inserted all except one electrode. Postoperatively, he received
flomoxef and clindamycin for 12 days and his serum IgG level was
maintained at 1000-1700 mg/dL by intravenous administration of
vy-globulin perioperatively. His postoperative clinical course was
good. For 22 months, no recurrence of local swelling occurred since
the surgery. Postoperative speech recognition ability testing
revealed 56% (words) by the Japanese speech recognition test
battery, “CI—2004" under the auditory-only listening condition.

3. Discussion

XLA is caused by mutations in the Bruton tyrosine kinase,
located at chromosome Xq22, leading to arrested B cell develop-
ment at a pre-B cell stage. As a result, patients have no mature B
cells, and IgG is less that 200 mg/dL. XLA accounted for 7.3% of
primary immunodeficiency conditions in a 2007 survey in the
United States. The immunodeficient condition allows bacterial
meningitis, although most patients who present with bacterial
meningitis do not have XLA or any other obvious deficiency in
immune function [5]. Additionally, only 7.1% of child patients
experience bilateral profound hearing (>90 dBSPL) after childhood
bacterial meningitis [6]. Given these numbers, very rarely will a
patient with postmeningitis who is a candidate for cochlear
implant surgery have an immunodeficiency condition.

The most reliable strategy for the management of postoperative
wound infections after cochlear implantation may be to explant
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the device. Tambyraja et al. [1] summarized data from the
Manufacturer User Facility and Distributor Experience (MAUDE)
database, which is maintained by the Food & Drug Administration
and has mandatory reporting requirements. In the pre-2002
period, 102 cases of flap problems were reported, which included
flap necrosis, flap infection, flap dehiscence, and device extrusion.
Approximately 70% of cochlear implants were explanted in those
patients. However, current recommendations call for conservative
measures [7]. Yu et al. [3] reported four patients with postopera-
tive infections including two primary immunodeficiency patients,
who showed decreased IgG isohemagglutinin titers. The postop-
erative cochlear implant infections in three of the four were
controlled effectively with limited surgical approaches and
prolonged postoperative antibiotic administration [3]. The cochle-
ar implant was explanted due to failure of infection control in one
patient with a primary immunodeficiency although antibody
replacement therapy and intravenous antibiotics administration
were continued [3]. Considering these reports, prolonged medical
management may be effective. However, in the patient with
primary immunodeficiency who did not need device removal, the
report did not provide detailed levels of immunoglobulin, and her
infection was successfully controlled using only a daily low-dose
oral antibiotic (cephalexin) with no antibody replacement therapy;
her immunodeficiency thus may not have been severe. Taken
together, the conservative approach probably has limited efficacy
in patients who are immunodeficient.

Controlling infectious complications after cochlear implant
surgery can be difficult even in healthy patients. Recently, biofilm
formation on the surface of a cochlear implant receiver-stimulator
device was suggested to probably contribute to persistent cochlear
implant infection. Such a bacterial biofilm on the device is highly
resistant to antibiotic therapy and to removal by direct washing of
the device [8]. Moreover, Pawlowski et al. [8] reported that the
biofilm on the device was most substantial in the depressions
along the surface of the device that were created by the
manufacturer. Considering these points, the first infection on
our patient was likely due to his untreated immunodeficiency
condition, and biofilm on the surface of the device probably
contributed to the persistent local infection.

If the patient’s immunodeficiency is diagnosed preoperatively,
one can add supplemental treatments perioperatively to help
avoid postoperative complications. Brookes et al. [4] reported on a
patient who was diagnosed with DDON syndrome and XLA. His
XLA was preoperatively diagnosed and antibody replacement
therapy was initiated. He did not appear to have any wound
troubles after cochlear implantation. However, if the patient has
not been diagnosed preoperatively, like our patient, the immuno-
deficient condition probably tends to increase infectious compli-
cations, ultimately leading to extraction of the implant. Also, in
patients who are postmeningitic, cochlear implant surgery on the
opposite side probably becomes more formidable because of
postmeningitic ossification in the cochlea. Thus, considering the
presence of an immunodeficient condition in patients is important,
especially from symptoms suggesting such conditions such as

recurrent infections. In most patients with XLA, they typically
present with recurrent pyogenic infections starting at 5-6 months
of age when passively placentally transferred maternal antibodies
have waned [9]. Our patient had repeated purulent rhinorrhea
preoperatively, which continued postoperatively. He also suffered
from pneumonia once postoperatively. With hindsight, these were
likely signs of his immunodeficient condition. Physicians should
pay attention to the possibility of an immunodeficient condition in
a patient before and after surgery. To reduce the risk of
complications after a cochlear implant, we think that in addition
to obtaining a careful history about any repeated infections,
preoperative checks of serum immunoglobulins (1gG, IgA, IgM) and
IgG subclass analyses might be needed for the diagnosis of major
primary immunodeficient deficits on cochlear implant candidates
who have had repeated infectious episodes. Moreover, the
prevalence of acquired immune-deficiency syndrome (AIDS)
continues to increase, so a preoperative check of the CD4/CD8
ratio might also be useful.

4. Conclusion

An immunodeficient condition may allow bacterial meningitis.
However, most patients who present with bacterial meningitis do
not have an immunodeficiency [5] and less than 10% of children
with meningitis experience bilateral profound hearing after
bacterial meningitis [6]. Thus, the chance of seeing a patient with
XLA as a candidate for cochlear implant surgery is very low.
However, we should consider an immunodeficient condition as a
possible cause of meningitis in patients who are candidates for
cochlear implants in helping to avoid postoperative infectious
complications.
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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 CI 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 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 CI in Japanese children with GJB2-related hearing impairments as HL due to other

Keywords:

GJB2 hearing impairments
Cochlear implant
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etiologies.
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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 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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Surgery, Nagasaki University Graduate School of Biomedical Sciences, 1-7-1
Sakamoto, Nagasaki 852-8501, Japan. Tel.: +81 95 849 7349; fax: +81 95 849 7352.
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performance after CI, when compared with those without
identifiable G/B2 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-Cl 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 Cl 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.

111



436 H. Yoshida et al./Auris Nasus Larynx 40 (2013) 435-439

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 37.4 0.5996
Post CI (months) 54.6 55.9 0.6736

Pre-CI education Auditory-verbal/oral

Auditory-verbal/oral

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 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 Cl 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 Cl system from either nucleus
multichannel cochlear implant system (Cochlear Corporation,
Englewood, CO, US.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 Cl 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 C1 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 CI.

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 GJ/B2-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 G/B2 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 Cl

Table 2
Mutations with GJB2 gene in 9 cases.

Mutation

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

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

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

GIB2 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 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 CI. 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.

Cl2004 SDS-67S SDS-67S Japanese Japanese
with noise  CD SDS CD sDS
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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.

(%)
100

80
60
40
20

0

(Years)

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 G/B2 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 CL. 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 G/B2 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 G/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 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 GJ/B2 group than in the
control group, and the difference may become smaller as they
acquire language through Cl 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 Cl 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].
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GJ/B2 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 Cl 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, evenin
children with progressive hearing loss due to G/B2 mutation, we
might be able to prepare for early CI for those children if we were
aware of it. The early screening of G/B2 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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Observation of Cortical Activity During Speech Stimulation in
Prelingually Deafened Adults With Cochlear Implantation by
Positron Emission Tomography—Computed Tomography

Haruo Yoshida, MD; Yukihiko Kanda, MD; Haruo Takahashi, MD;
Izumi Miyamoto, PhD; Kenya Chiba, MD

Objectives: We evaluated the cortical activity of 2 successful prelingually deafened adult cochlear implant (CI) users
who have been trained by auditory-verbal/oral communication since childhood.

Methods: Changes in regional cerebral blood flow were measured by positron emission tomography using 18F-fluorode-
oxyglucose while the subjects were receiving auditory language stimuli by listening to a story. Ten normal-hearing vol-
unteers were observed as age-matched control subjects.

Results: In both cases, the auditory-related regions, when compared to same regions in the control subjects, showed hy-
permetabolism in the left dorsolateral prefrontal cortex and the left precentral gyrus — similar to that in successful CI
users who are prelingually deafened children or postlingually deafened adults. Both subjects had the ability to activate
these areas, and this ability might be one of the reasons that accounts for such exceptionally good performance in older
prelingually deaf CI users. As for the visual-related regions, hypometabolism was observed in Brodmann areas 18 and
19, and this finding might be related to the intensive auditory-verbal/oral education that the subjects had received since
childhood.

Conclusions: Despite the limits imposed by the small sample size and the spatial resolution of positron emission tomog-
raphy, this study yielded insights into the nature of the brain plasticity in prelingually deafened adults who are successful
CI users.

Key Words: auditory cortex, auditory-verbal/oral education, positron emission tomography, regional cerebral blood flow.

INTRODUCTION

Although cochlear implantation is recognized as
an effective treatment for patients with severe to
profound sensorineural hearing loss (SNHL),1-3 pre-
lingually deaf adolescents and adults have achieved
only limited postimplantation improvement, and
hence have not been considered good candidates for
implantation.*7 In previous reports, age at implanta-
tion and duration of deafness were pointed out as the
most important factors in influencing postimplanta-
tion performance .28 ‘

On the other hand, there has been some literature
reporting good performance in language perception
even in prelingually deaf adults.®-12 We reported that
cochlear implantation can be recommended to some
prelingually deafened adults if they receive good ha-
bilitation with consistent auditory-verbal/oral train-
ing using well-fitted hearing aids (HAs).!3 The clini-

cal reasons for such exceptionally good performanc-
es in these implantees are considered to be related to
the recently improved quality of cochlear implants
(CIs)!4-16 and/or use of an aurally based educational
program.? However, there have been few studies on
functional neuroimaging of cortical activity in suc-
cessful prelingually deaf adults with CIs. The aim
of this study was to evaluate the brain metabolic ac-
tivity of prelingually deaf adults who are successful
users of ClIs and have been educated with auditory-
verbal/oral communication since early childhood.

MATERIALS AND METHODS

Subjects. The subjects were 2 prelingually deaf-
ened adults who constituted 0.7% of the total of 279
patients who underwent cochlear implantation at
Nagasaki University Hospital from 1997 to 2010.
Details of their clinical information are shown in
Table 1. Both of them showed 90 dB or worse hear-
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TABLE 1. CLINICAL INFORMATION

Subject 1 Subject 2
Age at CI 34y 29y
Sex Female Male
Implanted ear Left Right
Time since CI 70 mo 24 mo
Age at receipt of HA 18 mo 18 mo
Education Deaf and ordinary Deaf school

school

Cause of deafness Unknown Unknown
Family history of HL Yes (son) Yes (father

and brother)
CI — cochlear implantation; HA — hearing aid; HL — hearing loss.

ing loss on auditory brain stem response testing be-
fore the age of 2 years, and thus received a diagnosis
of severe to profound SNHL. Thus, both diagnoses
were of prelingual deafness rather than progressive
hearing loss.

Subject 1 received a diagnosis of severe hearing
loss at the age of 1 year, and high-power box HAs
were fitted in both ears at the age of 1/ years. She
attended an ordinary elementary school in which she
received habilitation by auditory-verbal/oral com-
munication until high school. She underwent co-
chlear implantation at 34 years of age, and positron
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emission tomography (PET) superimposed with
brain computed tomography images (PET-CT) was
performed 70 months later, by which time her ar-
ticulation was slightly distorted but her communica-
tion abilities with the CI were excellent, leading to
improvements in the quality of her life. Her use of
the CI is the longest and most successful among pre-
lingually deafened adult users of Cls in our institute.
The cause of her hearing loss is uncertain, as genetic
testing has not been performed, but her son also has
severe congenital hearing loss (Table 1).

Subject 2 received a diagnosis of severe hearing
loss at the age of 1 year. He used high-power box
HAs in both ears after the age of 1% years, and at-
tended an elementary school for deaf children in
which he received habilitation by auditory-verbal/
oral communication until high school. He under-
went cochlear implantation at 29 years of age, and
underwent our PET-CT study 24 months later, by
which time his communication skills with the CI
were excellent.

Ten right-handed adult volunteers (mean age,
27.1 years; age range, 22 to 34 years; 6 male and 4
female) with normal hearing (pure tone air conduc-
tion thresholds of less than 20 dB hearing level at
0.5, 1.0, and 2.0 kHz) and without any evidence of

Fig 1. Z-score map computed
by iSSP (Interface Stereotactic
Surface Projection) application
(INEUROSTAT+) shows in-
creased !8F-fluorodeoxyglucose
uptake areas examined by posi-
tron emission tomography—com-
puted tomography. A) Subject 1.
B) Subject 2. Cortical activity is
shown as grading image of more-
deviant regions in red (*) and
less-deviant regions in purple (#)
by pixel. R, RT — right; L, LT
— left; LAT — lateral; SUP —
superior; INF — inferior; ANT
— anterior; POST — posterior;
MED — medial; BA — Brod-
mann area; ST — superior tem-
poral gyrus; DPLF — dorsolat-
L eral prefrontal cortex; PC — pre-
central gyrus; AC — anterior cin-
gulate gyrus.
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Fig 2. Decreased !8F-fluorodeox-
yglucose uptake areas examined
by positron emission tomogra-
phy—computed tomography. A)
Subject 1. B) Subject 2. BA —
Brodmann area; IF — inferior
frontal gyrus; MO — middle oc-
cipital gyrus; IO — inferior oc-
cipital gyrus; MT — middle tem-
poral gyrus; ST — superior tem-
poral gyrus.

e RT LAT

ear disease, history of noise exposure, previous ear
surgery, or severe head injury were observed as con-
trol subjects who underwent the PET-CT study in
the same manner as the 2 study subjects. All of the
subjects gave written informed consent before par-
ticipating in the study, which was approved by the
ethical committee of our institute (approval number
08043067).

Scans. We injected 4 MBq/kg of 18F-fluorodeoxy-
glucose (!8F-FDG) intravenously 72 seconds be-
fore the PET scan of the brain. All of the subjects
were instructed to listen to a 40-minute story that
was read aloud by one speaker located out of sight
of the subjects. Afterward, a video recording of the
session was reviewed to ensure that the participants
had been listening carefully throughout, and sever-
al questions were posed on the contents of the task
story to exclude those subjects from the study who
were unable to correctly answer 70% of the ques-
tions. The '8F-FDG-PET scans were performed
with a Discovery ST PET scanner (GE Medical Sys-
tems, Milwaukee, Wisconsin).

Analysis of Scans. The original 3F-FDG-PET im-
age data were transformed into a binary format and
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then into a stereotactic standard Talairach space by
use of the 3-dimensional Stereotactic Surface Pro-
jection (3D-SSP) application of the INEUROSTAT+
program,!7 and the cortical radioactivity of the 2 CI
users was compared with that of the group of nor-
mal-hearing adults. The usefulness of this program
as compared with Statistical Parametric Mapping
(SPM) has been reported.!7-19 Stereotactic coordi-
nates and anatomic regions, including Brodmann
areas (BAs), were automatically computed. The re-
sulting images are shown as a Z-score map, which
was computed by each study subject’s score derived
from the mean score of the standard deviation of the
control subjects, and are shown as graded images

from more-deviant regions in red to less-deviant re-
gions in purple by pixel (Figs 1 and 2).

RESULTS

Table 2 shows the preoperative hearing level, the
aided hearing level with HAs, the preoperative and
postoperative speech discrimination scores, and the
speech perception rates with CIs of the 2 study sub-
jects. Their mean preoperative hearing levels were
greater than 100.0 dB, and their aided hearing levels
were 52.5 dB and 61.3 dB, respectively. After co-
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TABLE 2. AUDIOLOGICAL OUTCOMES
Subject 1 Subject 2

Before implantation

Mean hearing level right ear 1050dB 105.0dB
Mean hearing level left ear 1050dB 105.0dB
Mean aided hearing level 525dB 613dB
SDS (auditory and visual) 43% 23%
SDS (auditory) 10% 0%
After implantation
Mean hearing level with implant 28.7dB 28.8dB
SDS (auditory and visual) 73% 53%
SDS (auditory) 47% 37%
Speech perception rates* 90% 85%

SDS — speech discrimination score.
*Only open-set sentences without hearing aids.

chlear implantation, their hearing levels improved to
28.7 dB and 28.8 dB, respectively. Their speech dis-
crimination scores, with auditory stimulation only,
also improved, from 10% to 47% and from 0% to
37%, respectively. Their postoperative speech per-
ception rates, which were tested by open-set sen-
tences, were as good as 90% and 85%, respectively.

Regions showing significant increase and de-
crease in '8F-FDG uptake compared to the control
subjects are displayed in Fig 1 and Fig 2, respective-
ly. As for the auditory-related regions, the 18F-FDG
uptake was increased in the left dorsolateral prefron-
tal cortex, the left precentral gyrus, and the superi-
or temporal gyrus (BA22) in both subjects (Fig 1).
Only in subject 2 was hypermetabolism observed
bilaterally in the anterior cingulate gyrus (BA32;
Fig 1B).

On the other hand, hypometabolism was observed
in the left inferior frontal gyrus (BA46) of subject
1 and in the left middle temporal gyrus (BA21) of
subject 2 (Fig 2). As for the visual-related regions,
hypometabohsm was observed bilaterally in the oc-
cipital ; gyrus (BA19 and BA18) in both subjects.

' DISCUSSION

1e_previous reports about prelin-
1 users, the results of deaf chil-
d with those of adult control sub-
glucose metabolism in the
ge, and this may have had an
tion of brain activity re-
udy, we sought to com-

order to ‘av01d ‘age-relat-
ing the results and identifying
determine the
outcome of cochlear implantation. The brain meta-
bolic activity of prelingually deaf adult CI users was
evaluated by auditory stimulation only, in order to
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avoid visual-related effects such as lipreading.

Both subjects showed hyperactivity in the left
dorsolateral prefrontal cortex. Functionally, the left
dorsolateral prefrontal cortex is generally recog-
nized as participating in higher cognitive functions
such as reasoning, control of attention, and working
memory.26.27 In postlingually deafened adult sub-
jects who showed good performance in language
perception with a CI, this area was reported to be
activated while the subjects were listening to voic-
es.28 In prelingually deaf children with a CI, post-
operative speech scores were associated with en-
hanced metabolic activity in this area, and subjects
in whom this region becomes active during sponta-
neous brain activity are believed to have an advan-
tage in acquisition of auditory language.?? The left
precentral gyrus was also hypermetabolic in both of
our subjects. According to the previous report, these
regions are crucial for language processing and are
particularly implicated in processing of speech with
a CI, and deaf subjects who engage these regions
tended to have better performance.?® According to
those results, the ability of our subjects to activate
these areas might have been related to their excep-
tionally good performance with CIs.

The 18F-FDG uptake was increased bilaterally, es-
pecially in the left superior temporal gyrus (BA22),
in both subjects. Lee et al?® reported that the age
at implantation was positively correlated with in-
creased activity in the right superior temporal gyrus,
and their results seem compatible with our present
results.

Only in subject 2, hypermetabolism was observed
bilaterally in the anterior cingulate gyrus (BA32),
and this area is believed to be involved in attention
and arousal processes.303! Although both subjects
were successful CI users by the standards of pre-
lingually deafened adults, subject 2, who is a more
recent user of Cls and has less developed speech
perception skills with CIs than does subject 1, often
needs to pay more attention when communicating
with CIs than does subject 1. In other words, subject
1 does not need to make as much of an effort when
communicating with CIs in daily life.

As for the visual-related regions, the integration
of audiovisual inputs in auditory speech perception
was reported to be crucial for successful speech per-
ception in subjects with CIs in a series of neuroim-
aging studies.?832 The brain activity of children with
early-onset deafness was greater in the medial visual
cortex and bilateral occipitoparietal junctions after
cochlear implantation, and these findings suggest
that speech learning resulted in a greater demand



