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Abstract

Objectives: To characterize the relationship between cochlear duct length (CDL) and initial
hearing preservation among cochlear implant (ClI) recipients of a fully-inserted 31.5 mm flexible
lateral wall electrode array.

Study Design: Retrospective review.
Setting: Tertiary academic referral center.

Patients: Adult ClI recipients who presented preoperatively with unaided hearing detection
thresholds of <65 dB HL at 125 Hz and underwent cochlear implantation with a 31.5 mm flexible
lateral wall array.

Intervention: Cochlear implantation with a hearing preservation surgical approach.

Main Outcome Measures: Computed tomography was reviewed to determine CDL. Hearing
preservation was characterized by the shift in low-frequency pure-tone average (LFPTA; 125, 250
and 500 Hz), and shift in individual unaided hearing detection thresholds at 125, 250, and 500 Hz.

Results: Nineteen patients met the criteria for inclusion. The mean CDL was 34.2 mm (range:
30.8-36.5 mm). Recipients experienced a mean LFPTA shift of 27.6 dB HL (range: 10-50 dB
HL). Significant, negative correlations were observed between CDL and smaller threshold shifts at
individual frequencies and LFPTA (p<0.048).
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Conclusion: A longer CDL is associated with greater likelihood of preserving low frequency
hearing with long arrays. Low-frequency hearing preservation is feasible with fully-inserted long
flexible arrays within the initial months after cochlear implantation. Preoperative measurement of
CDL may facilitate a more individualized approach in array selection to permit optimal cochlear
coverage while enhancing hearing preservation outcomes.
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INTRODUCTION

The candidacy criteria for cochlear implantation includes patients with acoustic hearing
detection thresholds in the normal low-frequency range sloping to the moderate-to-
profound range at higher frequencies, and limited speech perception with appropriately-fit
amplification. Advances in electrode array design and surgical technique have improved
the ability to preserve low-frequency acoustic hearing postoperatively; however, hearing
preservation rates remain variable, both initially and with long-term device use (1-6).
Selection of an array that supports hearing preservation and optimal performance with

the device is of interest, as cochlear implant (Cl) recipients demonstrate superior speech
perception in noise, improved spatial hearing, and significant subjective benefit when
listening with electric-acoustic stimulation (EAS) as compared to a Cl-alone (7-12).

It is widely accepted that shorter lateral wall arrays increase the likelihood of hearing
preservation with reduced intracochlear trauma (1,6,13). If residual hearing is lost
postoperatively, longer array recipients typically experience better speech perception with a
Cl-alone device as compared to shorter array recipients (3,14,15). One potential mechanism
to explain the benefit conferred by deeply inserted arrays may be closer alignment between
the default electric frequency information and the tonotopic organization of the cochlea
when listening with a Cl-alone device (16). As such, preoperative array selection must
consider the risk-benefit ratio of preserving acoustic hearing with shorter arrays and
maximizing cochlear coverage with a longer array to optimize performance if acoustic
hearing is lost. This is particularly challenging in patients who are borderline EAS
candidates (e.g., moderate to moderately-severe low-frequency detection thresholds), as even
a modest threshold shift can preclude the ability to fit the acoustic component.

With recent advances in array design, low-frequency hearing preservation has been
demonstrated in recipients of a long (31.5 mm) flexible array (17,18). The ability to

preserve hearing with a long flexible array offers an appealing option for borderline EAS
candidates, as the benefits of listening with an EAS device would be supported in many
cases while also providing maximal benefit listening with a Cl-alone device if hearing

is lost. However, substantial variability in cochlear duct length (CDL) (16,19-22) can
introduce large differences (~200°) in the angular insertion depth (AID) of the most apical
electrode contact among ClI recipients of a fully-inserted 31.5 mm array (16), with a shorter
CDL resulting in a deeper angular insertion. As deeper insertions generally carry greater risk
for loss of acoustic hearing (3,6), the degree of hearing preservation among CI recipients
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of long arrays may be dependent upon CDL. Considering this, preoperative selection of an
array length based upon measurement of CDL could offer an individualized approach to
reduce trauma to the cochlear apex while still ensuring optimal outcomes with a Cl-alone
device if acoustic hearing is lost. The current study aimed to characterize the relationship
between CDL and initial low-frequency hearing preservation among adult ClI recipients of a
fully-inserted 31.5 mm flexible array.

The study-site Institutional Review Board approved a retrospective review of the unaided
hearing detection thresholds of adult CI recipients. Data were reviewed for patients who
presented with preoperative unaided hearing detection thresholds of <65 dB HL at 125

Hz and underwent cochlear implantation with a MED-EL GmbH (Innsbruck, Austria)
FlexSOFT electrode array. The 65 dB HL criterion was selected since the MED-EL clinical
mapping software uses this criterion for activation of the acoustic component for an EAS
processor. The FlexSOFT array is 31.5 mm in length from the tip of the array to the hub
with 12 electrode contacts evenly spaced over 26.4 mm. The five most apical contacts are
unpaired to provide a more flexible design as compared to previous generations of 31.5
mm arrays. Postoperative assessment of unaided hearing detection thresholds is standard
of care at the study site for CI recipients who presented preoperatively with low-frequency
thresholds of <65 dB HL (see Dillon et al. (23)).

Surgical Description

Cochlear implantation was performed by one of three surgeons at the tertiary academic
center. All patients received intraoperative, intravenous and intratympanic dexamethasone,
and underwent a standard posterior tympanotomy approach with a round window insertion.
Array placement was confirmed with intraoperative plain film radiography, which is
standard of care at the study site. Angular insertion depth of the most apical and basal
electrode contacts were determined with intraoperative x-ray (24) or postoperative computed
tomography (CT) (25). For subjects with pre- or postoperative CT, CDL at the organ of
Corti was determined with the elliptic-circular approximation method (26) using OTOPLAN
(25), which is not currently labeled for use in the US. Briefly, this method incorporates the
cochlear diameter (A-value) and width (B-value), measured in cochlear view, to calculate
the basal turn length, which is then used in the derivation of CDL. These values were used
to assess the relationship between CDL and the initial shift in unaided hearing detection
thresholds.

Unaided Hearing Detection

Low-frequency unaided hearing detection thresholds were assessed behaviorally in a
soundproof booth with stimuli presented via insert phones. In cases of no response, a
value of 95, 105, and 115 dB HL was recorded at 125, 250, and 500 Hz, respectively.
These values correspond to 5 dB HL higher than the maximum output of the audiometer at
each individual frequency. Audiometric data were obtained from the cochlear implantation
candidacy evaluation (i.e., preoperative interval), an initial interval, and the most recent
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interval to assess stability in hearing preservation over time. Hearing preservation was
characterized by the 1) shift in the low-frequency pure-tone average (LFPTA; 125, 250,
and 500 Hz), as well as the shift in unaided hearing detection thresholds at individual
frequencies, and 2) maintenance of functional hearing at individual frequencies, defined as
<80 dB HL, which is the maximum output of the acoustic component of the EAS device.

Statistical Analysis

RESULTS

Preoperative and initial postoperative unaided hearing detection thresholds at individual
frequencies (125, 250, and 500 Hz) and preoperative and initial postoperative LFPTAS

were analyzed using a paired samples t-test. Initial postoperative unaided hearing detection
thresholds were compared to thresholds obtained at the most recent test interval using

a paired samples t-test to evaluate stability of hearing preservation over time. Pearson
correlation was used to evaluate the relationship between CDL and the initial shift in
unaided hearing detection thresholds. Multiple linear regression was performed to model the
relationship between AID of the most apical electrode contact, CDL, and AID of the most
basal electrode contact. Statistical analyses were performed with SPSS version 26 (IBM
Corp, Armonk, New York). Significance was defined as a < 0.05.

Demographics

Nineteen ClI recipients (8 female) met the inclusion criteria. Subject demographics are

listed in Table 1, including unaided hearing detection thresholds at each interval. The mean
age at implantation was 67.4 years (SD, 16.4 yr; range, 23-85 yr). The etiology was
unknown in the majority of cases (/7=15), followed by noise induced hearing loss (/7=3) and
neurofibromatosis type 1 (7=1). The average reported duration of deafness was 14.1 years
(SD, 8.7 yr; range, 1-30 yr). The mean CDL was 34.2 mm (SD, 1.7 mm; range, 30.8-36.5
mm). A full insertion (defined as all 12 electrode contacts being intracochlear) was achieved
in all cases, with a mean AID of 623° (SD, 49.1°; range, 533-700°) for the most apical
electrode contact.

Hearing Preservation

Individual and mean unaided hearing detection threshold shifts at each frequency within
the initial months following cochlear implantation are shown in Table 1. The preoperative
mean unaided hearing detection thresholds at 125, 250, and 500 Hz were 51.6, 61.8, and
73.9 dB HL, respectively. The initial interval when unaided hearing detection thresholds
were measured ranged from 1 to 5 months, with a mean of 2.1 months (SD, 1.4 mo).

The postoperative mean unaided hearing detection thresholds at 125, 250, and 500 Hz
were 74.2, 93.2, and 103.7 dB HL, respectively. There was a significant change in unaided
hearing detection thresholds at each frequency (22.6, 31.3, and 29.7 dB HL at 125, 250, and
500 Hz, respectively) between the preoperative and initial test interval (p<0.001). Subjects
presented with a mean LFPTA of 62.5 dB HL (SD, 11.5 dB HL; range, 30-82 dB HL)

at the preoperative interval and a mean LFPTA of 90.1 dB HL (SD, 9.0 dB HL; range,
71-105 dB HL) at the initial postoperative interval. As observed with individual thresholds,
there was a significant difference between the mean preoperative and postoperative LFPTA
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(27.6 dB HL; t(18)=9.39, p<0.001). Sixteen subjects (84.2%) maintained functional hearing
(<80 dB HL) at one or more individual frequencies, with 4 (21.1%) maintaining functional
hearing when measured by the LFPTA. The mean unaided hearing detection threshold shifts
at each frequency obtained at the most recent test interval (mean, 9.7 mo; SD, 3.5) are
shown in Table 2. Notably, there was no significant difference between thresholds during
the initial post-activation period and most recent test interval (£=0.249), indicating stable
hearing preservation over the reviewed time period.

Figure 1 plots the initial shift in unaided hearing detection thresholds at individual
frequencies and LFPTA as a function of CDL. A significant negative correlation was found
(p<0.05 for each comparison, individual rvalues displayed in Fig. 1), with subjects with

a longer CDL experiencing a smaller shift in unaided hearing detection thresholds. This
pattern of significance remained unchanged for partial correlations between LFPTA shift and
CDL while controlling for age at implantation or duration of hearing loss (p<0.011). Figure
2 plots the initial shift in unaided hearing detection thresholds at individual frequencies

and LFPTA as a function of AID of the most apical electrode contact. No significant
correlations were observed between AID of the most apical electrode contact and the shift

in unaided hearing detection thresholds at 125 (r=0.42, p=0.073), 250 (s=0.44, p=0.060), 500
Hz (r=0.18, p=0.451), or LFPTA (r=0.40, p=0.089).

There was a significant correlation between CDL and AID of the most apical electrode
contact (72=0.47, p=0.001), with longer CDLs associated with shallower insertion depths. A
multiple linear regression model including CDL and AID of the most basal electrode contact
was able to account for the majority of variance in AID of the most apical electrode contact
(r%=0.89, p<0.001). This indicates the importance of accounting for basal insertion depth
when assessing variance in apical AID.

DISCUSSION

Hearing preservation with longer lateral wall arrays has been shown previously, albeit at
lower rates when compared to shorter arrays (17,18,23). As such, clinicians are currently
faced with the challenge of selecting the ideal array length in hearing preservation cases to
optimize outcomes. This task requires critical consideration in weighing the risk of losing
acoustic hearing against the benefit of greater cochlear coverage with longer arrays. The
present study provides additional information regarding the feasibility of low-frequency
hearing preservation with a long (31.5 mm) flexible lateral wall array and offers insight into
the utility of preoperative CDL measurement for array length selection.

Comparing hearing preservation rates with 31.5 mm arrays remains a difficult task with
differing methodologies and definitions employed across studies. Prior work by Dillon et
al. (23) investigated hearing preservation rates with an earlier generation 31.5 mm array.
Five of the 25 subjects demonstrated an aidable (<80 dB HL) acoustic threshold at 125

Hz at initial activation. Four additional subjects demonstrated an improvement in unaided
detection thresholds at a post-activation interval. By the 12-month post-activation interval,
six subjects maintained acoustic thresholds that warranted the fitting of EAS. The higher
rates of hearing preservation at 125 Hz observed in the present study (/7=16, 84%, Table 1)
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are likely attributable to the flexible design of the newer array and routine use of hearing
preservation techniques. However, it is possible that improvements in hearing preservation
could also be attributed to lower unaided detection thresholds at 125 Hz (mean=52 dB HL
vs 62 dB HL). Helbig et al. (17) reported similar shifts in unaided low-frequency hearing
detection thresholds among long flexible lateral wall array recipients, yet it is difficult to
make a direct comparison as the study sample included both partial and full insertions.
Nonetheless, it is worth noting that their data demonstrated stable hearing preservation with
longer arrays over time, with a mean postoperative test interval of 14.8 months, which is
corroborated by our finding that hearing preservation remained stable over later intervals
(mean, 9.7 months).

While important to characterize hearing preservation with longer flexible arrays, it is
imperative to identify the subset of patients that may gain the greatest benefit from this
approach. Recent work has focused upon customized approaches in the array selection
process, such that CDL can be estimated with preoperative CT (27-29) or magnetic
resonance imaging (30,31). Inter-individual differences in CDL result in substantial
variability in the AID of the most apical electrode contact (16), as evidenced by the broad
range (533-700°) observed in the present cohort of fully-inserted 31.5 mm arrays. In the
current sample, a longer CDL was associated with smaller shifts in low-frequency unaided
hearing detection thresholds. It is worth noting that all patients with a CDL >35 mm
experienced postoperative threshold shifts <30 dB HL at both 125 Hz and 250 Hz (Fig

1). Conversely, the majority of patients with CDL <35 mm experienced threshold shifts
greater than 30 dB HL. These findings suggest that a shorter array may be better suited for a
borderline EAS candidate with a CDL <35 mm; however, determination of a CDL criterion
for array selection was not the primary aim of the present study. Interestingly, threshold
shifts were better predicted by CDL than AID of the most apical electrode contact. While
deeper insertion depths have been associated with greater loss of acoustic hearing (3,6),
this finding could suggest that the measurement of cochlear diameter (A-value) and width
(B-value) used to determine CDL may indirectly capture additional morphologic features
(e.g., cochlear volume and scala tympani dimensions). Larger cochlear dimensions could
be associated with reduced intracochlear trauma (32,33). Considering this, preoperative
assessment of cochlear morphology may support an individualized approach in array
selection that ensures sufficient cochlear coverage while minimizing trauma. In the future,
larger data sets may allow for a model-based approach to array selection, which would
consider the degree of low-frequency acoustic hearing, CDL, anticipated AID, predicted
threshold shifts, and benefit gained with EAS as compared to a Cl-alone device.

A limitation of the current study is the retrospective design and thus limited performance
data for the sample. Only 5 of the subjects in the sample were fit with EAS. The clinical
follow-up protocol includes the assessment of speech perception with the familiar device/
settings; therefore, there are no comparison data with the Cl-alone for these EAS users. For
the remaining 14 subjects, fitting of EAS was either not discussed by the clinician or the
subject elected not to be fit with EAS due to associated out-of-pocket costs (e.g., earmold
impression, earmold fitting, and acoustic fitting and verification). Rejection of EAS has
been reported in CI recipients of shorter arrays (i.e., <28 mm), with rationales including
preference for an off-the-ear device, borderline acoustic hearing thresholds, and discomfort
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(34). There is a need for prospective assessment of speech perception for CI recipients

of long arrays when listening with EAS versus the Cl-alone to determine the associated
performance benefits and assess how much acoustic hearing is needed to observe a benefit.
Additionally, optimal mapping procedures should be considered for this patient population,
as ClI recipients of shorter arrays (i.e., <28 mm) have demonstrated poorer performance
due to peripheral masking of the acoustic and electric output (35). An ongoing prospective
study is investigating EAS mapping procedures that account for electrode array placement,
including ClI recipients of long arrays with postoperative hearing preservation, and the
associated speech perception outcomes.

CONCLUSION

Low-frequency hearing preservation is feasible with fully-inserted long flexible arrays, with
84% of patients maintaining functional hearing (<80 dB HL) at one or more individual
frequencies within the initial months after cochlear implantation. Better hearing preservation
was associated with a longer CDL. Preoperative measurement of CDL may facilitate a more
individualized approach to array selection by identifying cases when a shorter array provides
sufficient cochlear coverage without jeopardizing the potential benefit of EAS device use.
Investigations are ongoing to assess the long-term low-frequency hearing preservation rates
with long flexible arrays and compare hearing preservation rates between CI recipients with
arrays at different AlIDs.
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FIG 1. Longer CDL is associated with greater hearing preservation with a long 31.5 mm array.
Shift in unaided hearing detection thresholds at 125, 250, and 500 Hz, and LFPTA as a

function of CDL. Text at the top right of each panel indicates the correlation illustrated with
line fits. CDL, cochlear duct length; LFPTA, low-frequency pure-tone average.
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FIG 2. A shallow AID is not significantly associated with lower threshold shifts at 125, 250 or 500

Hz, after insertion of a 31.5 mm array.

Shift in unaided hearing detection thresholds at 125, 250, and 500 Hz, and LFPTA as a
function of AID. Text at the top right of each panel indicates the correlation illustrated with
line fits. AID, angular insertion depth; LFPTA: low-frequency pure-tone average.
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Postoperative hearing levels (dB HL) obtained at the most recent test interval.

TABLE 2.

Case  Post-Op Interval (Months)

Post-Operative (dB HL)

125Hz 250Hz 500Hz LFPTA

1 13 80 105 115 100
2 17 95 105 115 105
3 7 65 75 85 75
4 8 70 90 110 90
5 9 80 90 105 92
6 12 80 100 115 98
7 9 85 100 100 95
8 12 95 105 115 105
9 13 80 100 110 97
10 6 90 105 110 102
11 9 65 85 100 83
12 10 80 90 105 92
13 7 60 75 80 72
14 9 80 105 115 100
15 5 80 100 115 98
16 7 50 70 105 75
17 14 85 90 85 87
18 4 70 90 85 82
19 14 60 90 115 88
Mean 9.7 76.3 93.2 104.5 91.3
sD 35 12.2 111 12.1 10.2

LFPTA, low-frequency pure-tone average at 125, 250, and 500 Hz.
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