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Abstract

We compared the effectiveness of 2 surgical interventions
for improving word recognition ability in a quiet environ-
ment among patients who presented with: (1) bilateral, pre-
cipitously sloping, high-frequency hearing loss; (2) relatively
good auditory thresholds at and below 500 Hz, and (3) poor
speech recognition. In 1 intervention (n = 25), a convention-
al electrode array was inserted into 1 cochlea. As a conse-
quence, hearing was lost in the implanted ear. In the other
intervention (n = 22), a Nucleus Hybrid short-electrode array
was inserted 10 mm into 1 cochlea with the aim of preserv-
ing hearing in that ear. Both groups of patients had similar
low-frequency hearing and speech understanding in the ear
contralateral to the implant. Following surgery, both groups
had significantly higher word recognition scores than before
surgery. Between-group comparisons indicated that the
conventional electrode array group had higher word recog-
nition scores than the 10-mm group when stimulation was
presented to the operated ear and when stimulation was

presented to both ears. Copyright © 2008 S. Karger AG, Basel

Introduction

The benefits of combining information from low-fre-
quency acoustic hearing and from a cochlear implant
have been well documented [Ching et al., 2004; Dorman
et al., 2008; Gantz et al., 2005; Gstoettner et al., 2004;
Kiefer et al., 2005; Kong et al., 2005; von Ilberg et al., 1999;
Wilson et al., 2002]. Both speech understanding in quiet
and speech understanding in noise are significantly im-
proved when patients have access to both acoustically and
electrically stimulated information.

One surgical approach to produce combined acoustic
and electric stimulation is to insert a conventional (long)
electrode array into 1 cochlea of patients with bilateral,
precipitously sloping hearing loss above 500 Hz. Hearing
is usually lost in the implanted ear but patients can obtain
low-frequency acoustic information from the contralater-
al ear. Dorman et al. [2008] report consonant-nucleus-
consonant (CNC) scores averaging 74% correct when both
electrically and acoustically stimulated information is
available to patients [Gifford et al., 2007, 2008]. For results
from patients with varying amounts of residual acoustic
hearing, see Armstrong et al. [1997], Dunn et al. [2005],
Ching et al. [2004], Hamzavi et al. [2004], Kong et al.
[2005], Mok et al. [2006], Shallop et al. [1992] and Tyler et
al. [2002].
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Another surgical approach to produce combined
acoustic and electric stimulation is to insert an electrode
array 10, 16 or 20 mm into the cochlea, with the aim of
preserving hearing in the implanted ear [Gantz et al,,
2005; Gantz and Turner, 2004; Gstoettner et al., 2004;
Kiefer et al., 2005; Luetje et al., 2007; Skarzynski et al.,
2004; von Ilberg et al., 1999]. When hearing is preserved,
patients can use low-frequency acoustic stimulation from
both ears and combine acoustic and electric hearing. For
example, Gantz et al. [2005] studied 11 patients with 10-
mm insertions and reported a mean CNC score of 69%
correct in the combined electric and bilateral acoustic
condition. Kiefer et al. [2005] studied 13 patients with 20-
mm insertions and reported a mean monosyllabic word
recognition score of 67% correct in the combined electric
and bilateral acoustic condition.

In the research reported here, we compared the effec-
tiveness of 2 of the surgical interventions described above
for improving the word recognition ability in quiet of pa-
tients who presented with: (1) bilateral, precipitously slop-
ing high-frequency hearing loss; (2) relatively good audi-
tory thresholds at and below 500 Hz, and (3) poor speech
recognition. In 1 intervention, a conventional electrode
array was inserted into 1 cochlea. As a consequence, hear-
ing was lost in the implanted ear. In the other interven-
tion, a Nucleus Hybrid (Cochlear Corporation, Centen-
nial, Colo., USA) electrode array was inserted 10 mm into
1 cochlea, with the aim of preserving hearing in that co-
chlea. Before surgery, both groups of patients had similar
low-frequency hearing and speech understanding in the
ears ipsilateral and contralateral to the implant.

Methods

Subjects

Forty-seven patients with bilateral, high-frequency hearing
loss participated in this project. All patients met the audiometric
and speech understanding criteria for entry into the Cochlear
Corporation Nucleus Hybrid clinical trial, specifically: (1) thresh-
oldsat 500 Hz and below at <60 dB hearinglevel (HL); (2) thresh-
olds at 2000 Hz and above at =80 dB HL, and (3) monosyllabic
word recognition <60% in the ear to receive the implant and no
greater than 80% in the nonimplanted ear.

One group was composed of 22 patients who received the Nu-
cleus Hybrid implant. The hybrid electrode array is 10 mm in
length. It has 6 electrode contacts spaced over the distal 4.3 mm
of the array. The center frequency of the lowest input filter is vari-
able and dependent on the degree of hearing preservation follow-
ing surgery. Typically, the center frequency of the lowest input
filter is 774 Hz and of the highest filter it is 6417 Hz. All electrode
arrays were fully inserted, according to the surgeon’s report. The
patients were recruited from 3 implant centers in the USA. The
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patients ranged in age from 22 to 75 years, with a mean of 56 years.
The patients’ experience with electrical stimulation ranged from
3 to 18 months, with an average of 13 months.

The second group was composed of 25 patients who received
a conventional cochlear implant. All electrode arrays were fully
inserted, according to the surgeon’s report. The patients were re-
cruited from 4 implant centers in the USA. Twelve patients used
Cochlear Corporation devices and 13 patients used Advanced Bi-
onics Corporation (Sylmar, Calif., USA) devices. For the Cochle-
ar Corporation devices the center frequency of the lowest input
filter was 243 Hz and of the highest it was 7421 Hz. The center
frequency values cited here are the geometric means of the upper
and lower frequency cutoffs of the input filters for the most apical
and basal channels, respectively. For the Advanced Bionics de-
vices, the center frequency of the lowest input filter was 333 Hz
and of the highest input filter it was 6665 Hz. Most of the patients
had been identified as fitting the criteria for the clinical trial of
the 20-mm Med E1 EAS device (Med El Corporation, Innsbruck,
Austria), but opted for a full insertion when the clinical trial was
postponed. Another group of patients was identified by chart re-
view. For these patients, complete preimplant audiometric and
speech data (e.g. audiometric thresholds at 125 Hz and bilateral,
aided performance) were notalways available. The patients ranged
in age from 45 to 85 years, with a mean of 68 years. The patients’
experience with electrical stimulation ranged from 5 to 98 months
and averaged 20 months. This mean was influenced by 2 outli-
ers — patients with 98 and 51 months’ experience. For the remain-
ing patients the mean was 15 months.

The prospectively identified patients were paid an hourly wage
for participation. The research was approved by the institutional
review boards at Arizona State University (encompassing the Ar-
izona Ear Center), the Mayo Clinic in Rochester, the Midwest Ear
Institute in Kansas City and the Carle Clinic in Urbana, Illinois,
USA.

Preimplant Audiograms

The mean preimplant audiogram for the implanted ear of the
10-mm patients is shown in figure la (black symbols). The mean
preimplant audiogram for the conventional electrode array pa-
tients is shown with gray symbols. The mean audiograms for the
contralateral ears of the patients are shown in figure 1b using the
same conventions.

Speech Material

Monosyllabic word recognition performance in quiet was as-
sessed using the CNC word lists [Peterson and Lehiste, 1982]. In
accordance with the research protocol defined in the Nucleus Hy-
brid clinical trial, the following conditions were tested: aided
acoustic for the implanted ear (Ai); aided acoustic for the contra-
lateral ear (Ac); binaural aided (Abin); electric only (E); electric
plus ipsilateral acoustic (E + Ai or ‘hybrid’); electric plus contra-
lateral acoustic (E + Ac or ‘bimodal’), and electric plus binaural
acoustic (E + Aic or ‘combined’). Two 50-item lists were admin-
istered for each of the conditions with the reported score repre-
senting the average performance across the 2 lists. The CNC lists
were assigned randomly for each subject and condition. All test-
ing was achieved using recorded stimuli presented via a single
loudspeaker at a calibrated level of 70 dB SPL. The loudspeaker
was placed at a 0-degree azimuth at a distance of 1 m from the
subject. When acoustic input to an ear was not wanted (e.g. to the
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Laboratories (Sydney, N.S.W., Australia). The preimplant aided
CNC scores for stimulation directed to the ear which was to re-
ceive the implant in the 10-mm patients and the conventional
electrode array patients are shown in figure 2a. The mean score
for both groups was 22% correct. The scores for stimulation di-
rected to the contralateral ear are shown in figure 2b. The mean
score for the 10-mm group was 27% correct. The mean score for
the conventional electrode array group was 24% correct. The
mean scores were not significantly different (ty, = 0.5045, p >
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Fig. 2. Preimplant, aided CNC scores for the 10-mm and conven-
tional electrode-array groups. a Implanted ear. b Contralateral
ear. ¢ Binaural. The mean * 1 standard deviation is indicated by
horizontal lines.
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Fig. 3. a Audiograms for patients with preserved hearing (n = 15).
b Audiograms for patients with major loss of hearing (n = 7). Er-
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0.05). The scores for bilateral stimulation are shown in figure 2c.
The mean score for the 10-mm group was 34% correct. The mean
score for the conventional electrode array group was 27% correct.
The mean scores were not significantly different (t; = 1.4, p >
0.05). Overall, there were no significant differences in preimplant
speech understanding between groups.

Results

The results are organized into 4 sections. In the first
we describe hearing preservation for the patients who re-
ceived a 10-mm electrode array. In the second we de-
scribe word recognition outcomes for those patients. In
the third we describe word recognition outcomes for pa-
tients with a conventional electrode array. In the fourth
we compare levels of performance for the 2 groups of pa-
tients. In each section we discuss separately performance
with stimulation directed to the implanted ear and per-
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formance with stimulation directed to both ears. Because
we conducted multiple t tests, we adjusted our o value us-
ing the Bonferroni correction. We report tests on 8 com-
parisons. The corrected o value is 0.05/8 or 0.0062.

Hearing Preservation in the Operated Ear

Hearing was well preserved in 15 of 22 patients. As
shown in figure 3a, for those 15 patients the average, pre-
operative thresholds at 125, 250, 500, 1000, 2000 and
4000 Hz were 23, 28, 44, 87, 107 and 112 dB HL, respec-
tively. Postoperative thresholds were 32, 37, 54, 93, 110
and 114 dB HL. Thus, the average hearing loss was ap-
proximately 10 dB over the low frequencies (i.e. 125-500
Hz). As shown in figure 3b, for the remaining 7 patients
the average, preoperative hearing thresholds at 125, 250,
500, 1000, 2000 and 4000 Hz were 27, 37, 47, 76, 110 and
115 dB HL. Following surgery, the thresholds were 84, 93,
105, 117, 118 and 119 dB HL. There were several patterns
of hearing loss. Three patients lost hearing within 1-3
months following surgery. One patient lost hearing in the
implanted ear over a period of 6-12 months following
surgery. One patient lost hearing in both ears over a pe-
riod of 6-12 months following surgery. Two patients lost
hearing due to accidents not related to surgery. Overall, 4
of the 7 losses appeared to be a consequence of surgery.
Hearing loss and the subsequent loss of speech informa-
tion delivered acoustically to the operated ear is one of
the risks of hearing preservation surgery. All 22 patients
were included in the statistical evaluations in all but 1 of
the analyses reported below.

As noted above for preimplant speech testing, postim-
plant testing was also conducted following verification of
hearing aid settings for both the ipsilateral and contralat-
eral ears using the speechmap fitting system on the Au-
dioscan Verifit real-ear mode to match NAL-NLI targets
for 70-dB-SPL speech.

10-mm Insertion with Stimulation Directed to the

Implanted Ear

Figure 4 displays a within-group comparison of pre-
and postimplant performance for stimulation directed to
the implanted ear of the 10-mm patients. The preimplant
Aimean score was 22% correct. The postimplant E mean
score was 28% correct. These mean scores were not sta-
tistically different (t,; = 1.4, p = 0.18). The postimplant E
+ Ai score was 39%. Four patients achieved slightly poor-
er scores in the E + Ai condition than in the Ai condition.
Nonetheless, the group mean score in the E + Ai condi-
tion was significantly higher than the preimplant Aiscore
(ty; = 4.01, p = 0.006).

Dorman et al.
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Fig. 4. Preimplant aided and postimplant, electric-only (E) and
electric plus acoustic (E + Ai) recognition of CNC words. Data are
for the implanted ears of 10-mm patients. The mean * 1 standard
deviation are indicated by horizontal lines.

Fig. 5. Recognition of CNC words. The figure shows preimplant
binaural aided (Abin) and postimplant electric plus binaural
acoustic (E + Aic) recognition. Data are for both ears of 10-mm
patients. The mean * 1 standard deviation are indicated by hor-
izontal lines.

100
90 -
80
70 -
60
50
40 - !
30
20 -
10 4

Percent correct

E+ Ac E + Aic

Condition

Color version available online

100

0 O
o O

[
o O

v
o

D
o

Percent correct

w
o

N
o

_
o O

Post: E
Condition

Fig. 6. Recognition of CNC words in the electric plus contralat-
eral acoustic (E + Ac) and electric plus binaural acoustic (E + Aic)
conditions among 10-mm patients with hearing preservation
(n=15). The mean * 1 standard deviation are indicated by hori-
zontal lines.

10-mm Insertion with Stimulation Directed to Both

Ears

Figure 5 displays a within-group comparison of pre-
and postimplant performance with binaural inputs. The
preimplant Abin score was 34% correct. The postimplant
E + Aic score was 53% correct. Two patients achieved
poorer scores in the E + Aic condition than in the Abin

Surgeries for Acoustic and Electric
Stimulation

Fig. 7. Preimplant aided and postimplant electric-only (E) CNC
word recognition. Data are for the implanted ears of convention-
al electrode-array patients. The mean * 1 standard deviation are
indicated by horizontal lines.

condition. The mean scores for the Abin and E + Aic con-
ditions were significantly different (t,; = 5.5, p < 0.001).
Figure 6 displays a within-group comparison for the
10-mm patients in the E + Ac and E + Aic conditions.
This comparison speaks to the question of the benefit of
preserving hearing in the implanted ear. In the E + Aic,
or combined, condition in the Nucleus Hybrid clinical
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As shown in figure 6, the mean score in the E + Ac
condition was 50% correct. The mean score in the E + Aic
condition was 58% correct. The mean scores were not
statistically significant (t;4 = 2.6, p = 0.023) using the
Bonferroni corrected o value of 0.006. If this had been the
only condition tested, or we had not used the correction,
the mean scores would have been significantly different.

Full Insertion with Stimulation Directed to the

Implanted Ear

Figure 7 displays a within-group comparison of pre-
and postimplant performance for stimulation directed to
the implanted ear of patients who received a convention-
alelectrode array. The mean preimplant Aiscore was 22%
correct. The mean postimplant score for the E condition
was 58% correct. Two patients had slightly poorer E scores
than Ai scores. The mean scores for the E and Ai condi-
tions were significantly different (t;3 = 5.67, p <0.001).

Full Insertion with Stimulation Directed to Both Ears
Figure 8 displays a within-group comparison of pre-
and postimplant performance with binaural inputs. The
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Fig. 9. Between-group comparisons for CNC word recognition.
a Stimulation directed to the implanted ear. b Stimulation direct-
ed to both ears. The mean * 1 standard deviation are indicated
by horizontal lines.

preimplant Abin score was 27% correct. The postimplant
E + Ac score was 76% correct. No patient had a poorer E
+ Ac score than Abin score. The mean scores for the Abin
and E + Ac conditions were significantly different (t,; =
13.55, p < 0.0001).

Comparing Results between Groups

Figure 9a displays a between-group comparison of
performance with stimulation directed to the implanted
ear. The mean score for the 10-mm patients in the E + Ai
condition was 39% correct. The mean score for the con-
ventional electrode array patients in the E condition was
58% correct. The mean scores were significantly different
(tg4 = 3.0, p = 0.0049).
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Figure 9b displays a between-group comparison of
performance with stimulation directed to both ears. The
mean score for the 10-mm patients in the E + Aic condi-
tion was 53% correct. The mean score for the conven-
tional electrode array patients in the E + Ac condition was
76% correct. The mean scores were significantly different
(tys = 4.2, p < 0.0001).

Discussion

The aim of the research reported here was to assess the
efficacy of 2 surgical interventions for improving the
word recognition abilities of patients who presented with:
(1) bilateral, precipitously sloping high-frequency hear-
ing loss; (2) relatively good auditory thresholds at and be-
low 500 Hz, and (3) poor speech recognition. We have
structured the discussion of outcomes around a set of
questions.

Is Word Recognition Improved for Patients Who
Receive a 10-mm Electrode Array with the Aim of
Hearing Preservation?

The answer is ‘yes’ for both the operated ear alone and
for all inputs combined. This outcome is consistent with
previous reports of benefit from hearing preservation
surgery with the Nucleus Hybrid 10-mm electrode array
[Gantz et al., 2005; Luetje et al., 2007].

Is There Benefit from Preserving Hearing in the

Implanted Ear?

Because the patients had low-frequency hearing in
both ears, for the 10-mm patients, the critical case is per-
formance in the E + Ac condition versus performance in
the E + Aic condition. The E + Aic condition allows
acoustic hearing in the operated ear to contribute to word
recognition. When looking only at patients with pre-
served acoustic hearing, there was a mean increase of 8
percentage points in the E + Aic condition. While this
was not significant when using a Bonferroni corrected o
value, it was significant at the 0.02 level.

Why Would We Expect a Relatively Poor Ear to Add
to the Speech Understanding Provided by a Relatively
Good Ear (the Contralateral Ear)?

Consider first the preoperative condition of the pa-
tient. Both ears had relatively symmetrical high-frequen-
cy hearing loss and poor speech understanding. If there
was a poorer ear, it was chosen for surgery. Following sur-
gery, the hearing in the operated ear was reduced by a

Surgeries for Acoustic and Electric
Stimulation

small amount - an average of 10 dB at 125, 250 and 500
Hz (for patients with preserved hearing).

Consider now the case of preoperative speech under-
standing when hearing in the operated ear had not yet
been made a little poorer. For the patients who were to
receive a 10-mm electrode array, there was a 7 percentage
point improvement in performance in the bilateral aided
condition versus the best single-ear, aided condition. For
the patients who were to receive a conventional electrode
array, there was a 3 percentage point improvement in per-
formance in the bilateral versus best single-ear, aided
condition. Thus, there was little reason to believe that fol-
lowing surgery the poorer ear would add greatly to the
better ear when both were combined with electric stimu-
lation. And that is the outcome we obtained: an average
of an 8 percentage point improvement in the E + Aic con-
dition relative to the E + Ac condition. The statistical sig-
nificance of this small improvement is open to question.
If the Bonferroni correction is not necessary [Perneger,
1998; Rothman, 1990], then the improvement is statisti-
cally significant.

From the standpoint of speech information, it is un-
clear why even an 8 percentage point improvement was
obtained. There should have been no information from
the operated ear that was not contained in the signal from
the contralateral ear. Given that the speech signal was
presented at a high level from a single speaker at a 0-de-
grees azimuth, binaural summation for loudness should
not have played a role in performance. Perhaps it is useful
to have 2 ‘looks’ at the same information, even if the sec-
ond ‘look’ (from the operated ear) is of lower fidelity than
the ‘look” from the better ear.

Is Word Recognition Better After than Before
Implantation in Patients Who Receive a Conventional
Electrode Array in 1 Ear?

The answer is ‘yes’, both for the case of inputs to the
operated ear and for the case of inputs to both ears. This
finding is consistent with our previous reports with small-
er samples [Dorman et al., 2008; Gifford et al., 2007].

Do the Interventions Differ as an Aid to Word

Recognition?

For stimulation directed to the operated ear and stimu-
lation directed to both ears, patients with a conventional
electrode array achieved higher scores than patients with
a 10-mm array. For stimulation directed to the implanted
ear the mean scores were 58% correct and 39% correct for
the conventional electrode array and 10-mm groups, re-
spectively. For stimulation directed to both ears, the mean

Audiol Neurotol 2009;14:181-189 187



scores were 76% correct and 53% correct, respectively. The
significant differences in performance remained when
patients who had large hearing losses in the ear ipsilateral
to the implant were removed from the sample.

What Accounts for the Differences in Performance

for the Conventional Electrode Array and 10-mm

Patients?

Because both groups had access to similar acoustic in-
formation in the ear contralateral to the implant, and be-
cause preserved hearing in the implanted ear added little
to intelligibility, we suggest that the difference in overall
performance between groups was due largely to differ-
ences in the information made available by the 2 elec-
trode arrays.

For the 10-mm patients, the signal was first high-pass
filtered and then delivered to a 6-electrode array covering
an extent of 4.3 mm. In contrast, the conventional elec-
trode-array patients received a more broadband signal
that was delivered to electrode arrays with 16 or 22 con-
tacts that covered an extent of approximately 14-17 mm.
From this point of view it is not surprising that the con-
ventional electrode array patients achieved higher scores
than the 10-mm patients.

On the other hand, it is surprising that three 10-mm
patients achieved high scores (70, 71 and 76% correct) in
the E condition. While not as high as the best E scores
with a conventional electrode array (4 scores between 82
and 88% correct), the scores document that patients can
‘remap’ electrical stimulation at the base of the cochlea in
the service of speech understanding. If there had been
more patients in our sample who could remap, then our
mean scores might have been closer to the mean scores
reported by Gantz et al. [2005]. If remapping takes place
over a long time period, then scores at >2 years after sur-
gery might be higher than the scores we have recorded.

In our view, the most significant issue in hearing pre-
servation surgery is not whether hearing is preserved in

References

P Armstrong M, Pegg P, James C, Blamey P: Speech
perception in noise with implant and hear-
ing aid. Am J Otol 1997;18:S140-S141.

’Ching T, Incerti P, Hill M: Binaural benefits for

adults who use hearingaidsand cochlear im- 13:105-112.

plants in opposite ears. Ear Hear 2004;25: ®»Dunn C, Tyler R, Witt S: Benefit of wearing a
hearing aid on the unimplanted ear in adult
users of a cochlear implant. J Speech Lang
Hear Res 2005;48:668-680.

9-21.

188 Audiol Neurotol 2009;14:181-189

the operated ear. Instead, it is the ability of a basally po-
sitioned, shortened electrode array to convey speech in-
formation. It will be of interest to see whether deeper in-
sertions — 16 and 20 mm - using longer electrode arrays
(as used in ongoing clinical trials of hearing preservation
surgery) will allow the same level of speech understand-
ingas conventional electrode arrays. If they do, then there
will be little ‘risk’ in hearing preservation surgery in
terms of speech understanding because, even if hearing
is lost, performance will be no worse than with a conven-
tional electrode array.

How Can We Best Assess the Benefits of Hearing

Preservation Surgery?

As noted above, there is little reason for a second, par-
tially hearing ear (the implanted ear with preserved hear-
ing) to be very useful for word recognition in quiet or in
noise when (1) signals are presented from a single loud-
speaker and (2) signals are presented at suprathreshold
levels. For the case of signals at threshold, having 2 par-
tially hearing ears could result in binaural summation
that could be of benefit to a listener. However, the practi-
cal benefits of small changes in speech reception thresh-
old are debatable. If large differences in speech under-
standing are to be found for patients with two partially
hearing ears versus 1 partially hearing ear, then the dif-
ferences will likely be found in complex sound environ-
ments — characterized by separate noise and signal sourc-
es — in which low-frequency, binaural cues could aid
speech recognition.
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