as can be seen with subject 46, this formula is not a
true reflection of a user’s available post-operative
hearing, and therefore, it is not a true measure of
hearing preservation.

(1) This classification is not suitable for the range of
standard cochlear implant users: the worse a
user’s pre-operative hearing is, the better his/
her general results may seem. For example,
for users with a pre-operative Pure Tone Average
(PTA) worse than 90 dB there is no minimal
hearing loss, and for users with a PTA worse
than 110 dB there i§ no minimal and no partial
hearing loss, both due to the floor-effect of the
audiogram.

Lastly, the existing classification systems measure
and discuss how much hearing is losz. A more patient-
centric classification system which focuses on the
extent of CI users’ post-operative residual hearing,
i.e. what they can hear, would be preferable.

The presence of these multiple systems has made it
difficult to compare different studies’ results. If, how-
ever, a standard system is used, there will be better
reporting of surgical and device intervention. This, in
turn, will allow to increase greatly the ease of study
comparison and meta-analysis of data. Meta-analysis
of data is particularly important in the hearing implant
field, where conducting randomized, controlled
double-blinded studies is impossible; sample sizes
are often small (usually ranging from case studies
to small groups of 10-20 subjects); and the use of
different HP classification systems is a handicap for
meta-analysis with their combined data. Meta-
analysis of data using the same HP classification
system would allow us to pool data for stronger
evidence-based medicine e.g. [16]., and conse-
quently, we would be better able to support health
technology assessment for reimbursement.

Method

The HEARRING group proposes the following
formula for qualitative HP classification:

((PTApost-PTApre)/
(PTAmax-PTApre))

Relative change

where PTApost is pure tone average measured post-
operatively, PTApre is pure tone average measured
pre-operatively, and PTAmax is the limits of the
audiometer.

Firstly, classification based on this equation is
independent of initial hearing and can be used for
all CI users with measurable pre-operative residual
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Table II1. Scale for proposed HP classification system.

Percent of residual Classification

hearing preserved

>75% Complete HP
>25-75% Partial HP
0-25% Minimal HP

No measurable hearing Loss of hearing/No hearing

hearing (PTA: 0-120 dB). Because the classification
is scaled to the pre-operative audiogram, we eliminate
the effect of worse pre-operative hearing tending to
produce misleadingly better post-operative HP
results.

Secondly, the equation presents the relative change
as a percentage of hearing loss, a user-friendly con-
cept. The hearing loss is converted to preservation by
calculating 100% - relative change in %:

(PTApost - PTApre)
(PTAmax — PTApre)

*100 | [%]

where S is preservation numerical scale.

Thirdly, the numerical scale is converted to a cat-
egorical scale for ease of reporting. The categorization
is defined in Table III.

The HP Classification System is based on a routine
audiogram. The selection of frequency for pure tone
average determination is based on ASHA guidelines
as they, among the several audiometric procedure
standards, are the most commonly used [17]. Hearing
threshold levels should be obtained at octave intervals
from 125 Hz to 8000 Hz. In addition, implementation
of inter-octave frequencies is recommended and pro-
vides a more complete and accurate hearing profile.
Missing inter-octaves are automatically interpolated
in the formula sheet (see: www.hearring.com/
HEARRING_HP_Calculation.xlsx).

The hearing threshold levels range from -10 dB HL.
to 120 dB HL, again based on the ASHA recommen-
dation. However, one must consider the maximum
output levels of the audiometer in the equation. The
levels selected to fit the equation for all clinically
available audiometers can be seen in Table IV.

So the maximum level was set to the most conser-
vative minimal output of all available maximum

Table IV, Masimum detectable hearing (mdh) measurable for cach
frequency.

[Hz] 125 250 500 750 1k 15k 2k 3k 4k o6k Sk

mdh 90 105 110 120 120 120 120 120 115 100 95
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Table V. Subject 13.

H. Skarzynski et al.

Preservation Kiefer et al. Balkany ¢t al. Skarzynski et al.  Gstoettner et al. Gantz ¢t al. Rajan et al.

numerical scale PS (%) 2004 2006 2007 2009 2009 2012

55.1% = Partial HP PTApgg = 42 PTApgrs =70 PTAprg = 74 PTApgp = 33 PTApgg = 86 PTApgg: = 42
dB HL dB HL dB HL dB HL dB HL dB HL

PTApost = 68
dB HL

PTApost = 87
dB HL

Partial HP

PTApost = 90
dB HL

Not classified

PTApoxt = 76
dB HL

Partial HP

PTAposyr = 99
dB HL

Not classified

PTApost = 08
dB HL

Partial HP

Not classified

Frequency (Hz)
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— [3Y W M~ ~ -~ N 0 < ©
0%\%
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Figure 4. Subject 13 pre- and post-op scores,

output levels for each particular frequency, according
to the literature and technical specifications of the
most common audiometers.

The HEARRING group recommends using insert
earphones when testing hearing for the preservation
scale. Supra-aural headphones underestimate hearing
loss as they may results in vibrotactile responses at
higher intensity levels in the low frequency range [18].
Insert earphones have minimal contact between the
earphone and skin leading to a reduction in vibration
responses and a more accurate measurement of (low
frequency) hearing thresholds.

Result
HEARRING’s proposed HP classification system in use

From the 48 subjects in the Table I, we selected 3 as
case studies to illustrate the results of our HP formula
and to compare these results to how they would have
been reported by previously published classification
systems [2,3,6,13,14,19]. Key to the other systems is
that they all calculate a pure tone average (PTA) using
low frequency thresholds in four cases and two also
include 4000 Hz [3,19]. There are also variations in
which low frequencies are used in PTA calculations,
e.g. [13,20] use 125 Hz whereas [14,19] do not. Our
formula looks bevond the traditional EAS low
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frequency perspective by calculating up to 8000 Hz,
thus taking high frequency hearing preservation into
consideration (an important aspect in the future). It
also calculates remaining low frequency hearing using
all test frequencies. :

Subject 13, a typical EAS case, was deemed by four
classification systems to have partial post-operative
residual hearing loss, however, three of the systems
have no procedure for classifying hearing loss beyond
either 10 [3,19] or 20 dB [13]. The system from [14]
is also interesting in that all hearing loss beyond
11 dBHL is considered partial — which is a rather
broad range (Table V, Figure 4).

Subject 35 shows that preservation is deemed to be
complete across all schemes. However, by considering
area, we can see the preservation is greater than 100%,
this is because, instead of losing residual hearing area,
this has actually increased and the formula shows this
gain (Table VI, Figure 5).

Subject 45 is a perfect example of the increased
descriptive accuracy of our formula., Other classifi-
cation systems, e.g. [3,19] would consider a hearing
loss of less than 10 dB to be hearing preservation,
whilst the others call this complete preservation. We
call this minimal hearing preservation. This is where
the essence lies. The other systems only consider
the pure tone average and thus one audiogram
compared to the other. Qur system looks at the
remaining hearing and the value of that preservation
to the user. In many cases, this value is of clinical
importance, however, here, where there is lmited
hearing to start with, we are in some way able to also
show structural preservation. Structural preservation
is a key surgical goal, important for caring for the
anatomy of the cochlear now, and for treatment
modalities that, may be available in the future.
So, although the hearing loss was minimal — the
comparison is of one area of remaining hearing
relative to a later area of remaining hearing. In
this case, the area was minimal to begin with, and
because most of this area was lost, the preservation is
deemed minimal, showing some structural damage
(Table VII, Figure 6).



Table VI. Subject 35.
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Preservation Kiefer et al. Balkany et al. Skarzynski et al.  Gstoettner et al. Gantz et al. Rajan ct al,

numerical scale PS (%) 2004 2006 2007 2009 2009 2012

101.1% = Complete HP PTApgp = 79 PTAppp =80 PTApgg: = 91 PTAprg = 76 PTApre = 94 PTApgs =73
dB HL dB HL. dB HL dB HL dB HL dB HL
PTApost =80  PTAposr =80  PTAposr = 92 PTApost = 79 PTApost = 94 PTApogt =78
dB HL dB HL dB HL dB HL dB HIL. dB HL

Complete HP Complete HP

Complete HP

Complete HP Complete HP Complete HP
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Figure 5. Subject 35 pre- and post-op scores.

The value of a percentage — some useful applicarions of
the formula

The value of calculating a percentage and showing its
uses can be demonstrated via a few examples, which
are demonstrated here.

Example one

Individual clinics can obtain an overview about hear-
ing preservation surgery outcomes. By calculating this
formula, a clinic can see how many cases of complete
preservation they have, how many losses etc. A clinic
could then review how measured HP changes over
time by looking at reduction in area.

Example two

Having a sufficient sample size to demonstrate statis-
tical and clinical significance is key to proving out-
comes of a methodology. One way to do this is to pool
clinics’ data to allow for a greater sample size, and to
support multi-center studies. The formula data can be
calculated to prove that preservation rates are the
same, thus justifying pooling of the data. Using the
cases from the Table II, we are able to compare
outcomes from two centers and show that preserva-
tion is the same and thus data may be pooled.
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We found no significant difference in percent of
hearing preservation between Warsaw (# = 32) and
Antwerp (n = 16) according to the results of the non-
parametric Mann-Whitney U-test (p = 0.279).

Furthermore, no significant difference between the
2 centers in Hearing Preservation was reached for
subjects with

+ Complete HP (Warsaw: # = 15; Antwerp: n = 5;
Mann-Whitney U-test: p = 0.896),

o Partial HP (Warsaw: n = 12; Antwerp: n = 8;
Mann-Whitney U-test: p = 0.616), and

¢ Minimal HP (Warsaw: » = 5; Antwerp: n = 3;

Mann-Whitney U-test: p = 0.655).

As no significant difference between the Warsaw
and Antwerp data in Hearing Preservation was
reached, their data can be pooled.

Example three

The data could be used for correlation analysis to see,
for example, if the degree of hearing preservation is
correlated to age at implantation. Using the subjects’
percent of hearing presetvation we found that:

(1) The correlation between the degree of hearing
preservation and age at implantation was small
and negative (r = -0.101) and not significant
(p = 0.496)

(2) The correlation between age at implantation and
Hearing Preservation when stratified for extent
of Hearing Preservation did not show a signifi-
cant correlation in cases of complete (r = 0.137;
p = 0.565), partial (» = 0.042; p = 0.860), or
minimal (r = 0.452; p = 0.260) hearing
preservation.

Example four

The data could be used for comparison; for example,
the outcomes of two different electrode array lengths.
In this case, we can compare hearing preservation
outcomes with two electrodes. In the earlier days of
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Table VII. Subject 45.

H. Skarsvnski et al.

Preservation numerical

Kiefer et al.

Balkany et al.

Skarzynski et al.

Gstoettner et al.

Gantz et al.

Rajan ¢t al.

scale PS (%) 2004 2006 2007 2009 2000 2012
20.0% = Minimal HP  PTApg = 93 PTAppi = 108 PTAprp = 108 PTAprs = 100 PTApag =112 PTApgg = 98
dB HL dB HL dB HL dB HL dB HL dB HL

PTApost = 102

dB HL
Complete HP

PTAposy = 112
dB HL

Complete HP

PTApose = 110
dB HL

HP

PTAposr = 103
dB HL

Complete HP

PTAposT = 114
dB HL

HP

P’TAp¢.5»y =102
dB HL

Complete HP

Frequency (Hz)

PRE-OP

POST-OP

Hearing threshold (dB HL)

Figure 6. Subject 45 pre- and post-op scores.

EAS surgery, Warsaw used the MED-EL Standard
electrode, which they only partially inserted, until the
MED-EL Medium electrode was made available. We
found that the electrode array length didn’t have a
significant difference on percent of hearing preserved
for any class of hearing preservation: complete (Stan-
dard: #n = 12; Medium: » = 3; Mann-Whitney U-test:
p = 0.248), partial (Standard: » = 7; Medium: n = 7;
Mann-Whitney U-test: p = 0.654) or minimal (Stan-
dard: n = 4; Medium: » = 1; Mann-Whitey U-test:
p = 0.480) hearing preservation.

Discussion

To remedy the current lack of an accepted HP clas-
sification standard, the HEARRING group hereby
proposes a comprehensive HP Classification System
that 1) is suitable for reporting the hearing preserva-
tion results of all hearing preservation surgery cases,
2) is independent from the user’s pre-operative hear-
ing levels, and 3) considers the relative change of
hearing thresholds. The system classifies HP when
using an intervention system which comprises all
_elements of surgery (round window, cochleostomy,
drugs used, blood contamination, etc.), the electrode
itself (contacts, atraumaticity, length, coated or not),
trauma due to the electrode and the surgery, as well as
the fact that the electrode is a space filler.

The HEARRING group hopes clinicians put this
system into practice not only because it clearly and
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accurately describes hearing preservation results, but
because the system will enable a larger overview of
hearing and structural preservation. By making the
results of different HP studies more comparable, the
application of our standard will allow better meta-
analysis of data, thereby resulting in better evidence-
based practice in the field of cochlear implantation.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible
for the content and writing of the paper.
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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

* Corresponding author. Tel.: +81 96 373 5255; fax: +81 96 373 5256.
E-mail address: minoda@gpo.kumamoto-u.ac.jp (R. Minoda).
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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
v-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, “Cl—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
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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 (IgG, IgA, IgM) and
I1gG 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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ARTICLE INFO ABSTRACT

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 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 GJB2 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
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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 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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Surgery, Nagasaki University Graduate School of Biomedical Sciences, 1-7-1
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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 G/B2-related deafness or not, we have
studied the speech perception outcome of Cl in children with GJB2
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 Cl, 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 Cl (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 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 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 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 Cl 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 CIL

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
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 I[T-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 Number of cases

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

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

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

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

GJB2 ¢.[176-191del16];[299-300delAT]
GJB2 c.[235delC];p.[G45E;Y136X]
GJB2 c.[235delC];p.[R143W]

T N N Tt |
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Fig. 1. Results of the average level of preaperative 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.
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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 CI. 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 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

102



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

(Months)
60 J_a R
4 ®
50
40
@ g <
[u]
30 g § F M =
20 Ll X b E—
= N
¢ g @
10 g v ° g
= =} o a
0 . 3] . . J
0 0.5 1 1.5 2 25
(Years)
(Months)
60 . Attt YA e
b ®
50 < L2 k4
40 £
&
»
30 § % $
g - T -
4 2 =) L
10 8 £
a
0b . | M |
{ =3 7 15 2 25
W g = (Years)
_20 A —— - —

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
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 GJB2 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 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].

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 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
GJ/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 Cl 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 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 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 impairment, Cl can provide
considerable benefits.
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