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Abstract

Objective—This study is designed to test the hypothesis that preservation of residual hearing in a
pediatric population is possible using standard electrode arrays with full length insertions. Surgical
technique during implantation is also described.

Study Desigh—Retrospective review of patient medical records.
Setting—Academic tertiary care center.

Patients—Thirty-one severely to profoundly hearing impaired pediatric patients with some residual
hearing pre-cochlear implantation.

Intervention—Cochlear implantation using a modified “soft surgery” protocol.

Main Outcome Measures—Pre-implant and post-implant pure tone thresholds and pure tone
average (PTA) were calculated from unaided pre- and post-operative audiograms from 250, 500, and
1000 Hz. Hearing preservation rates were determined to be either: complete (loss of <10 dB),
moderate (loss of 11-20 dB), marginal (loss of 21-40 dB), or none (loss of >40 dB or no response at
the limits of the audiometer.) Functional residual hearing rates (defined in this study as at least one
threshold better than or equal to 75 dB HL for 250, 500, or 1000 Hz) were calculated.

Results—Complete hearing preservation was achieved in 14/31 patients (45.2%), while 28/31
(90.3%) had at least partial hearing preservation (loss of <40 dB). The pre- to post-operative low
frequency PTA had a mean change of 18.5 dB and median change of 20 dB. Of the patients who had
pre-operative functional hearing, 9/18 (50.0%) maintained functional residual hearing post-
operatively for at least one pitch.

Conclusion—Preservation of residual hearing is feasible in pediatric cochlear implant patients
using standard length electrode arrays with full insertions. These data have implications for cochlear
implantation in pediatric patients who are at higher risk of progressive hearing loss than adults.

Correspondence to: Richard A. Chole MD, PhD, Department of Otolaryngology-Head and Neck Surgery, Washington University School
of Medicine, Campus Box 8115, 660 South Euclid Avenue, Saint Louis, MO 63110, rchole@wustl.edu, Phone 314-362-7395, Fax
314-747-1004.
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Introduction

While residual hearing is usually lost after cochlear implantation, some individuals have
retained some acoustic hearing. Residual hearing in implantees has been shown to increase
hearing performance in difficult or noisy listening environments, improve music perception
and appreciation, and give sound and voices a more natural quality. (1-5)

Possible causes of residual hearing loss after cochlear implantation include acoustic trauma
while drilling a cochleostomy, mechanical trauma due to electrode insertion that includes
fractures of the osseous spiral lamina, disruption of the basilar membrane, or tearing of the
endosteum of the scala tympani. Other possible causes include disturbances of cochlear fluid
homeostasis, bacterial infection, osteoneogenesis, or cochlear fibrosis from a foreign body
reaction to electrode components, bone dust, or blood. (3,6,7)

Meticulous surgical technique may improve the chance that residual hearing is preserved
following implantation. “Soft surgery” techniques proposed by Lehnhardt (8) and other
modifications such as shorter insertion depths, off-stylet technique, and changes in the angle
of insertion have been described. (9-13) New electrodes have also been developed in an effort
to decrease cochlear trauma during insertion. These include “short arrays” which are designed
to provide electrical stimulation at the basal end of the cochlea only. Preserved residual hearing
may lead to the application of “electro-acoustic” stimulation (EAS), where the lower pitches
are aided through acoustic amplification and the mid/high pitches are aided through the
cochlear implant within the same ear. (4,12,14-16)

Full insertion of a standard length electrode array may be advantageous over a shortened
electrode array because it allows for progression in low frequency hearing loss. A standard
length array allows one to activate more electrodes over time. For example, if an acoustic signal
is no longer adequate in the low pitches, the standard cochlear implant can be programmed to
provide these pitches in addition to the higher pitches. A shortened array does not reach the
deeper regions of the cochlea that are tuned to lower pitches, and typically has fewer electrodes
to work with. Such an advantage may be particularly important in children, who face many
more years of potential progressive hearing loss than adult patients and whose particular
physiology and cause for hearing loss may make them more susceptible to progressive loss.
17)

While residual hearing preservation has been observed in adults, it is not as well documented
in children. This study is the result of reviewing our pediatric cochlear implant population to
quantify residual hearing preservation using a standard length array with full insertion.

Materials and Methods

Subjects

Institutional review board approval was obtained for the study. Participants were drawn from
a sequential series of patients undergoing cochlear implantation by either of two experienced
surgeons between June 2006 and March 2009 (n=148). Patients with a pre-operative unaided
audiogram with at least one threshold better than 90 dB HL at 250, 500, or 1000 Hz and at least
one post-operative unaided audiogram were included in the study (n=31).
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Audiometric Evaluation

All audiometric testing was performed using calibrated audiometers with outputs of 105 dB
HL at 250 Hz, 110 dB HL at 500 Hz , and 115 dB HL at 1000 Hz. Testing was performed in
a double-walled sound booth using insert earphones for unaided testing. Pre-operative
responses to pure tones spanning from 250 to 8000 Hz were measured for each ear in unaided
conditions. A pre- and postoperative low-frequency pure tone average (PTA) was calculated
by averaging thresholds at 250, 500, and 1000 Hz.

Only children with a pre-operative unaided audiogram with at least one threshold <90dB HL
in the low frequencies were included. Post-operative audiograms for 30/31 patients (96.8%)
had thresholds measured for all three of these frequencies. One patient was missing a value for
1000 Hz, so a value of no response (NR) was inserted to assume that hearing at that frequency
was lost.

Data Analysis

We used two methods that have both been described in the literature for measuring outcomes
in patients who had no response (NR) at one or more frequencies. In one method, a value of 5
dB over the limit of the audiometer was substituted for NR. (6,7,10) This number was used to
calculate mean values of pure-tone thresholds and pure-tone averages. However, this method
had the possible disadvantage of underestimating the amount of hearing loss, because the true
amount of hearing loss above the maximum limit of the audiometer was unknown. An
alternative method was also used in which we substituted a very large value (=999) for NR
before calculating median threshold changes for each frequency. (9,18) We also calculated a
low-frequency PTA using these median thresholds. The disadvantage of this method was that
individual data could not be compared among patients.

To help categorize the change in hearing thresholds after implantation, the following
terminology was used: change of <10 dB, complete hearing preservation; 11-20 dB, moderate
preservation; 21-40 dB, marginal preservation; and >40 dB or NR, no preservation. To futher
clarify and for purposes of comparison to other writers on this topic, we defined “partial hearing
preservation” as change in PTA between 0 and 40 dB. Functional hearing was defined as a
threshold of <75 dB HL for at least one of the frequencies of 250, 500, or 1000 Hz.

Surgical Technique

Each child was given a perioperative, weight appropriate dose of intravenous dexamethasone
of 0.25 mg/ kg. A standardized soft surgical technique was used. The facial recess was opened
between the chorda tympani and Fallopian canal. The bone anterior to the facial nerve was
removed to provide wide exposure of the round window niche. (Figure 1A) The tectulum, or
round window overhang, was thoroughly removed to allow complete exposure of the round
window membrane. (13) (Figure 1B) The bone inferior and anterior to the margin of the round
window was then thinned using a 1.0 or 0.5 mm diamond burr. (Figure 1C) A cochleostomy
was performed manually using a small right-angle pick or footplate rasp, limiting the diameter
of the cochleostomy to the size needed for the electrode array. (Figure 1D and 1E) No suctioning
of perilymph was performed and every attempt was made to avoid bone dust or blood entering
the cochlea. Sodium hyaluronate (Healon, Advanced Medical, Optics, Uppsala, Sweden) was
gently injected into the scala tympani. The electrode array was then inserted to the
manufacturer’s recommended depth into the scala tympani with the natural curvature of the
array being directed away from the cochlear partition. The cochleostomy was then sealed with
a small amount of connective tissue.
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Of the 148 pediatric cochlear implants performed between June 2006 and March 2009, 31
patients were eligible for the study because they met the pre-op hearing criteria and they had
pre- and post-operative audiograms (Table 1). The mean age was 9.9 years with a range of one
to 19 years. Thirteen recipients were female and eighteen were male. Seventeen implants were
on the left and fourteen on the right. Patients were implanted either with a HiRes 90K device
using a HiFocus Helix or HiFocus 1j electrode, (Advanced Bionics Corp., Sylmar, CA) a
Freedom device using a Contour Advance electrode (Cochlear Ltd., Lane Cove NSW,
Australia), or with a Med-EI Pulsar CI 100 device using a standard electrode array (Med-El,
Innsbruck, Austria). The average time between surgery and post-operative audiogram was 10.3
months, with a range of 1-30 months.

Complete residual hearing preservation (change in low-frequency PTA <10 dB) was
accomplished in 14/31 patients (45.2%). Partial hearing preservation (change in PTA between
0 and 40 dB) was observed in 28/31 patients (90.3%). Moderate hearing preservation (change
in PTA between 11 and 20 dB) was observed in 7/31 patients (22.6%). Marginal hearing
preservation (change in PTA between 21 and 40 dB) was seen in 7/31 patients (22.6%).
Complete loss of residual hearing (change in PTA >40dB or with no response to stimuli), was
seen in 3/31 patients (9.7%).

The low frequency PTA across all study patients preoperatively was 77.3 + 15.9 dB HL (mean
+ standard deviation) and postoperatively was 95.8 + 17.4 dB HL. The change in PTA was
18.5 dB which falls into the moderate hearing preservation for the entire group of 31 patients.
The mean change between pre-operative and post-operative thresholds at 250, 500, and 1000
Hz ranged from 14.2 to 21.2 dB HL (Table 2).

The median low frequency PTA for all study patients preoperatively was 83.3 dB HL. The
median post-operative PTA was 103.3 dB HL with a change of 20 dB. This falls within
moderate hearing preservation category for the entire group and confirms the values obtained
from calculating mean values and assures the results are not underestimating the amount of
hearing loss. The median change in hearing thresholds for 250, 500, and 1000 Hz ranged from
17.5 and 22 dB (Table 3).

Functional residual hearing after cochlear implantation was defined as having at least one post-
operative threshold <75 dB HL at 250, 500, or 1000 Hz. Of the patients who had functional
hearing preoperatively, 9/18 (50.0%) preserved it following implantation. An additional 3/18
(16.7%) patients had at least one threshold of 80 dB HL or better, which in most cases will
also be aidable.

Discussion

This study reports the largest group to date of children with residual pre-operative hearing
implanted with full-length arrays. We found that most pediatric patients in our study had some
preservation of hearing and nearly half had complete preservation of hearing following
cochlear implantation with full-length arrays. This observation raises the possibility that
refinements in surgical technique and electrode design may allow reliable residual hearing
conservation with full length cochlear implant array insertions.

Experience of hearing preservation with short arrays

Residual hearing preservation has been noted since the inception of Cl surgery. An early study
used the 3M/House short single-electrode (3M Healthcare Ltd. Loughborough Leicestershire,
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UK) which was 6-mm long. That study reported 6/9 (66.7%) of children who had measurable
pre-implant hearing had measurable post-implant acoustic thresholds.

More recently, Gantz et al. have reported results using the lowa Nucleus implant (Cochlear
Ltd., Lane Cove NSW, Australia) which includes a short 10-mm electrode. This has been given
the name of a “hybrid” CI because it can be used in combination with an external hearing aid.
They have reported that 85/87 (97.7%) of their Cl patients had at least partial immediate hearing
preservation, with 79/81 (90.8%) maintaining this hearing preservation for more than 3 months
later. (15)

Experience of hearing preservation with full insertion in adults

Several reports have documented hearing preservation in adults with full or partial insertions
of electrode arrays that range between 16-32 mm in length, and inserted >360 degrees within
the cochlea. In 1997, Hodges et al. reported on fourteen patients that were implanted with a
Nucleus device inserted between 22 and 32 mm and four patients that were implanted with a
Clarion device at 16 mm. They saw at least partial hearing conservation in 6/18 (33.3%) adult
Cl patients as defined by measurable hearing in at least one frequency at 500, 1000, or 2000
Hz. (20) Kiefer et al. (6) reported on fourteen patients that were implanted with either a Med-
El Combi 40+ or 40+M device at an insertion depth of 19-24mm. They observed at least partial
hearing preservation in 12/14 (85.7%) subjects (loss of <20 dB) and complete hearing
preservation in 9/14 (64.3%) (loss <10 dB). Median threshold values worsened by 15 dB at
250 Hz, 17.5 dB at 500 Hz, and 5 dB at 1000 Hz. Gstoettner et al. (11) used a Med-ElI Combi
40+ implant inserted 18-24mm and reported preservation was achieved in 18/21 (85.7%)
patients (any measurable low frequency hearing) and completely preserved in 13/21 (61.9%)
(loss<10dB). Ina multicenter study, James et al. (18) used a Nucleus Contour Advance device
inserted 17-19 mm in twelve patients and reported median increases in hearing thresholds of
23 dB at 125 Hz, 27 dB at 250 Hz, and 33 dB at 500 Hz. They also reported that 6/12 (50.0%)
of these patients retained sufficient hearing for effective use of an ipsilateral hearing aid to be
used in conjunction with the cochlear implant.

Over the last three years, several other studies have also been published on hearing preservation
in adults implanted with devices inserted >360 degrees within the cochlea. Balkany et al.
(10) implanted 28 patients with a Nucleus Contour Advance electrode inserted 19mm. They
cited complete preservation of hearing (change in PTA <10 dB) in 9/28 (32.1%) of patients
and partial conservation (any measurable hearing) in 16/28 (57.1%) of patients. Median
increases of 15 dB were seen at 250, 500, and 1000 Hz. Di Nardo et al. (7) implanted 37 patients
with various devices inserted at a depth of >360 degrees within the cochlea. They reported that
14/37 (37.8%) of patients had complete hearing preservation (no change in hearing threshold),
with 15/37 (40.5%) additional patients maintaining measurable hearing thresholds. They also
reported median increases in hearing threshold levels of 10 dB at 250 Hz, 10 dB at 500 Hz,
and 5 dB at 1000 Hz. Skarzynski et al. (21) implanted ten adults with a Med-EI Combi 40+
electrode inserted 31 mm using a round window surgical technique. They reported hearing
preservation in 9/10 (90.0%) (any measurable low frequency hearing.) Finally, Soda-Merhy,
et al. (3) compared results using straight and perimodiolar electrodes and saw no difference in
rates of hearing preservation between them, observing that 18/35 (51.4%) of patients had some
measurable post-operative hearing.

Experience of hearing preservation in children

In 1997 Hodges et al. (20) reported on 22 children implanted with Nucleus or Clarion devices
to a depth between 16 and 32 mm. They noted complete conservation of hearing (loss <10 dB)
in 15/22 (68%) of children implanted. The pre-operative PTA of those children was 108 dB

HL,; therefore, forming a very different group than the patients reported in our study who had
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amean pre-operative PTA of 77.3dB HL. More recently in 2007, Skarzynski et al. (4) reported
on nine children implanted with Med-El devices that were partially inserted to a depth of 20mm,
finding that 9/9 (100.0%) children had preservation of at least some residual hearing and 8/9
were candidates for electro-acoustic stimulation.

A partial insertion in children of 180 degrees would possibly limit damage to the lower
frequency regions of the cochlea apically, but a full insertion might be preferable because
children have a greater rate of progressive hearing loss than adults. Discussion of how best to
preserve residual hearing with cochlear implants must account for this consideration. In the
series reported here, 17/31 (54.8%) patients had progressive hearing loss instead of congenital
or stable hearing loss (Table 1). In the study that reported the best rates of hearing preservation,
over 97% of patients had hearing preservation following implantation with a short electrode
and 91% maintained some hearing preservation 3 months later. In addition, 30% exhibited
greater than 30 dB mean low-frequency threshold shifts compared to pre-operative thresholds.
So even among adults, some showed evidence of progressive hearing loss after implantation
of the short (hybrid) electrode. A recent study discussed two patients who had increased hearing
benefit after having their hybrid (shorter) array explanted after progressive loss of residual
hearing, and being reimplanted with a full-length electrode array. (22)

With a full insertion using a standard length electrode array, low frequency electrodes can be
deactivated for an EAS application, or they can be activated to provide electrical stimulation
if low frequency residual hearing is lost over time from progressive hearing loss. Such children
with functional residual hearing could benefit from EAS without the possibility of a future
procedure being needed to change arrays if the hearing loss progresses. This situation was
recently reported in a case study of one child from this series who had preservation of functional
residual hearing. She has a full-length array cochlear implant with a hearing aid on the same
ear, and prefers this combination to the cochlear implant alone. (17)

Further work is needed to determine if full insertion using standard length or redesigned
electrodes can preserve hearing in children with only mild to moderate hearing loss in the low
frequencies. Of the six patients with a mean pre-operative PTA between 45.0 and 58.3 dB HL
(patients 4, 5, 8,12, 21, and 27 in Table 1), only patients 12 and 27 had complete preservation
of residual hearing (loss <10 dB). Patients 5 and 8 had marginal hearing preservation (loss
between 20 and 40 dB) and patients 4 and 21 had loss of residual hearing (loss >40 dB). Further
enhancements of electrode array design may result in less traumatic insertions and better
residual hearing conservation. Shorter and more delicate electrodes have been designed for
this purpose.

The data in this study show that intermediate-term hearing preservation is possible, with the
longest follow up being 30 months, and an average follow up time of 10.7 months. It is also
important to note that given the progressive nature of hearing loss in over half of the subjects
in this study even prior to implantation, residual hearing might have been lost in some patients
irrespective of the surgical technique, electrode length, or depth of insertion. Future studies
will be necessary to determine if short- and medium- term hearing preservation persists over
a longer term and would involve multiple post-operative audiograms.

Techniques in soft surgery have been previously described. (2,4,8) Both implanting surgeons
used a documented, consistent surgical technique. Some studies are not as clear or consistent
about their techniques and some take place at multiple centers with multiple surgeons. This
may account for variability in outcomes. Further advances in surgical technique and
understanding of the causes for hearing loss during and after implantation will likely improve
our ability to preserve functional hearing.
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Figure 1.
Technique of cochleostomy.

A. A wide facial recess approach (right ear). The Fallopian canal is skeletonized and the
bone medial to (underneath) the canal is removed to expose the tectulum (bony
overhang) of the round window niche. (arrowhead: stapes)

B. The tectulum is completely removed (arrow) exposing the entire round window.
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C. The bone inferior to the round window is thinned to expose the “endosteum” of the
scala tympani (arrowhead). The bone removal is just inferior to the annulus (arrow)
of the round window membrane.

D. The thinned bone of the scala tympani is removed with rasps (arrowhead). Note that
the cochleostomy is immediately adjacent to the inferior part of the round window
(arrow).

E. The completed cochleostomy. The size of the opening into the inferior most part of
the scala tympani may vary depending on the size of the electrode array.
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Mean changes? in pure-tone thresholds, in dB.

Table 2

250 Hz 500 Hz 1000 Hz PTA (dB HL)
Pre-op(+/- SDC) | 634 (25.6) | 75.2(20.0) | 95.2(9.3) [ 77.3(15.85)
Post-op(+/-SD) | 81.9(23.7) | 96.6 (18.9) | 109.4 (11.2) | 95.8 (17.4)
Change 18.9 21.2 14.2 185

a . . . . . .
Mean thresholds and PTA were calculated by inserting n +5 dB for no response, where n is the maximum output of the audiometer at a given

frequency,

bPTA was calculated as the average of 250, 500, and 1000 Hz.

cSD is standard deviation
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Median changes? in pure-tone thresholds, in dB.

250 Hz | 500 Hz [ 1000 Hz | prAD
Preop | 725 | 825 |95 83.3
Post-op | 90 105 115 1033
Change | 175 | 225 | 20 20

a . . . . .
Median thresholds and PTA were calculated by inserting 999 for frequencies where there was no response.

bPTA was calculated as the average of 250, 500, and 1000 Hz.
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