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Abstract

Obijective: Default frequency filters of cochlear implant (CI) devices assign frequency
information irrespective of intracochlear position, resulting in varying degrees of frequency-to-
place mismatch. Substantial mismatch negatively influences speech recognition in postlingually
deafened ClI recipients, and acclimatization may be particularly challenging for older adults due to
effects of aging on the auditory pathway. The present report investigated the influence of mismatch
and age at implantation on speech recognition within the initial 6 months of CI use.

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

Subjects and Methods: Forty-eight postlingually deafened adult ClI recipients of lateral wall
electrode arrays underwent postoperative computed tomography to determine angular insertion
depth of each electrode contact. Frequency-to-place mismatch was determined by comparing
spiral ganglion place frequencies to default frequency filters. Consonant-nucleus-consonant (CNC)
scores in the Cl-alone condition at 1, 3, and 6 months post-activation were compared to the degree
of mismatch at 1500 Hz and age at implantation.

Results: Younger adult CI recipients experienced more rapid growth in speech recognition
during the initial 6 months post-activation. Greater degrees of frequency-to-place mismatch were
associated with poorer performance, yet older listeners were not particularly susceptible to this
effect.

Conclusions: While older adults are not necessarily more sensitive to detrimental effects

of frequency-to-place mismatch, other factors appear to limit early benefit with a Cl in this
population. These results suggest that minimizing mismatch could optimize outcomes in adult
Cl recipients across the lifespan, which may be particularly beneficial in the elderly considering
auditory processing deficits associated with advanced age.
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Introduction

Cochlear implant (CI) devices are designed to take advantage of the natural tonotopicity
of the cochlea, such that low- to high-frequency information is logarithmically distributed
along electrode contacts from the apex to base. Individual differences in cochlear duct
length13 and differences in electrode array length# contribute to substantial variability in
the angular insertion depth (AID) of each electrode contact. Nonetheless, current default
mapping procedures assign electric frequency filters regardless of intracochlear location.
The resulting discrepancy between electric frequency information and natural tonotopic
organization of the cochlea leads to variable degrees of frequency-to-place mismatch,
which is perceived as a spectral degradation in the speech signal through the CI. This is
a particularly relevant consideration for postlingually deafened CI recipients who learned
speech with a normal frequency-to-place function along the basilar membrane prior to
hearing loss and must subsequently learn to use spectrally shifted information.

The human auditory system displays a remarkable degree of plasticity in adapting to
tonotopic mismatch over time; nevertheless, there is a large body of evidence to suggest

that this spectral shift may prolong the acclimatization period with a Cl, and in some cases
adaptation remains incomplete even after extensive listening experience®°. One metric for
characterizing deviations from the natural tonotopicity associated with acoustic hearing is
the frequency-to-place mismatch at 1500 Hz, the approximate spectral center of important
speech information1®. The mismatch at 1500 Hz has been shown to negatively correlate with
speech recognition during the initial 6 months of CI device usell.

Advanced age at implantation may further compromise the ability to acclimatize to
frequency-to-place mismatch. While cochlear implantation is clearly a viable and effective
treatment option for sensorineural hearing loss in the elderly12.13, older CI recipients

take longer to reach asymptotic performance than young adults4, which may be related

to higher rates of cognitive impairment in the older cohort. Interpreting degraded input
provided by the CI requires top-down processing®, a cognitive function that declines with
advancing agel®. This decline can adversely impact postoperative speech recognitionl’-19,
Additionally, it is possible that CI recipients rely more on temporal cues compared to those
with normal hearing when listening to spectrally degraded speech?0. Temporal processing
declines with advanced age?!, and temporal processing deficits could degrade older adults’
ability to recognize speech presented with a large frequency-to-place mismatch?2,

Despite the above findings highlighting the effects of aging on auditory processing abilities,
controversy exists regarding the impact of age on speech recognition in postlingually
deafened CI recipients. While several studies have consistently demonstrated poorer
performance in older adults compared to young adults23-27, others indicate no age
effect?829, In light of conflicting results in prior literature, it is possible that differences

in frequency-to-place mismatch across devices and populations of CI users could play a role
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in the age effects that are sometimes observed. The primary aim of the present study was
to investigate whether older CI recipients have more difficulty adapting to spectrally shifted
information provided with frequency-to-place mismatch than younger adult Cl recipients.

Methods

Subjects

The Biomedical Institutional Review Board at the University of North Carolina approved
the retrospective assessment of eligible subjects from a prospectively collected database
(protocol 19-2328). The database was queried for postlingually deafened adults listening
in the Cl-alone condition who: 1) received a MED-EL GmbH (Innsbruck, Austria) Flex24
(24 mm), Flex28 (28 mm), or FlexSOFT/Standard (31.5 mm) electrode array, 2) underwent
postoperative high-resolution temporal bone cone-beam computed tomography (CT), and
3) completed speech recognition assessment at 1, 3, and 6 months post-activation. To
minimize confounding variables, patients with cochlear malformations, partial electrode
array insertions, revision surgery, mapping deviations from the default frequency filters, or
incomplete speech recognition data were excluded from the study. A partial insertion was
defined as having at least one extracochlear electrode contact on review of imaging.

Measurement of Angular Insertion Depth

The postoperative CT was analyzed with OTOPLAN®, an otologic imaging analysis tool
developed by CAScination AG (Bern, Switzerland) in collaboration with MED-EL, as
previously described0. In short, a user-defined cochlear coordinate system is used to
identify the location of the modiolus, round window, and individual electrode contacts in

the cochlear view, which are subsequently used to determine the AID of each electrode
contact. These values support derivation of the spiral ganglion (SG) place frequency for each
contact, as described by Stakhovskaya et al. (2007)3L,

Degree of Frequency-to-Place Mismatch at 1500 Hz

To quantify the extent of frequency-to-place mismatch, we first determined the difference
between the center frequency associated with each electrode contact and the associated SG
place frequency. The center frequencies for the default frequency filters were obtained for
each subject from the clinical mapping software (MED-EL, Maestro, version 7), with all CI
recipients mapped with a default frequency range of either 70- or 100-8500 Hz. Second, a
fourth-order polynomial function was fit to the semitone deviation from the SG map as a
function of AID for each subject. Lastly, the absolute value of the frequency deviation in
semitones was estimated at 1500 Hz (approximately 267° on the SG map) based on these
fits.

Postoperative Speech Recognition

Speech recognition was assessed with the consonant-nucleus-consonant (CNC) word test32
at 1, 3, and 6 months in the Cl-alone condition, which was the familiar listening condition
for all subjects. Recorded materials were presented at 60 dB SPL in a soundproof booth
with the patient seated 1 meter away from the sound source. Percent correct scores

were transformed into rationalized arcsine units (RAUS) to normalize error variance33.
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Speech recognition was compared to frequency-to-place mismatch at 1500 Hz and age at
implantation.

Statistical Analysis

Pearson correlations were used to assess the relationship between speech recognition, degree
of mismatch, and age. A linear mixed model evaluated trends in speech recognition over
time, using the R statistical software34. A one-way analysis of variance (ANOVA) followed
by a Tukey test for honestly significant differences (HSD) was performed for analyses

of categorical variables. Statistical analyses were performed with SPSS version 25 for
Windows (IBM Corp, Armonk, New York) and significance was defined as £< .05.

Results

Subject Demographics

A summary of subject demographics for the 48 CI recipients listening with a Cl-alone
device is shown in Table 1. Fifty-two percent of the subjects were male. Age at implantation
ranged from 42 to 95 years, with a mean of 67.4 years (SD: 13.4 years). Of the 48 subjects,
2 were implanted with a Flex24 (4.2%), 21 with a Flex28 (43.7%) and 25 with a FlexSOFT/
Standard (52.1%) electrode array.

Angular Insertion Depth

Based on postoperative CT, the mean AID of the most apical electrode contact for the entire
cohort was 597° £ 72.0° (range, 407° to 751°), with electrode-specific values of 464° +
20.5° for Flex24, 570° + 71.3° for Flex28, and 630° + 51.2° for FlexSOFT/Standard arrays.
A one-way ANOVA demonstrated a statistically significant difference in AID of the most
apical electrode contact across the three array types (P=.001), and a post hoc Tukey HSD
analysis revealed significant differences for all three pairwise comparisons between arrays
(P<.05).

Frequency-to-Place Mismatch

The absolute semitone deviation from the SG map at 1500 Hz was quantified for each
subject (one octave is equal to 12 semitones). The mean deviation for all subjects was 4.7 +
2.7 semitones. As expected, shorter arrays were associated with a greater frequency-to-place
mismatch, with electrode-specific values of 9.9 + 0.9 for Flex24, of 5.0 £+ 3.0 for Flex28

and 4.0 + 2.0 for FlexSOFT/Standard arrays. Absolute frequency deviation in semitones
differed significantly across arrays on ANOVA (£ =.007). A post hoc Tukey HSD analysis
demonstrated significant differences between Flex24 and Flex28 arrays (P = .028) and
between Flex24 and FlexSOFT/Standard arrays (P = .006). No significant difference was
noted when comparing Flex28 to FlexSOFT/Standard arrays (P = .368).

Postoperative Speech Recognition

The mean percent correct for CNC word recognition was 32.1 + 18.0% at 1 month, 46.9
+ 18.6% at 3 months, and 50.8 + 18.7% at 6 months. Electrode-specific mean CNC scores
at 6 months were 19.0 + 9.9% for Flex24, 46.5 + 20.3% for Flex28, and 56.3 for +
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13.3% FlexSOFT/Standard arrays. Word scores were transformed to RAUs for subsequent
statistical analyses. The top row of Figure 1 shows speech recognition scores at 1, 3, and 6
months post-activation as a function of age at implantation. While there was no correlation
between age and CNC scores at 1 month (r=.032, P=.828), a significant negative
correlation was noted at 3 months (r=-.339, £=.019) and 6 months (r=-.423, P=
.003). The bottom row of Figure 1 shows speech recognition scores at each test interval as
a function of the absolute frequency-to-place mismatch at 1500 Hz. The mismatch at 1500
Hz negatively correlated with CNC scores at 1 month (r=-.338, £=.019), 3 months (r
=-.304, P=.036), and 6 months (r=-.394, £=.006). Correlations between CNC scores
and frequency-to-place mismatch appear to be driven by the 5 subjects with the greatest
mismatch. Recalculating correlations without these subjects indicated no significant effects,
which could indicate that listeners are tolerant of mismatches < 7 semitones.

Table 2 reports a linear mixed model predicting CNC word scores with the independent
variables of frequency-to-place mismatch, interval, age, and the interaction between age
and interval; subject was included in this model as a random factor to accommodate
repeated measures. Speech recognition improved over test intervals (P< .001), and
frequency-to-place mismatch negatively affected performance (P=.007). There was a
significant interaction between age at implantation and test interval (P =.002), reflecting
the observation of more marked improvement across test intervals in younger listeners
than older listeners. Including an interaction between mismatch and age at implantation
into the model indicated no significant change in susceptibility to mismatch with age (P=
.617). Restricting the analysis to the 6-month test interval also failed to reveal a significant
interaction between mismatch and age (P = .147). These results suggest that both older
age at implantation and frequency-to-place mismatch negatively influence early speech
recognition abilities, but there is no indication that older adults are more susceptible to the
detrimental effects of mismatch.

Discussion

Despite substantial advances in the field of cochlear implantation, predicting postoperative
speech recognition with a CI remains an elusive task3>-39, Although there are numerous
factors that correlate with performance (see Holden et al., 201349), the focus here was on the
trend for better outcomes for patients with a younger age at implantation?3-27 and smaller
frequency-to-place mismatch®®. In general, older listeners tend to be more detrimentally
affected by signal degradation, perhaps due to poorer temporal processing abilities and
reduced cognitive function. Results from the present study support the idea that both
advanced age at cochlear implantation and greater degrees of frequency-to-place mismatch
negatively influence early speech recognition, yet older listeners are not necessarily more
susceptible to detrimental effects associated with larger mismatches.

These findings are generally consistent with prior studies demonstrating that older ClI
recipients perform worse than younger peers with respect to speech recognition24, However,
the finding that age did not affect the ability to adapt to mismatch was somewhat
unexpected. Previous vocoder simulation experiments have shown that normal-hearing
listeners rely on temporal cues when listening to spectrally degraded speech?C. Furthermore,
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aging has been shown to reduce the ability to utilize spectral information and temporal cues
in speech segments?2. As such, we initially hypothesized that a reduction in mismatch —
providing improved spectral cues — would benefit older CI recipients more than younger
recipients.

The present study demonstrated that speech recognition abilities amongst younger listeners
improved rapidly, while older CI recipients displayed a slower rate of growth, a finding

that could be related to their reduced temporal processing abilities and/or cognitive capacity.
The trend observed for younger listeners to improve more quickly in the initial 6 months of
CI use supports the role of plasticity in the acclimatization to spectrally degraded speech
signals. While the present study did not demonstrate a significant difference between

the acclimatization to frequency-to-place mismatch in younger and older ClI recipients,
there are reasons not to exclude this possibility. Speech recognition was quantified in

the present study using CNC words. These stimuli are simple and relatively short. In
contrast, sentence recognition, particularly masked sentence recognition, would be expected
to place greater demands on working memory capacity*!, and could reveal deficits related
to diminished cognitive processing capacity. Given the marked heterogeneity of the CI
population, clinically relevant effects may not be evident even for a study sample of 48
patients. Ultimately, future work is still warranted to fully understand the detrimental effects
of frequency-to-place mismatch as a function of listener age.

While age is a hon-modifiable factor, frequency-to-place mismatch can be controlled to
some degree when selecting the electrode array to be implanted and mapping the CI device.
Frequency-to-place mismatch is typically small with a fully inserted long lateral wall array
and default frequency filters; this is evident in the trend for less mismatch with longer arrays
in the present study. For traditional Cl candidates with severe-to-profound sensorineural
hearing loss destined for the Cl-alone condition with a lateral wall electrode array, the
authors generally advocate for use of an individualized approach in determining cochlear
duct length to select the longest array necessary to achieve maximal cochlear coverage.

In the case of an individual with a small cochlea, a 28 mm array may be preferred over

a 31.5 mm array to avoid extracochlear electrodes. This approach is supported by prior
work demonstrating better speech recognition with deeply inserted lateral wall arrays in

the Cl-alone condition2742-46: one potential mechanism for this benefit may be closer
tonotopic alignment with the default frequency filters!1. Although this evidence supports
the use of long lateral wall arrays to reduce frequency-to-place mismatch for traditional ClI
candidates, the optimal array for the growing population of candidates with residual hearing
in the implanted ear is more challenging as these patients may gain substantial benefit

from electric-acoustic stimulation (EAS) devices*’5. Shorter arrays generally maximize
hearing preservation with less trauma to the apical region of the cochlea with residual
low-frequency hearing®6-58; however, for cases in which hearing is lost with a short array,
recipients must adapt to substantial frequency-to-place mismatch with a Cl-alone device.

In this scenario, a possible recourse to more closely align frequency information with the
natural tonotopic organization of the cochlea would be to shift frequency filters of individual
electrode contacts.
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Advances in post-implantation imaging with CT have allowed for an accurate assessment of
AID, which can be used to derive an estimated cochlear place frequency for each electrode
contact based on the distribution of SG cells3L. Preliminary investigations of place-based
mapping procedures differ in approach, but generally aim to align electric frequency filters
with the tonotopic organization of the cochlea®9-€0. In theory, place-based mapping may
facilitate growth in speech recognition by limiting the need to acclimate to a spectrally-
shifted signal. The individualized approach to programming could be particularly important
in the elderly population, to counteract age-related deficits in auditory processing. Studies
are ongoing to assess this strategy.

Limitations of this study include its retrospective nature, lack of data assessing cognitive
function, and the focus on lateral wall arrays. Cognitive abilities have been shown to mediate
the effects of aging on speech recognition®, and future studies will additionally determine
the influence of these factors. Future studies should address the ability to adapt to frequency-
to-place mismatch as a function of array design (i.e., pre-curved versus lateral wall). Another
consideration is the fact that speech recognition was only evaluated through 6 months
post-activation; while this is the interval associated with asymptotic speech recognition in
young adults®?, older adults may require several years to reach asymptotic performancel4.
Long-term studies are required to determine if older CI recipients overcome the observed
deficit in speech recognition ability with extended listening experience.

Conclusions

Both advanced age at cochlear implantation and frequency-to-place mismatch negatively
influence early speech recognition, as assessed by CNC words in quiet, yet older adults are
not necessarily more sensitive to the detrimental effects of mismatch. Older CI recipients
generally perform worse in the initial 6 months of device use, and when combined with
frequency-to-place mismatch these individuals may be challenged by poor performance.
Reducing mismatch may optimize speech recognition outcomes for CI recipients across the
lifespan, yet this consideration may be particularly relevant for older listeners who also
experience auditory processing deficits.
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Figurel.

CNC word scores as a function of age at implantation (top row), and absolute frequency-
to-place mismatch at 1500 Hz on the SG map (bottom row). Abbreviations: SG, spiral
ganglion; CNC, consonant-nucleus-consonant.
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Subject demographics.

Table 1.

Variable All Patients (n = 48)
Sex
Female 23 (47.9%)
Male 25 (52.1%)
Age, mean (range), years 67.4 (42-95)
Device
Flex24 2 (4.2%)
Flex28 21 (43.7%)
FlexSOFT/Standard 25 (52.1%)

Absolute frequency-to-place mismatcha, mean (range), semitones

4.7 (0.22-11.56)

aQuantified at 1500 Hz (approximately 267° on the spiral ganglion map)
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Table 2.

Page 13

Linear mixed model evaluating the effects of frequency-to-place mismatch, test interval (1, 3, 6 months), and

age at implantation (in years). Subject was included as a random effect.

Coef. SE t P value
(Intercept) ~ 32.61 1364 239  0.019
Mismatch® -2.15 076 -2.84  0.007
Interval 1141 247 461  <0.001
Age 012 020 059 0556
Age:Interval -0.11  0.04 -3.19  0.002

aQuantified at 1500 Hz (approximately 267° on the spiral ganglion map)
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