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Introduction: Flexible electrode arrays have shown to be an effective solution
to ensure atraumatic insertion. However, flexible full-length electrodes are not
suited for patients with smaller cochleae. Therefore, this study aimed to evaluate
short-term and medium-term hearing preservation (HP) in patients with low-
frequency residual hearing (LFRH) who were implanted with a flexible 28-mm
electrode array and who did not meet the indication criteria for electric-acoustic
stimulation (EAS).

Methods: HP was determined based on the pure-tone audiogram of the
implanted ear. A bisyllable sentence test was used to assess speech perception
in quiet and in noise. The hearing implant sound quality index (HISQUIqg)
evaluated self-reported hearing quality. The tests were conducted pre- and
post-operatively, at first fitting, and at 1, 3, 6, and 12 months after first fitting.

Results: At 12 months post first fitting, 2 patients had complete HP; 4 patients
had partial HP. Speech perception scores improved in all patients of the study.
The mean scores on the bisyllable sentence test in noise significantly increased
from 30% pre-operatively to 62% 6 months post first-fitting and to 68% 12
months post first-fitting. The mean score of the HISQUI g improved from 40.56
(poor) pre-operatively to 72.56 (moderate) 1 month post first-fitting and to 90.29
(good) 12 months post first-fitting.

Conclusion: The 28-mm flexible electrode array facilitates atraumatic surgery

and HP and results in improved speech perception and subjective sound
quality scores.

KEYWORDS

hearing preservation, electrode array, cochlear implantation, outcome assessment,
cochlear implant outcomes, speech perception

1 Introduction

Hearing preservation (HP) in patients with residual hearing (RH) has gained
importance since evidence of the benefit of electric-acoustic stimulation (EAS) was
provided (Kiefer et al., 2005; Gstoettner et al., 2009; Skarzynski and Lorens, 2010).
Patients with hearing thresholds better or equal to 70 dB HL at 125 and 250 Hz
and hearing thresholds better or equal to 90 dB HL at 500 Hz are eligible for EAS.
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Originally, the importance of HP was only recognized in
cochlear implant (CI) recipients with RH in the low frequencies
and profound hearing loss (HL) in the mid to high frequencies.
Today, however, surgeons seek to preserve the structure whenever
possible, since several studies showed that HP helps CI recipients
obtain better speech perception scores and gain benefit from
potential reimplantation or other subsequent treatment options
even if the pre-operative RH is too poor to be functional
(Sierra et al., 2019).

HP is achieved by applying atraumatic surgical techniques
and performing atraumatic electrode insertion to ensure structure
preservation and HP. Using a straight, flexible, and thin electrode
array and gentle insertion into the lateral wall of the cochlea is
key to structure preservation in order to ensure cochlear integrity
(Moteki et al., 2018). Therefore, different types of flexible electrode
arrays have specifically been developed to facilitate minimization
of trauma by reducing the required insertion force by 30 to
40% compared to the insertion of standard electrode arrays
(Baumgartner et al., 2007).

A flexible electrode array with a standard length of 31.5mm
was specifically designed to combine atraumatic electrode insertion
with complete cochlear coverage. Several studies clearly showed
that low-frequency HP can be achieved when using such an
electrode array (Baumgartner et al., 2007; Punte et al., 2010; Helbig
et al., 2011; Skarzynski et al,, 2011; Usami et al, 2011; Mick
et al., 2014). However, a full-length electrode array is not an
ideal option in patients with smaller cochleae because it might
lead to an over-insertion of the electrode array or to a non-
insertion of basal electrode contacts. Therefore, a flexible 28-mm
electrode array was developed by MED-EL to meet the needs of
CI candidates who are not suited for the insertion of a full-length
electrode array.

The primary aim of this study was to determine short-term
and medium-term HP in patients with low-frequency residual
hearing (LFRH) who were implanted with a FLEX?® electrode
array and who did not meet the indication criteria for EAS. The
secondary aims were to evaluate short-term and medium-term
speech perception outcomes and to assess the self-reported level of
sound quality.

TABLE 1 Individual patient demographics.

10.3389/fauot.2024.1357306

2 Materials and methods

2.1 Inclusion and exclusion criteria

2.1.1 Inclusion criteria

To participate in the study, potential patients had to be (1) 18
years or older at enrolment; (2) fluent in Spanish; (3) be willing
and able to participate in all test and control sessions; (4) have
postlingual HL; (5) have residual hearing of 70 dB HL or better at
125 and 250 Hz, and of 90 dB HL or better at 500 Hz; (6) have pre-
operative bisyllable scores in quiet of 60% or lower at 60 dB SPL in
best aided condition; (7) have pre-operative open-set speech scores
0f 10% or higher at 60 dB SPL in the best aided condition; (8) have a
cochlea anatomy which allows the insertion of a FLEX?® electrode
array; (9) have a functional auditory nerve; (10) meet the clinic’s
candidacy criteria; and (11) be in good physical and mental health.

2.1.2 Exclusion criteria

Potential patients were excluded from the study if they did not
meet all inclusion criteria; were not motivated to participate in
the study or had unrealistic expectations; had pre-lingual HL; were
candidates for EAS (i.e., patients with an audiogram within the EAS
thresholds); had a recent history of middle ear infection; had central
auditory lesions; had contraindications for surgery in general or for
cochlear implantation in particular; had autoimmune diseases or a
prior history of meningitis; had otosclerosis, cochlear ossification,
or any other type of malformation or obstruction of the cochlea;
had any known allergy or intolerance to any of the materials used
before, during, and immediately after surgery.

2.2 Patients

Nine patients were recruited for the study in 2012 from the
Department of Otolaryngology of the La Paz University Hospital
in Madrid.

The mean age at enrolment was 56.9 years (range: 38-80
yr). The mean age at onset of hearing loss was 33.8 years

Patient Gender Age in yrs (at time of Age at onset of HL Etiology
inclusion)

1 Male 59 48 Unknown

2 Male 80 39 Hereditary

3 Female 67 60 Unknown

4 Female 63 57 Unknown

5 Female 59 10 Progressive HL

6 Female 39 35 Ototoxicity

7 Male 38 7 Ototoxicity

8 Female 50 14 Unknown

9 Female 58 Unknown Progressive HL and chronic simple otitis

media
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(range: 7-60 yr). Six patients (66.6%) were female and 3 were male.
Five patients (55.56%) were implanted in the left ear. One patient
(11.11%) had had previous ear surgery. Etiology was unknown in
4 patients (44.44%), hereditary in 1 patient (11.11%), ototoxicity
in 2 patients (22.22%), progressive HL in 1 patient (11.11%),
and progressive HL with chronic simple otitis media in 1 patient
(11.11%). For the individual demographic data, see Table 1.

2.3 Array description and surgical
procedure

The FLEX?® electrode array is 28 mm long with 12 electrode
channels, each separated by 2.1 mm. The 7 basal electrodes are
paired; the 5 apical electrodes are unpaired. The basal end has a
diameter of 0.8 mm. It minimizes trauma at the entry point with a
40% size reduction at the entry point compared to the FLEXSOFT
electrode array. The reinforced part of the electrode array is
25 mm long. The FLEX?? electrode array was inserted following the
surgical guidelines for atraumatic CI surgery in all patients.

2.4 Study procedure

The study was designed as a prospective and longitudinal study.
RH was tested pre-operatively, post-operatively, at first fitting, 1-
month post first-fitting, and 3, 6, and 12 months post first-fitting.
Pure-tone thresholds were measured at 125, 250, 500, 1,000, 2,000,
4,000, and 8,000 Hz on both ears in all patients. HP was calculated
using the formula reported by Skarzynski et al. (2013) based on the
pure-tone audiogram of the implanted ear.

If values were missing, the existing values were interpolated.
Missing pure-tone thresholds at 8,000 Hz were replaced by the
maximum testing level defined by Skarzynski et al. (2013) (i.e., 95
dB). Other missing data points were interpolated by calculating the
average of the thresholds of the nearest lower and upper neighbor
(e.g., if the pure-tone threshold at 250 Hz was missing, it was
replaced by the average of the 125Hz and 500 Hz thresholds).
Following Skarzynski et al. (2013), RH was classified as complete

10.3389/fauot.2024.1357306

HP above 75%, as partial between 25% and 75%, and as minimal
below 25%.

Speech perception was measured using a bisyllable sentence
test in quiet and in noise. Patients were seated 1 m away from
the loudspeakers at 0° azimuth. The tests were done without
lip reading, at 65 dB SPL, and with a signal/noise ratio of
10 dB SPL s-noise below the signal. The bisyllable words are
phonetically balanced words belonging to the everyday vocabulary;
it is composed of 20 lists with 25 recorded words. The words appear
in the list with the same proportion as in the spoken language
(>20%). It was developed by de Cérdenas and Aguiar (1994).

Self-reported hearing quality was assessed using the hearing
implant sound quality index (HISQUI,9). The HISQUI;g is a
validated questionnaire (Amann and Anderson, 2014; Calvino
et al., 2016) used to determine an individual’s sound quality in
daily life. It measures how good or poor the person finds the
sound quality from their hearing implant in personal, everyday
listening situations. It comprises 19 items and each item is answered
according to frequency on a 7-point scale, the endpoints of which
are “always” (7 points) and “never” (1 point). Total scores, i.e.,
the sum of the individual items, are assigned a qualitative level of
quality of sound: a score of 19-29 indicates very poor sound quality;
30-59 poor sound quality; 60-89 moderate sound quality; 90-109
good sound quality; and 110-133 very good sound quality.

2.5 Statistical analysis

Depending on the data distribution, the student’s ¢-test or the
Wilcoxon rank test was performed to identify differences between
the different test intervals. For statistical analysis, the IBM SPSS
Statistics 24 software (IBM, Armonk, New York, USA) was used.

2.6 Ethics

The study was reviewed and approved by the Ethics Committee
at the La Paz University Hospital in Madrid (PI-1384). All patients
gave informed written consent.

TABLE 2 Pure-tone average (PTA) and hearing preservation (HP) at the pre-operative visit, at the post-operative visit, and at 12 months post first fitting.

Pre-OP

PTA (in dB)
125-8,000 Hz

Post-OP

PTA (in dB) HP (%)

125-8,000 Hz

12 months post first fitting

HP HP (%)

category

Average
PTA

HP category

Patient 1 79.09 - - - 109.77 0.74 Loss of hearing
Patient 2 80.00 94.77 50.76 Partial 99.32 35.61 Partial
Patient 3 65.45 88.18 48.98 Partial 80.91 65.31 Partial
Patient 4 90.23 106.14 19.10 Minimal 103.41 32.58 Partial
Patient 5 97.27 107.73 17.24 Minimal 98.86 84.48 Complete
Patient 6 77.05 77.27 97.96 Complete 77.27 97.96 Complete
Patient 7 96.36 102.05 56.45 Partial - - -
Patient 8 93.64 104.32 34.72 Partial 104.77 31.94 Partial
Patient 9 84.32 105.68 16.81 Minimal - - -
Frontiersin Audiology and Otology 03 frontiersin.org
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FIGURE 1
Individual audiograms at the pre-operative (Pre-OP), post-operative (Post-OP), and 12 months post first fitting intervals; x-axis = Hz; y-axis = dB.

3 Results

3.1 Audiometric data and HP outcomes

Patient 9 had cochlear implantation with a subtotal
petrosectomy approach because of a cerebrospinal fluid leak
fistula in the ear to be implanted. So, he had complete HL at the
1-month follow-up visit.

Table 2 shows the pure-tone average (PTA) and HP at the
pre-operative, post-operative (i.e., right after implantation), and

Frontiersin Audiology and Otology 04

12 months post first fitting intervals. The average time between
implantation and post-operative testing was 8.4 days (range: 6-12
days). Figure 1 shows the individual audiograms for all 9 patients
at the pre-operative, post-operative, and 12 months post first fitting
intervals. Table 3 provides an overview of patients with complete
HP, partial HP, minimal HP, and HL at post-implantation, at first
fitting, at 1-month post first fitting, and at 12-months post first
fitting. Complete HP was achieved in 2 out of 9 patients (84.48%
in Patient 5; 97.96% in Patient 6); partial HP was achieved in 4 out
of 9 patients.

frontiersin.org
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TABLE 3 Individual hearing preservation outcomes.

Pre-OP

Average

Post-OP*

Hearing
preservation
in %

Patient no.

Average

PTA (dB) PTA (dB)

10.3389/fauot.2024.1357306

12 Months post First Fitting

Average
PTA (dB)

Hearing
preservation
category

Hearing
preservation
in %

Hearing
preservation
category

#1 79,09 109,77 0,74 % Loss of hearing
#2 80,00 94,77 50,76 % Partial HP 99,32 35,61 % Partial HP
#3 65,45 88,18 48,98 % Partial HP 80,91 65,31 % Partial HP
#4 90,23 106,14 19,10 % Minimal HP 103,41 32,58 % Partial HP
#5 97,27 107,73 17,24 % Minimal HP 98,86 84,48 % Complete HP
#6 77,05 77,27 97,96 % Complete HP 77,27 97,96 % Complete HP
#7 96,36 102,05 56,45 % Partial HP

#8 93,64 104,32 34,72 % Partial HP 104,77 31,94 % Partial HP
#9 84,32 105,68 16,81 % Minimal HP

* Average days between Surgery and Post-OP Visit were 8.4 days (Min = 6, Max = 12).

3.2 Speech perception outcomes

Figure 2 shows the results of the bisyllable sentence test. The
mean scores on the bisyllable sentence test in noise (Series 1)
significantly increased from 30% (range: 9%—50%) pre-operatively
to 62% (range: 49%—75%) 6 months post first-fitting and to 68%
(range: 50%—79%) 12 months post first-fitting.

The mean scores on the bisyllable sentence test in quiet
(Series 2) significantly increased from 42% (range: 17%—67%) pre-
operatively to 72% (range: 70%—75%) 6 months post first-fitting
and to 77% (range: 67%—90%) 12 months post first-fitting.

3.3 HISQUI g results

Figure 3 shows the results of patients completing the
HISQUI, 9. The mean HISQUI,9 score increased from 40.56 (SD:
17.91; range: 19-77) pre-operatively, which is considered poor, to
72.56 (SD: 26.24; range: 40-122) 1 month post first-fitting, which
is considered moderate, and to 90.29 (SD: 21.11; range: 66-125) 12
months post first-fitting, which is considered good.

Patient 9 had cochlear implantation with a subtotal
petrosectomy approach because of a cerebrospinal fluid leak
fistula in the ear to be implanted. This patient had an LCR fistula
that was operated on by middle fossa on the left side in 2014.
He also had a fistula on the right side that was implanted, so he
underwent a petrosectomy. Therefore, neither speech perception
outcomes nor HISQUII19 results have been documented for
patient 9.

For the individual HISQUI,g results, please see Table 4.

4 Discussion

In our study, the FLEX?® electrode array was inserted in an
atraumatic CI surgery in all patients. At 12 months post first fitting,

Frontiersin Audiology and Otology

2 patients had complete HP, 4 patients had partial HP, and 1 patient
had complete HL.

Our results resemble the findings of a similar study conducted
by Sierra et al. (2019). Their research found complete HP in 7,
partial HP in 3, and minimal HP in 1 of the 13 patients who were
implanted with a FLEX?® electrode array; had LFRH before surgery
and did not meet the criteria for EAS. Furthermore, Sierra et al.
(2019) provided evidence for the association between the use of an
atraumatic surgical technique and the degree of HP with different
types of deep insertion electrode arrays.

An atraumatic surgical approach is by now considered a
prerequisite for HP in the low frequencies. Moteki et al. (2018)
also investigated and confirmed the feasibility of HP with long
electrode arrays (>20 mm). Seventeen of the 18 patients had post-
operative HP in the low frequencies; 50% had complete HP in the
low frequencies.

In contrast, Kisser et al. (2016) showed relatively poor HP
results in 56 patients implanted with a FLEX?®, In most cases,
hearing was partially preserved. However, HL was observed in
all cases at all frequencies; 23% of the patients had complete
HL. The authors ascribe the poor HP results to poor pre-
operative hearing with a mean PTA of 854 dB in the low
frequencies and 98.7 dB in the higher frequencies. This might
explain the extraordinary outcome (97.96% HP) in Patient 6 of
our study, who had the lowest pre-operative PTA in the low
frequencies. This demonstrates that HP always depends on the
baseline performance.

Interestingly, speech perception scores improved in all
patients of our study, including the ones without HP or
only partial HP. This is in accordance with the findings of
Novak et al. (2007) and Adunka et al. (2008). The HISQUI;9
results also improved in all patients, which suggests that speech
perception, successful participation in conversations including
telephone chats, perception of environmental sounds, and
music appreciation can be achieved with the use of long
electrode arrays. This topic should be the focus of future
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FIGURE 2

Bisyllable Sentence Tests. Mean scores on the bisyllable sentence test in noise and in quiet at the pre-operative visit, at 6-months post first fitting and

12 months post first fitting.
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FIGURE 3

HISQUI19. Mean HISQUI1 g score at the pre-operative visit, at 1 month post first fitting and 12 months post first fitting.

1 Month Follow-Up

12 Months Follow-Up

research studies in order to further boost the quality of life of
CI users.

Furthermore, our study provided evidence that HP is not only
feasible in young CI recipients which is in accordance with the
findings of Bourn et al. (2020) who demonstrated that HP is even
feasible in elderly patients aged 72 years and older.

In general, ENT surgeons recommend using deep insertion
electrode arrays because they allow for stimulation of the
distal cochlea in case HL progresses, which often occurs

Frontiersin Audiology and Otology

in patients with sensorineural hearing loss (Sierra et al,
2019).

4.1 Study limitations

The sample size was too small to justify generalizations of the
outcomes of this study. Further, the cochlear duct length was not
measured in the course of this study.
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TABLE 4 Individual HISQUI;g results.

Patient Pre-OP 1 Months 12 Months
no. follow-up follow-up
#1 40 73 116

#2 19 69 66

#3 33 50 -

#4 58 113 97

#5 25 62 78

#6 77 122 125

#7 41 40 75

#8 51 52 75

#9 21 72 -

Mean 40,56 72,56 90,29
Median 40,00 69,00 78,00

Std. Dev 17,91 26,24 21,11
Min 19,00 40,00 66,00
Max 77,00 122,00 125,00

5 Conclusion

The 28-mm flexible electrode array facilitates atraumatic
surgery and HP; and results in improved speech perception and
subjective sound quality scores.
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