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Background

If low-frequency residual hearing in sub-
jects with severe high-frequency hearing
loss (HL) cannot successfully be treated
with hearing aids, electric-acoustic stim-
ulation (EAS) can be used in the same
ear, creating a synergistic effect.

This has a positive impact on speech
understanding [8-10, 15]. Compared to
bilateral cochlear implants (CI) with only
electric stimulation, EAS users show con-
siderably better speech understanding
[6, 11, 16, 17]. Due to the develop-
ment of structure-preserving electrode
arrays and surgical procedures based on
the hearing preservation cochlear im-
plantation (HPCI) standard [1, 24, 27,
29], residual hearing can be preserved
postimplantation in adults with only
minor losses. Mechanical and acous-
tic trauma to the fine structures in the
cochlea are minimized (soft surgery) and
acoustic hearing in the low frequencies
can be preserved in the medium term
after cochlear implantation in most pa-
tients [8, 13]. Preliminary studies have
also shown the possibility of successful
hearing preservation in children [4, 5,
12].
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Hearing preservation in children
with electric-acoustic stimulation
after cochlear implantation

Outcome after electrode insertion with
minimal insertion trauma

Due to the constantly improving clini-
cal diagnosis of hearing disorders in chil-
dren, frequency-specific hearing thresh-
olds can be assessed with precision in an
increasing number of children. Thus, the
number of hearing preservation cochlear
implantations is steadily increasing in
children and residual hearing is gaining
in importance in this patient population.
Considering the long life expectancy of
this patient population and the first ex-
perimental achievements in the develop-
ment of new approaches for the improve-
ment of the electrode/auditory nerve in-
terface [23] or the new approaches in hair
cell regeneration [21], structure preser-
vation of the cochlea is essential.

The international HEARRING Group
expert group recommends applying the
HPCI standard in all cochlear implanta-
tions in children, regardless of the extent
of residual hearing [20].

Materials and methods

Patient population

All children with low-frequency residual
hearing implanted with electrode arrays
specifically designed for hearing preser-
vation at the Medical University Clinic of
Mainz between 2012 and 2016 were in-
cluded in the retrospective data analysis.
Pure tone audiometry was performed in
a group of 9 children (12 ears) aged be-
tween 5and 12 years after hearing preser-
vation cochlear implantation (@ Table 1).

Meanageatimplantation was 8.3 years;
4 were masculine. Three children were
bilaterally provided with EAS, 4 only in
the left ear and 2 only in the right ear.
Etiology of the HL was unknown in 7 of
12 ears; the HL was progressive in the
high-frequencies in 5 ears. The HL was
caused by ototoxicity in 3 ears, while the
HL was probably congenital in 2 ears.
Eleven ears were implanted with a CI
and a Flex24 electrode array (MED-EL,
Innsbruck, Austria). The Flex24 elec-
trode array features 12 platinum con-
tacts (5 apical one-sided, 7 basal double-
sided) over a total length of 20.9mm
with an electrode spacing of 1.9mm.
The insertion depth is 24mm with an
electrode diameter of 0.36-0.48 mm at
the apical end and 0.8 mm at the basal
end.

One ear was implanted with a CI522
implant (COCHLEAR, Macquarie Uni-
versity, NSW, Australia) with a Slim
Straight electrode array.  The Slim
Straight electrode array features 22 one-
sided platinum contacts on a total ac-
tive spacing of 20mm with maximum
full insertion of 25mm. The electrode
diameter is 0.3 mm at the apical end and
0.6mm at the basal end.

The decision on the type of implant
system was made after neutral coun-
selling to the parents. The decision on
the type of electrode array was made
based on an interdisciplinary agreement
within the CI team of the ENT clinic,
taking into account the anatomy of the
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Table 1

Demographic data of the 9 children (12 ears) with hearing preservation cochlear implantation

Ear ID Patient no. Implant side  Age atim- Sex Brand Implant Electrode Etiology

plantation

(years)
EO1 01 Left 6 Male MED-EL CONCERTO Flex24 Ototoxic
E02 02 Left 7 Male MED-EL CONCERTO Flex24 Unknown
E03 03 Right 5 Female MED-EL CONCERTO Flex24 Congenital
E04 03 Left 6 Female MED-EL CONCERTO Flex24 Congenital
E05 04 Right 10 Female MED-EL SYNCHRONY Flex24 Progressive
E06 05 Right 5 Female MED-EL SYNCHRONY Flex24 Progressive
E07 06 Left 5 Female MED-EL SYNCHRONY Flex24 Progressive
E08 07 Right 12 Male MED-EL SYNCHRONY Flex24 Progressive
E09 05 Left 6 Female MED-EL SYNCHRONY Flex24 Progressive
E10 08 Left 9 Female MED-EL SYNCHRONY Flex24 Ototoxic
EN 01 Right 1 Male MED-EL SYNCHRONY Flex24 Ototoxic
E12 09 Left 12 Male Cochlear Cl522 Slim Straight  Progressive

ID identification number, Med-EL MED-EL, Innsbruck, Austria, Cochlear Cochlear, Macquarie University, NSW, Australia
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Fig. 1 A aPresentation of the averaged audiometric thresholds (median and interquartile range) for
the different times of observation “preoperative” (dark blue, n = 12), “postoperative short-term” (light
blue,n=12),and “postoperative medium-term” (gray, n=>5). b Change in the preoperative averaged

low-frequency thresholds PTAjow after cochlear implantation at the “postoperative short-term” fol-

low-up (n=12)

cochlea using computed tomography

(CT) and magnetic resonance imaging

(MRI) and the audiogram.
Allimplanted electrodearraysare suit-

diologie) [28]. All implantations were
performed according to the HPCI stan-
dard with insertion of the electrode array
through the round window.

HL caused by the insertion of the elec-
trode array across the entire frequency
range (125-8000Hz) at the different
times of observation: “postoperative
short-term” (Eq. 2) and “postoperative
medium-term” (Eq. 3). The PTAnan
variable describes the maximum output
level of the audiometer for the measured
audiometric frequencies.

HL% =
[1 - ((PTApostoperative

?ble and appr?;recsl folr9 ?eaﬁ?g preserva- redolonical dat - — PTApreoperstive )/ (PTAman (1)

ion surgery [7, 8, 19]. The preopera- udiological data analysis

tive audiograms were within the EAS in- ? J ~ PTApreoperaiive))]x100[% ]

dication range of the corresponding CI  First, the short-term hearing preserva- HLy =

electrode array of the respective specifi-  tion (“postoperative short-term”) was PTAotal postoperative short-term ()

cations of the implant manufacturer. In  analyzed between 2 weeks and 3 months — PTA otal preoperative

all children, the best possible provision (mean: 6 weeks) postimplantation to HL, =

with hearing aids was evaluated before =~ detect potential hearing defects caused PTA ‘ ‘ 3)
total postoperative medium-term

implantation according to the consensus
paper of the German Society of Phoni-
atrics and Pediatric Audiology (Deutsche
Gesellschaft fiir Phoniatrie und Padau-
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during implantation. In a subgroup of
5 children, data for the evaluation of
the medium-term hearing preservation
(“postoperative medium-term”) were

- PTAtotal preoperative



Statistical analysis

The variables of the total group were
tested for normal distribution using the
Kolmogorov-Smirnov test for the “pre-
operative” and the “postoperative short-
term” times of observation and analyzed
for significant differences using the paired
sample t-test. Due to the small num-
ber of cases, the data of the subgroup
for the “postoperative medium-term” fol-
low-up were notincluded in the statistical
analysis for significant differences. The
statistical analysis was performed using
the SPSS statistics 23 software (IBM, Ar-
monk, NY, USA). P-values< 0.05 were
considered statistically significant.

Results

Audiometric data

Audiometric thresholds of 9 children
(12 ears) aged between 5 and 12 years
were measured before and after hearing
preservation cochlear implantation. The
averaged audiometric thresholds of the
three different times of observation, “pre-
operative”, “postoperative short-term’,
and “postoperative medium-term”, are
presented in @ Fig. 1a, including median
and interquartile range.

Short-term hearing preservation

The PTAiw averaged low-frequency
thresholds are presented in @ Table 2
and significantly (T=-3.408; df=11;
p=0.006) deteriorated by 12.8dB be-
tween “preoperative” (PTAiow1 29.8dB)
and “postoperative short-term” (PTAlow2
42.6dB) due to the surgical insertion
of the CI electrode array. The mea-
sured values varied between the subjects
from a deterioration of 31.6dB (E07) to
an improvement of 8.4dB (E01). The
short-term change in the averaged low-
frequency thresholds PTA|oy1 measured
postoperatively is presented in @ Fig. 1b.

The mean percentage of hearing
preservation in the low frequencies
based on Eq. 1 at the “postoperative
short-term” follow-up (HL%,) was 73.6%
(variation: 39.8 to 104%). This corre-
sponds to a mean HL, of 9.4dB across
all frequencies (range: —-2.3 to 22.7dB).

© The Author(s) 2018

Abstract

Background. Cochlear implantation in
patients with functional residual low-
frequency hearing is performed according to
an established hearing-preserving surgical
technique in order to cause minimal trauma
of inner ear structures. Due to the increasing
number of cochlear implants in children,

the preservation of residual hearing is
becoming increasingly important in this
patient collective.

Objectives. Short- and mid-term hearing
preservation outcome in pediatric patients is
investigated.

Materials and methods. A group of 9 children
(12 ears) between 5 and 12 years of age were
examined after hearing-assisted cochlear
implantation with respect to the pure tone
audiometric thresholds. Retrospectively,
short-term hearing preservation (up to

3 months after surgery) was examined. In

a subgroup of 5 children, mid-term hearing
preservation (7.5 to 16 months after surgery)
was also analyzed. The mean values of hearing
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Hearing preservation in children with electric-acoustic
stimulation after cochlear implantation. Outcome after electrode
insertion with minimal insertion trauma

preserved (HL%) and hearing loss (HL) due
to electrode insertion were calculated as
measured values.

Results. In the whole group, the mean values
of the preoperative PTAjow were 29.8 dB and
the short-term postoperative PTA|ow 42.6 dB.
The mean value of the HL% was 73.6%,
corresponding to an HL of 9.4dB. In the
subgroup, the mean PTAjow postoperatively
was 46.0dB in the mid-term and the HL% at
80.7% with a HL of 6.6 dB.

Conclusions. The results in children are
consistent with the results in adults. Electric-
acoustic stimulation (EAS) should be used in
the treatment of children with existing low-
frequency residual hearing, as good residual
hearing preservation can also be achieved in
children after implantation.

Keywords
Hearing loss - Cochlear implantation - Ear,
inner - Audiometry - Pure-tone - Child

Medium-term hearing
preservation

Medium-term hearing preservation re-
sults were available for a subgroup of
5 children with a mean age of 7.3 years
(E01-E05). Analyzing the results of the
subgroup over time, the averaged thresh-
old deteriorated in the low frequencies
between the preoperative measurement
with 39.0 dB and the postoperative short-
term follow-up with 45.6 dB and the post-
operative medium-term follow-up with
46.0dB. The most distinct deterioration
(6.7dB) of the auditory threshold was
measured atthe postoperative short-term
follow-up. In the medium term, the audi-
tory threshold only deteriorated by 0.4 dB
(B Table 3).

The mean percentage of hearing
preservation HL%, was 74.7% at the post-
operative short-term follow-up (range:
66.7-104.0%) and 80.7% at the postop-
erative medium-term follow-up (range:
27.5-98.0%). This results in a mean

HL; of 6.4dB (range: -2.3 to 13.9dB)
across all frequencies at the postopera-
tive short-term follow-up and of 6.6dB
(range: 0.9-22.7dB) across all frequen-
cies at the postoperative medium-term
follow-up.

The individual audiograms of all sub-
jects are presented in @ Fig. 2 for all times
of observation (preoperative, postopera-
tive short-term, postoperative medium-
term).

Discussion

The hearing preservation cochlear im-
plantation has become an established
procedure in the treatment of patients
with severe to profound hearing loss with
usable low-frequency residual hearing.
Before implantation, it should be veri-
fied if the best possible state-of-the-art
hearing aid provision was offered [28].

This study showed that a high per-
centage of hearing preservation can be
achieved in children after cochlear im-
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Table 2 Individual results (n=12) and average values at two time points

Ear ID Pure tone average for low Hearing Hearing loss
frequency preservation
PTAiow1 (dB) PTAiow2 (dB) HL%: (%) HL, (dB)
EO1 35.0 26.6 104.0 -2.3
E02 63.3 80.0 71.5 6.8
E03 36.6 51.6 70.4 13.9
E04 25.0 283 90.2 3.0
E05 35.0 41.6 66.7 10.5
E06 36.6 31.6 102.0 -0.7
E07 30.0 61.6 39.8 22.7
E08 25.0 333 93.2 3.0
E09 15.0 31.6 65.1 13.2
E10 16.6 45.0 61.4 11.6
E11 15.0 45.0 50.7 16.4
E12 25.0 35.0 68.1 14.8
Mean 29.8 42.6 73.6 9.4

ID identification, PTAjow1 pure tone average for low frequency, “preoperative’, PTAjow2 pure tone
average for low frequency, “postoperative short-term’, HL%j percent hearing preservation, “preop-

erative’, HL; hearing loss, “postoperative short-term”

Table 3 Individual results (n=>5) and mean values at three time points
Ear ID Pure tone average for low

frequency

PTAiow1i  PTAiow2  PTAiows

(dB) (dB) (dB)
EO1 35.0 26.6 25.0
E02 63.3 80.0 733
E03 36.6 51.6 40.0
E04 25.0 283 30.0
E05 35.0 41.6 61.6
Mean 39.0 45.6 46.0

Hearing Hearing Hearing Hearing
preser-  loss preser-  loss
vation vation

HL%; HL: (dB) HL%: HL; (dB)
(%) (%)

104.0 -23 91.8 2.7

715 6.8 92.7 45

70.4 13.9 98.0 0.9

90.2 3.0 934 2.0

66.7 10.5 27.5 22.7
747 6.4 80.7 6.6

ID identification, PTAjows pure tone average for low frequency, “preoperative’, PTAjow2 pure tone
average for low frequency, “postoperative short-term’, PTAjow2 pure tone average for low frequency,
“postoperative medium-term’, HL%; percent hearing preservation, “preoperative’, HL; hearing
loss, “postoperative short-term’, HL%; percent hearing preservation, “postoperative medium-term’,

HL; hearing loss, “postoperative medium-term”

plantation following the HPCI standard
in 73.6% of all cases and in up to 80.7%
of all cases in the analyzed subgroup.

Hearing preservation in adults

Many studies on adult patients have
shown that low-frequency hearing
preservation can be achieved and that
EASisanoptionin cochlear implantation
in the medium and long term. Helbig
etal. [8], for example, showed in a study
with 96 patients (103 ears) postoperative
“complete hearing preservation” (defi-
nition: deterioration of PTAj,w< 10dB)
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in 31.1%, “partial hearing preservation”
(definition: deterioration of 10-30dB) in
47.6%, and “minimum hearing preser-
vation” (definition: deterioration of
PTAjow=30dB) in 13.6%. Complete HL
was detected in 7.8% of all patients. No
correlations between the hearing results
and etiology, design of the electrode array
or surgical approach were identified.
Compared to the data presented in
this study, the study of Mertens et al.
[13] showed similar hearing preservation
results in 9 patients (11 ears). The av-
erage percentage of hearing preservation
of 48% was slightly lower, but the obser-

vation period of between 6 months and
10 years postimplantation was longer.

Roland et al. showed no signifi-
cant deterioration of the postoperative
low-frequency thresholds (PTAlow) after
5 years of observation in 32 ears and
provision with Cochlear Nucleus Hybrid
124 electrodes [22]. It should be men-
tioned, however, that the insertion depth
of the L24 electrode arrays with a length
of 16 mm is considerably less than with
the electrode arrays used in our study,
the Slim Straight (E12: 24 mm) and the
Flex24 (24 mm).

Hearing preservation in children

Only a small number of published studies
exist on pediatric patients with sufficient
low-frequency residual hearing and for-
mal indication for EAS provision using
structure-preserving CI electrode arrays.
Some clinics have a cautious approach
towards EAS provision as the measure-
ment of auditory thresholds basically al-
ways entails uncertainty in early child-
hood. Furthermore, some clinicians are
of the opinion that it is better to implant
a longer electrode array a priori in cases
of progressive inner ear HL. Neverthe-
less, in the current study the possibility
of EAS provision to small children is pre-
sented, since it can be assumed that es-
pecially children may benefit from better
rehabilitation perspectives in the future.
As a larger number of cases is needed,
joint prospective long-term observations
at different clinics seem useful [18].
The study of Brown etal. showed hear-
ing preservation in 31 children (mean
age: 9.9 years) [3]. The median PTA at
250, 500, and 1000Hz deteriorated by
20dB from 83.3dB to 103dB after im-
plantation. The audiological measure-
ments were performed after an average
of 10.3 months (range: 1-30 months). In
that study, however, only conventional
types of electrode arrays that are longer
and bulkier were used; therefore, they
are not primarily designed for hearing
preservation cochlear implantation. The
mean preoperative HL of 83.3dB was
also very likely beyond the classical EAS
indication (auditory thresholds in quiet
<500Hz of 0-60dB HL, [10]). This may
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Fig. 2 A Individual presentation of the audiometric results of all ears (n =12; E07 to £12) at the different times of observation:
“preoperative” (dark blue), “postoperative short-term” (light blue), and “postoperative medium-term” (gray)

explain the relatively large deterioration
of the postoperative PTA in that study.
In a retrospective study Bruce et al.
showed hearing preservation in 14 ado-
lescents (mean age: 13.5 years), achieved
through the soft surgery procedure [4].
The PTA|,w deteriorated by 11.1dB from

52.0 to 63.9dB. Compared to our study,
the preoperative baseline HL was clearly
more distinct (13dB higher). Because
of the distinct HL, the Flex20/Flex24
electrode arrays specifically developed
for EAS and HPCI was only used for
implantation in 5 patients of the Bruce

et al. study. The other 9 patients were
implanted with the considerably longer
FlexSoft (31.5mm) or the Flex28 elec-
trode arrays; therefore, the results of
Bruce et al. cannot be directly compared
to the data presented in our study.
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Benghalem etal. reported on cochlear
implantations in 7 children (mean age:
4.5 years) which were performed using
the Mid-Scala Electrode from Advanced
Bionics (Stifa, Switzerland) designed for
hearing preservation cochlear implanta-
tion according to the HPCI standard [2].
As some of the patients were very young
(<4 years), it was not possible to create an
authentic audiogram for both ears in this
patient population; the contralateral ear
was only blocked with an adapted silicone
piece and thus insufficiently “deafened”.
Six of the 7 children had at least partial
hearing preservation with a deterioration
<10dB HL at the frequencies of 500 Hz
and 1000Hz. The hearing preservation
calculated following Skarzynski [25] was
only calculated for the 500 Hz frequency;
it was complete in 3 patients, partial in
3 patients and minimal in 1 patient.

Carlsonetal. alsopresented theresults
after cochlear implantation in 35 children
(43 ears) with a mean age of 8.6 years
[5]. In that study, the hearing preserva-
tion was analyzed although mostly cases
with conventional “long” electrode arrays
instead of EAS electrode arrays were an-
alyzed. Furthermore, the implantation
was not always performed according to
the HPCI standard for other reasons: In
51.2%, for example, a cochleostomy was
performed during surgery. The preop-
erative PTA|o, deteriorated by 25.3dB
from 54.2dB to 79.5dB at frequencies
of 250Hz and 500Hz at the postoper-
ative measurement of auditory thresh-
olds 10.7 months after implantation. The
calculated hearing preservation of the
low-frequencyresidual hearing following
Skarzynski [25] was complete in 17 ears
(39.5%) and partial in 19 ears (44.2%).
Complete HL was identified in 7 ears
(16.3%). Analyzing the long-term results
of the audiometric thresholds postoper-
atively over time (mean: 43.8 months;
range: 2.6-108.3 months), the PTAjow
deteriorated by another 9.7dB on aver-
age.

Further improvements in hearing
preservation could probably be achieved
by using new procedures to insert the
electrode array. Stuermer et al. [26],
for example, described the “underwater
technique” which entails filling the tym-
panic cavity with Ringer’s solution to

‘ HNO

avoid hydrostatic pressure shocks of the
cochlea during insertion of the electrode
array. In order to ensure successful pres-
sure balance between the fluids through
the round window (during insertion of
the electrode array), however, the round
window must be opened widely, which
may further result in deterioration of
the auditory thresholds.

Intracochlear pressure waves, caused
by the insertion of the CI electrode
array into the cochlea, can be reduced
by an appropriate design of the elec-
trode array. Pressure measurements by
Mittmann et al. [14] in an artificial
cochlea model showed that pressure
shocks during insertion are less intense
when using electrodes placed in the
middle of the scala tympani than when
using electrodes placed adjacent to the
lateral wall of the cochlea. This could
further improve hearing preservation
after cochlear implantation.

Limitations

The main goal of the present study was to
analyze the hearing preservation results
in children with EAS indication provided
with a cochlear implant. Speech under-
standing outcomes are therefore not part
of the retrospective analysis. Due to the
retrospective study design, the availabil-
ity of postoperative audiograms is limited
in some cases, and the times of analysis
inevitably vary to a certain extent. This
limits the conclusions that can be drawn
with regard to the actual hearing preser-
vation in the observed cohort.

Outlook

The present study provides evidence that
hearing preservation can be achieved af-
ter cochlear implantation in children. To
achieve this, the implantation should be
performed following the HPCI standard.
Providing children with low-frequency
residual hearing with electric-acoustic
stimulation (EAS) should be aimed for
as a high level of hearing preservation
can also be achieved in children over the
medium and long term.

Practical conclusion

= Low-frequency hearing preserva-
tion can be achieved after cochlear
implantation in children.

== Hearing preservation surgical tech-
niques and hearing preservation
electrode array designs must be
used.

== Children should be informed about
the expected success of EAS provi-
sion with regard to better speech
understanding, even though speech
audiometry in early childhood is
not an option for early performance
measurement.
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