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Introduction

Cochlear implants (Cls) restore sound perception to individuals with severe to profound
hearing loss (HL) by using electrical current to directly stimulate surviving auditory neurons
(spiral ganglion neurons, SGNs). Shallow insertion of a shorter Cl array at the base of the
cochlea allows preservation of functional cochlear structures towards the apex. These
hearing preservation Cls, which vary in length, are designed to both preserve residual
acoustic hearing and provide electrical speech processing in the same earl2. In clinical
trials, the major advantage of electric plus acoustic stimulation (EAS) lies in its ability to
significantly enhance users’ understanding of speech in the presence of background noise
and recognition of musical melodies as compared to users of the standard length electrode
arrays426.7 | ocalization of sound is also improved when acoustic hearing is preserved in
both ears8. These benefits hold for patients with all but the most profound levels of HL.
These findings have been attributed to the finer frequency resolution of the residual acoustic
hearing19.

With meticulous surgical technique and appropriate electrode arrays, the ability to preserve
functional acoustic hearing remains high!l. Relatively mild ipsilateral post-implantation HL
(~12 dB PTA) occurs with insertion212:13, |n addition, there appears to be a subset of
patients that experience delayed HL that occurs after device activation, or one to six months
after implantation®4.
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In order to develop a better understanding of post-implantation HL, we first evaluated five
index subjects that were implanted at our center and developed significant late hearing loss.
We found that in these five subjects, high maximum electrical charge coincided with
delayed HL. To further clarify the effect of high electrical charge on late HL in this cohort,
we conducted additional retrospective analysis of all hearing preservation implantees at our
center. We then examined a more detailed time course of ipsilateral HL after hearing
preservation cochlear implantation in all patients from the Nucleus S8 multicenter FDA trial,
the largest collection of hearing preservation patients to date.

Based on these observations, we hypothesize that excitotoxicity from EAS may cause
delayed post-implantation HL in a manner similar to noise induced HL. To begin to
determine which cochlear structures are most suspectible to excessive electrical stimulation
(ES), we analyzed the consequences of high voltage stimulation to rat organotypic cochlear
explants.

Materials and Methods

Subjects

Case review—Audiometric and programming data were reviewed for five patients who
were noted to experience significant acoustic threshold shifts 1-6 months after implantation.
It was recognized that all five had their ES maximal comfort or C levels set at a high
intensity with short duration pulse-width. These subjects, implanted at our center between
2005 and 2009, met criteria for hearing preservation array implantation as previously
described?. Demographic and device characteristics are detailed in Table 1. All had minimal
change in pure tone average (PTA) frequencies after implantation prior to implant
activation. Clinically derived C levels were converted to overall electrical charge
(nanoCoulombs) to correct for variations in pulse-width. The following equations were
used:

Current(,uA):l?b « 100(clinical units in CL/255) o)

Charge (nanoCoulombs)=(pA x pulse width (ms))/1000 (2)

Normative data regarding electrode charge was abstracted from both Nucleus Contour
Advance perimodiolar standard-length electrode arrays, which were implanted through a
scala tympani cochleostomy (N = 47), and Nucleus 422 Slim Straight electrode arrays,
implanted through a round window approach (N=16). Both populations met standard
implantation criteria with severe to profound HL (>70dB loss) at 250 Hz and above.

Retrospective cohort study—All hearing preservation cochlear implant recipients at the
University of lowa from 1999 to 2013 were considered for review. Patients with a relapsing
etiology of hearing loss (e.g. autoimmune) were excluded from analysis (n=2). Patients with
insufficient serial audiograms and mapping parameters for comparison were also excluded
(n=2). 42 of 46 hearing preservation implantees at our center met criteria for inclusion. S8
(n=19), S12 (n=11), L24 (n=12). Average pre-activation thresholds did not vary between
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these groups. The total population comprised 20 males and 22 females, aged between 23 to
80 years at the time of implantation (mean=56). Duration of high frequency HL ranged from
5 to 57 years (mean = 24). Etiology of HL was categorized as follows: hereditary (35%),
noise induced (30%), infectious (3%), and unknown (32%). Hearing loss, maximum current
levels and pulse widths from activation to 12 months post-activation were examined for
univariate analysis and generation of an odds ratio. Maximum charge was calculated as
described above for each functional electrode and averaged across the electrode array. The
highest level of electrical charge prior to or concomitant with the peak post-activation rate of
HL was included for statistical analysis. In all instances, those with elevated peak charge
had consistently elevated charge subsequently throughout the study period.

Natural history—In addition, audiometric data of 85 patients who underwent Nucleus
Hybrid S8 cochlear implantation as part of the adult Food and Drug Administration multi-
center clinical trial in the USA from 1999 to 2009 were reviewed. All participants had
severe to profound HL above 2000 Hz and were implanted in the worse hearing ear.
Detailed candidacy information is described in Gantz et al. 2009. The total population
comprised 39 males and 46 females, aged between 19 and 82 years at the time of
implantation (mean = 59). Duration of high frequency HL ranged from 3 to 66 years (mean
= 26). Etiology of HL was categorized as follows: hereditary (31%), noise induced (20%),
infectious (5%), unknown (42%) and other (2%). Patients with HL of a relapsing type i.e.
autoimmune were omitted from the study (n=2). Patients with device failure, electrode
extrusion, and/or confounding symptoms of inner ear disorders (e.g. episodic vertigo) were
also excluded.

Audiometric data consisted of standard PTAs collected pre-operatively, at activation (1
month postoperatively) and at 4, 6 and 12 months after implantation. Frequencies tested
included 125, 250, 500, 750 and 1000 Hz bilaterally. For each ear, threshold was averaged
across frequency at each audiogram time-point to simplify further analyses. Threshold shift
at each time point was assayed by subtracting pre-operative average threshold from the last
post-operative average threshold at that time point. Contralateral threshold shift was then
subtracted in order to correct for natural progression of pre-morbid disease in the implanted
ear. These calculations were used to generate an ear-specific frequency-averaged measure of
threshold shift. Appreciable hearing threshold was defined as an absolute (uncorrected)
threshold of 100dB or less.

Organotypic Cultures

The institutional animal care and use committee at the University of lowa approved all
protocols used in this study. Organotypic cochlear explant cultures including the organ of
Corti (OOC) and spiral ganglion were prepared from post natal day 5 (P5) rat pups'®16. P5
rat cochleae of both sexes were dissected in ice-cold PBS. The membranous labyrinth was
separated from the modiolus and the stria vascularis and spiral ligament were carefully
removed. With the organ of Corti and spiral ganglion kept intact, Reissner’s membrane and
tectorial membrane were removed with fine forceps in order to provide an in vitro model of
the cochlear sensory epithelium with intact synaptic contacts. Explants were cultured in 5%
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FBS DMEM/N2 media for 2-3 hours in a modified Warner chamber (Warner Instruments,
Hamden CT). Explants were then subjected to either 3 hours of high-voltage patterned ES,
depolarizing media (80 mmol K*, 80K) as a positive control, or nondepolarizing media (5.4
mmol K*) as a negative control. Electrical stimuli comprised 40 ms biphasic pulses
presented at 10 V amplitude with a frequency of 10Hz for three hours. Impedance of the
culture system was 1.1 kOhm as measured with a Grass electrode impedance meter, Model
EZM5 (Astro-Med, Inc., W. Warwick, RI). Thus, the overall charge delivered with this
system was 0.36 uC/phase, roughly an order of magnitude greater (10x) than that delivered
by Cls. Preliminary experiments indicated that 3V and 5V amplitude stimulation at 10 Hz
for three hours did not cause a discernable loss of hair cells or neuron/neurite damage.
Fixation occurred at 24 hours. Cultures were then immunolabelled with rabbit anti-Myosin
Vlla antibody as a marker of hair cells and mouse neurofilament 200 (NF200) antibody as a
marker of spiral ganglion neurons (SGNs). Nuclei were stained with DAPI. Images of
cochlear explants were captured using a Leica SP5 confocal microscope (Buffalo Grove,
IL).

Hair cell and spiral ganglion neurite density counts

Inner and outer hair cell (IHC and OHC) density counts were performed from reconstructed
z-stacks for the middle turn of the cochlea and expressed as number of HC/mm along the
long axis of the organ of Corti. In some circumstances, the morphology of the tissue was
distorted and it was not possible to distinguish inner and outer HCs (e.g. in 80K). In these
cases total HC counts were obtained. The number of NF200-positive SGN peripheral
neurites crossing a line drawn at 100 mm from the OOC were counted and expressed as the
number of neurites/mm. HC and neurite density counts were performed on at least 12
explants derived from at least 3 separate experiments.

Statistical Analysis

Results

All error bars were calculated using standard error of the mean (SEM). Differences in
hearing threshold variations between groups were evaluated with Student’s t-tests after
assessing for normality using K-S tests. Differences in explants (i.e. HC and neurite density)
were analyzed in an identical fashion. Pearson product moment correlation was used for
regression analysis of rate of hearing loss as a function of maximum charge exposure. Odds
ratio was calculated with a p value derived by Fisher’s exact test.

Five index patients alerted us to the possibility of loss of residual hearing secondary to high
levels of ES. All had high maximum electrical charge levels either at activation or prior to
their most significant loss. HL at one year ranged from 31 to 52 dB when averaged across
frequency (125 to 1000 Hz) and corrected for contralateral loss as described above. All five
suffered their most significant HL after activation. Figure 1 depicts the maximum charge
settings for each electrode worn at the time of the audiogram that identified the greatest
change in threshold for each patient, as compared to normative charge levels from patients
with Nucleus Contour Advance perimodiolar standard-length electrode arrays and Nucleus
422 slim straight standard-length arrays. These settings, derived from clinical comfort level
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testing for daily use based on psychophysical loudness scaling for adequate audibility, were
significantly higher and indeed almost double normative settings based on long electrode CI
users.

A direct comparison between serial audiograms and maximum charge levels for each of
these five patients (Figure 2) revealed that each experienced significant HL either
subsequent to or coincident with implementation of high clinical settings for maximum
charge. Of note, all but T1 and L1 had some recovery from the initial post-implantation HL
prior to the onset of ES. T3 and Al had stable thresholds until the current levels were
elevated at the 6-month programming session. L1 experienced a large threshold shift after
high current levels were permitted at the 2-month programming session. T1 also had the
highest current levels at the beginning, which may not have allowed for recovery of post-
implantation HL. In summary, while a common pattern of HL and current level is not
apparent among these patients, each patient was exposed to high current levels and suffered
significant HL after activation of the CI. In the case of L1 most of the HL took place before
the patient was exposed to high charge stimulation but in the other four cases significant HL
happened after high charge stimulation was introduced.

Retrospective cohort analysis

The data from the above group of subjects led us to analyze the rate of HL after activation as
a function of the highest level of maximum permitted charge in all patients implanted with a
hearing preservation array at our center. When comparing the highest rate of hearing loss
after activation with peak maximum charge levels, the Pearson correlation coefficient was
0.366 (p=0.016) indicating a significant, moderate association of hearing loss with
stimulation charge (Figure 3). Next, we divided the patients into groups based on the rate of
hearing loss after activation(=10dB/mo or <10dB/mo) and maximum charge (=16nC or
<16nC). This charge level is 1 nC above the higher limit of the 95% confidence interval for
charge in the patients with standard long electrode (Nucleus Contour Advance) or slim
straight (Nucleus 422) arrays (range 11.5-15) used as normative controls in Figure 1. Of the
42 hearing preservation cochlear implantees that met inclusion criteria, seven experienced a
rapid rate of ipsilateral hearing loss (=10dB/mo) subsequent to or concurrent with high
maximum charge (=16nC); three individuals experienced no acceleration after high charge
exposure, four individuals had a high rate of hearing loss with no significant charge
exposure while 28 individuals had stable hearing in the absence of high charge (Table 2).
Thus, the odds ratio for a rapid rate of hearing loss after exposure to high charge is 16.3 —
further confirming a robust and statistically significant association (Fisher’s exact test,
p<0.01).

We then carefully examined the temporal pattern of HL in the patients from the Hybrid S8
trial. At least 3 sequential audiograms were performed on 82 of 85 subjects to allow for
comparison of HL progression over time. Consistent with prior reports, high rates of hearing
preservation are associated with Hybrid S8 implantation. Hybrid S8 recipients demonstrated
an average of 12.2 dB threshold shift one month following implantation, 1.2 dB/month in
the 3 months after activation, 0.2 dB/month from 3 to 6 months post activation, and 0.1 dB/
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month from 6 to 12 months post-activation (bold line in Figure 4). Thus, preserved hearing
typically remains stable after an initial mild post-operative HL.

Consistent with this finding, a frequency histogram of rate of HL of the implanted ear with
respect to the contralateral for individual subjects reveals that during the period from
implantation to activation, patients had the broadest range of HL with net threshold increase
occurring in the majority of patients (Figure 4, thin solid line). 65 of 82 (79.3%) had a mild
12 dB threshold change associated with implantation and identified at one month post
operative just prior to activation of the implant. In contrast, from activation to 4 months
post-operatively, most patient remained stable or improved with respect to the contralateral
ear (Figure 4, bold line). 15% however, experience HL acceleration >10dB/month during
this time interval that is denoted by a separate peak. No such separable peaks are noted at
later time intervals (Figure 4, dashed lines).

Two groups of subjects could be identified following activation of the implant and hearing
aid in the same ear. Group A subjects experienced threshold changes of less than 5 dB/
month after activation and ranged from a decrease of 24 dB to an increase of 27 dB (mean =
-1 +/- 1.2 dB). After activation, hearing in these ears subsequently improved (mean
threshold shift: =7 dB, n=39), remained the same (0 dB, n=7) or continued to worsen only
slightly (11 dB, n=19). Group B subjects, in contrast, 17 of 82 (20.5%), experienced more
rapid HL (>5 dB/month) after activation of the CI. Group B subjects experienced absolute
threshold changes ranging from a decrease of 19 dB to an increase of 64 dB (mean = 24 +/-
4.6 dB) in the implanted ear. Ten of these subjects experienced greater than 30 dB PTA
threshold shift. Figure 5 depicts the time course of threshold shifts for groups stratified by
rate of HL above (group B, thin solid line; n=17) or below (group A, dashed line; n=65) 5
dB/month after activation for all subjects (ALL, thick solid line; n=82). No difference was
seen in threshold shift between these two groups from the pre-operative audiogram to
activation suggesting the possibility that activation of the implant may be a critical turning
point for these patients.

Figure 6 illustrates the changes in PTA thresholds in the implanted and contralateral ears
one-year post implantation. Rate of HL was disregarded here and subjects were instead
divided into three groups based only on the severity of the observed long-term difference in
HL between ears. Group | subjects N=44/85 (52%) had less than a 10 dB difference between
the two ears. This difference between the two ears is significant (paired T-test, p < 0.01). 25
patients (29%) had a 10.1-30 dB shift greater than the contralateral (Group I1). All of these
subjects retained sufficient hearing to use acoustic plus electric hearing. mean = 71 +/- 2
dB). 16 patients (19%) had a relative threshold shift greater than 30 dB (Group I11), which,
for 9 participants, led to an absolute threshold greater than 100 dB (mean = 102 +/- 3 dB).
Thus only 9 of 85 patients (10.6%) experienced a post-implantation threshold shift that
effectively eliminated residual hearing in the implanted ear. Figure 6 also demonstrates that
the HL in the unimplanted ear was roughly equivalent for patients across each of these three
categories.

When the time course of HL for Group Il patients is plotted individually (Figure 7), it is
apparent that threshold increased markedly and/or continued to increase after activation for
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many patients (bold lines), including some who went on to have the worst hearing outcomes.
As opposed to Groups | and Il, only a minority of patients in Group I11 experienced the
greatest rate of hearing loss between surgery and activation (dashed lines). For example, of
the nine patients that lost all residual hearing, four lost most of their hearing after activation.

The post-activation HL in the five subjects with high charge levels, the small subset of
subjects from the FDA trial that had post activation acceleration of HL and the association
of high charge with high post-activation rates of HL led us to explore the possibility that
high levels of ES may damage susceptible cochlear structures using an in vitro model. To
assess which cochlear elements might be most susceptible to high levels of ES we used an
organotypic cochlear preparation. Organotypic cultures exposed to high voltage (10V) ES (n
= 14) were examined in comparison to negative (n = 19) and positive (n = 12) controls. As
noted above, the overall charge delivered with this system was roughly an order of
magnitude greater (10x) than that delivered by Cls. Preliminary experiments indicated that
3V and 5V amplitude stimulation at 10 Hz for three hours did not cause a discernable loss of
hair cells or neuron/neurite damage. There were no significant differences in IHC or OHC
density after ES (10V) compared with the negative control (Figure 8). Further the organ of
Corti and most HCs did not exhibit any morphological changes following ES. On the other
hand, chronic membrane depolarization with elevated extracellular potassium (80K)
significantly reduced IHC and OHC density and altered hair cell morphology compared to
explants maintained in control and ES conditions (control 467 HC/mm, ES 452 HC/mm,
80K 142 HC/mm, p<0.001).

In contrast to the minimal effects seen in the organ of Corti, acute ES resulted in significant
damage to the peripheral afferent processes (neurites) emanating from SGNs to innervate
HCs. Both ES and 80K conditions caused loss of contact with the sensory epithelium and
blebbing of the distal terminals with loss of a significant number of neurites (Figure 9).
When quantified, neurite density (number neurites/m) was decreased significantly in the ES
(65% of control, p<0.001) as well as 80K condition (33% of control, p<0.001).

Discussion

Immediate minor increase in acoustic hearing thresholds following hearing preservation
cochlear implantation averaged 12.2dB and is likely related to insertional trauma or change
in fluid dynamics related to placement of the implant in the scala tympani. This high rate of
hearing preservation is consistent with previous reports'214, For 80% of patients, the rate of
HL slowed significantly or even reversed after this initial post-operative period. Another
group of subjects (20%) experienced greater than 5dB/month of threshold change following
activation of the electrical processing and application of acoustic amplification. The fact that
five patients demonstrated similar change following high intensity stimulation suggests that
high-amplitude EAS might negatively impact acoustic hearing. This association is most
marked with subject A1, who had minimal change in hearing threshold for over 6 months
until charge levels were increased. Thus, the possibility that high-intensity EAS damages
residual acoustic hearing was first suggested by the five patients reviewed, and is presented
here for the first time.
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Critical information can be inferred from examining the natural history of post-implantation
HL using serial audiometry. First, only 20% of all Hybrid S8 recipients experienced
acceleration of HL after activation. Thus, while mild post-implantation HL is common, late
ipsilateral HL infrequently occurs. Furthermore, this HL is not limited to the higher
frequencies, which would suggest basal cochlear pathology that might be attributed to a
delayed local response to the implanted electrode array. Finally, the time course is delayed
and occurs after electrode activation. In some cases the HL follows previous increases in
charge stimulation level, thus it is less likely to be due to some immediate change in
cochlear physiology after implantation, and more likely to be related to combined EAS
itself. Of note, many of the subjects that experience severe changes in hearing are unaware
of a dramatic threshold shift at the time of hearing loss. Thus, these events are less likely to
be secondary to an abrupt event and more likely to represent exacerbation of an ongoing
process. Indeed, the need for high amplitude ES based on psychophysical testing may
indicate a priori susceptibility. Other mechanisms, such as electrode migration,
intracochlear fibrosis or perilymphatic fistula, may also contribute, fully or in part, to the
accelerated hearing loss following activation. However, the patients did not complain of
other symptoms typical of perilymphatic fistula such as dizziness and there was no change
in the number of functional electrodes.

This association between high ES charge and late ipsilateral hearing loss is confirmed by our
odds ratio analysis which indicated that high charge is associated with an increased
likelihood of developing significant post-activation hearing loss (odds ratio = 16). If we
extrapolate from the FDA S8 trial and accept the prevalence of late acceleration of hearing
loss in hearing preservation implantees as 20%, we can estimate the relative risk of late
hearing loss as roughly three times higher in those exposed to high charge relative to those
who are not exposed. This univariate analysis may be confounded by additional variables,
such as implant type, materials or patient health status — which our dataset does not
address!’. Finally, intracochlear pathologies (e.g. fibrosis) that might necessitate higher
charge to reach stimulable neural elements of the cochlea cannot be excluded based on these
datal8. Nonetheless, the strength of the association discovered here is sufficient to provide a
basis for further study and should be considered by CI audiologists when programming
hearing preservation cochlear implantees. Unfortunately, initial HL in the first month after
implantation is identical between patients that go on to have rapid loss of hearing after
activation and those that do not — making it difficult to predict which patients are most
susceptible (Figure 5) to the late HL.

The effect of chronic ES on intact cochlear structures has been well documented in hearing
cats showing HC loss in close proximity to the implant with no additional damage to the
sensory epithelium secondary to ES19:20, Using TEM, Dodson et al showed that round
window ES in hearing guinea pigs causes damage to efferent synapses on the OHCs but
largely spares HCs and afferent neurons?t, More recently, Coco et al showed no damage to
functional HCs and small but significant rescue of SGNSs apical to an electrode array after
implantation and chronic ES in partially deafened cats22. Post-mortem human
histopathological studies likewise show preservation of IHCs and OHCs apical to the array
with no deleterious effect on the density of SGNs23. Guinea pig models of hearing
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preservation implantation have shown that acoustic hearing loss correlates with scala
tympani fibrosis24. Our preliminary evidence from exposure of organotypic cultures to high
voltage ES points towards a primary effect at the level of the afferent nerve terminal and/or
synapse with little effect on HCs.

Animal studies indicate that excitotoxic trauma to the cochlea primarily damages afferent
nerve terminals and afferent/IHC synapses?>. Puel et al examined the effects of high
intensity (120+ dB) noise in hearing guinea pigs demonstrating that in addition to expected
mechanical damage to OHCs, afferent peripheral nerve terminals were swollen and/or
disrupted?6. This effect was attributed to glutamate excitotoxicity, the predominant afferent
neurotransmitter, in that infusion of a glutamate antagonist mitigated nerve terminal, but not
OHC damage. They hypothesized that excess synaptic glutamate prolongs depolarization
causing osmotic imbalance, nerve terminal swelling and possibly even membrane
disruption. More recently Wang and Green showed a significant loss of post-synaptic
densities after exposure of organotypic cultures to glutamate agonists2’. Once again, HCs
and presynaptic ribbons were largely spared. Thus, afferent nerve terminals appear
particularly sensitive to excitotoxicity. Furthermore there is evidence to suggest that even
physiologic levels of glutamatergic synaptic activity may lead to peripheral neurite damage
when neurons are subjected to an inflammatory environment and TNFa in particular28: 29,

The damage to SGN neurites following high voltage ES of cochleotypic cultures is
consistent with the hypothesis that higher levels of ES damage afferent nerve terminals
while largely sparing HCs. The stimulator used in these studies allows for control of voltage,
but not current, output. It is not possible to replicate the stimulation parameters used in
human subject to those used in vitro due vast differences in tissue and media impedances
among other factors. Further, the exact current levels that the target cells are exposed to in in
Vvivo or in vitro preparations remain unknown. Therefore, we titrated the voltage level to the
point where we could first see an effect on the cytoarchitecture of our organotypic cultures.
Damage was first observed at 10V, a voltage which produces approximately an order of
magnitude greater charge/phase than levels used clinically in Cl patients. Lower voltages
caused no discernable effect. Further the stimulation level used in these experiments was not
generally cytotoxic as hair cells, neurons, and other cells did not die over the time-course of
observation. The only identifiable damage was degeneration of the peripheral afferent fibers,
a finding similar to excitotoxic damage caused to brief exposures to loud noise in animal

models and to glutamate agonists applied to cochlear explants like those used in this
study?25:26:27,:30,

Potential mechanisms contributing to the deleterious effects of ES on afferent nerve
terminals and synapses include the electrophonic response, antidromic propagation of action
potentials3! and/or exacerbation of damage from acoustic noise trauma. These mechanisms
may interact or combine in the context of resolving post-surgical inflammation to become
even more excitotoxic. Electrophonic responses represent an increase in OHC motility
induced by ES that in turn may increase basilar membrane/IHC responsiveness32.
Electrophysiologic animal studies provide evidence that electrophonic responses contribute
to EAS responses33. Interactions between acoustic and ES are nonlinear in that neuronal
spike rate will asymptote at the pulse rate of the electrical stimulus34. In most cases, increase
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in ES rate or level results in increased masking of the acoustic response in a predictable
fashion, likely related to electrically evoked refractoriness, limiting the likelihood of
“overdriving” the nerve. Furthermore a gradient of interaction exists such that acoustic
stimuli of low frequency and high amplitude are less masked3°. However, Miller et al report
that in rare instances (4% of studied fibers), ES responses are “enhanced” by acoustic
stimuli such that simultaneous presentation increases neuron spike activity above ES alone
in a nonlinear fashion34. Stronks et al similarly cite the electrophonic response to explain
nonlinear and delayed characteristics of combined electric/acoustic masking. Antidromic
stimulation of SGNs may interact with glutamatergic depolarization from electrophonic
stimulation to enhance excitotoxic damage. Likewise, noise damage may also be more
damaging in this milieu of post-surgical inflammation and high levels of ES.

Intra-operative steroid delivery to the inner ear has been shown to almost completely
ameliorate immediate post-implantation hearing loss in animals36-3°. In human ClI
recipients, intra-operative methylprednisolone infused into the middle ear affords a small but
significant amount of protection for residual hearing®°. Proposed mechanisms include
inhibition of inflammatory cascades by blocking TNFa and downstream apoptotic
pathways*1: 42 Again, it cannot be determined whether the delayed acceleration of hearing
loss seen in a minority of patients (20%) in this series represents a continuation of a post-
surgical inflammatory or fibrotic process that may be mitigated by glucocorticoids or, as we
propose, an excitotoxic process.

These potential mechanisms of HL are unique to EAS and require further study, particularly
in that they suggest diverse therapeutic modalities. Prevention efforts in this patient
population to date have focused on limiting surgical insertion traumal! or its downstream
inflammatory effects, primarily using glucocorticoids3’~40. Our data suggest that limiting
high intensity acoustic and electrical signals may also play a role in protecting ipsilateral
hearing. Steroid infusion into the inner ear at the time of implantation may mitigate the
inflammatory milieu in which excitotoxicity occurs but ultimately may not address the
underlying pathological process. Finally, these patient data are valuable in that they invoke
the need to model and unravel the physiologic and anatomic effects of combined acoustic
and electrical stimuli in cochleae with substantial low frequency residual hearing.

Conclusions

Ipsilateral loss of acoustic hearing after hearing preservation cochlear implantation may
limit benefit from combined modes of hearing. We show that in the few patients that lose
significant acoustic hearing over a month after surgery, high charge has a moderate and
statistically significant association with late hearing loss. Early evidence from organotypic
culture points to the primary afferent nerve terminal/synapse as a likely site of damage.
These data suggest that limiting exposure to potentially excitotoxic stimuli (e.g. loud noise,
high pulse amplitude and pulse width) may be critical for protection of low frequency
hearing in susceptible individuals. This information also informs and facilitates development
of appropriate cochleotypic and animal models to further characterize and potentially
ameliorate this phenomenon.
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Figure 1.

High levels of electrical charge were noted across electrodes in five patients at the time of
maximal HL. Maximum charge level (nanoCoulomb) is derived from the pulse width and
clinical level for maximum comfort that each patient was wearing at the time of their
greatest drop in hearing. Subject A1 was a participant in the S8 FDA clinical trial and wore
a 6 electrode array that has been spatially corrected to compare with T1, T2 and T3. The
latter are participants in the S12 FDA trial and have 10 electrode Hybrid arrays. L1 is a
participant in the L24 FDA clinical trial and wears a 22 electrode array. Normative data was
averaged from 47 standard-length Nucleus Contour Advance electrode CI users implanted
via a scala tympani cochleostomy and 16 standard-length Nucleus 422 slim straight CI users
implanted via the round window — both groups with no residual hearing. Error bars represent
standard error of the mean (SEM).
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Figure 2.

Hearing loss occurred subsequent to or coincident with high charge in these index patients.
Serial audiograms are depicted underneath serial mapping parameters for each patient. Each
data point above is derived from maximum comfort level worn for daily use at the time of
the corresponding audiogram averaged across all electrodes (Error bars = SEM). These
levels are then converted to nanoCoulombs to compare charge levels directly accounting for
both stimulus amplitude and pulse width.
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Figure 3.
Linear regression of peak rate of HL (dB/mo) as a function of peak electrical charge level

(nC) during he first 12 months of stimulation reveals a modest but significant association
(Pearson = 0.366, p=0.016).
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Figure 4.
A small subset of patients had high rates of HL after activation. A frequency histogram of

rate of HL shows that the majority of patients had rapid loss between implantation and
activation (~1 month post-operatively). For most of these patients rate of HL then decreased
or plateau-ed. The bold line depicts rate of HL from activation to 4 months post-operatively
- at the onset of ES. Here we see a bimodal distribution in that a small proportion of patients
had an increase in HL rate at this time.
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Figure 5.

Acute post-implantation HL (pre-op to activation) was uniform irrespective of post-
activation loss. The time course of threshold shifts for groups were stratified by rate of HL
after activation, i.e. when stratified into groups that had more or less than 5 dB/month of HL
after activation (n=65 and 17 respectively). No difference was seen in threshold shift
between these two groups from the pre-op audiogram to activation suggesting the possibility
that activation of the implant may be a critical turning point for these patients. As depicted
by the bold line, on average implantees lost 12.2 dB in the month after implantation, 1.2 dB/
month in the 3 months after activation (4 months post-implantation), 0.2 dB/month from 4 to
6 months post operatively, and 0.1 dB/month from 6 to 12 months post-operatively. Error
bars represent SEM.
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Figure 6.
Contralateral HL is equivalent irrespective of ipsilateral loss. All patients were stratified by

total threshold increase in implanted ears at 12 months post-implantation. Absolute
threshold is represented for both implanted and contralateral ears (error bars = SEM). Only
19% had loss >30 dB (Group I11). Contralateral threshold shift was equivalent across groups
indicating that HL in Group I11 was not due to progression of premorbid cochlear pathology.
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Figure 7.
HL increased after activation for many of those with the worst loss. Serial thresholds for

Group 11 (threshold change >30 dB) patients depicted. Bold lines represent patients with
marked HL after activation. Dashed lines represent patients for whom HL rate peaked
between implantation and activation.
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Figure 8.
Hair cells counts are unaffected by high voltage ES while depolarizing media is toxic to hair

cells. Depicted are IHC and OHC rows in Control, ES and 80K conditions. Scale bar = 20
pum. No significant differences were found in HC density of any subtype between ES and
control conditions. Top chart, error bars = SEM. Decreased HC density was seen in
organotypic cultures plated in depolarizing (80K) media when compared to both ES and
control conditions (p<0.001). All HC types were summed here due to the inability to
distinguish row in the 80K condition. Bottom chart, error bars = SEM.
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Figure 9.
Distal peripheral process density decreases with both high voltage ES and depolarizing

media. Depicted are peripheral processes in Control, ES and 80K conditions. Scale bar = 20
pum. The number of neurites/m differed significantly between all conditions (control, ES,
80K, p<0.001). Neurite density in ES and 80K conditions were 65 and 33% of control,
respectively. Error bars = SEM. Qualitatively, axonal blebbing and loss of normal neurite
bundle morphology increased along a similar gradient.
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Odds ratio for hearing loss after high charge

HL 210dB/mo | HL<10dB/mo | n

Charge 216nC 7 3 10
Charge <16nC 4 28 32
n 11 31 42

Otol Neurotol. Author manuscript; available in PMC 2016 July 01.

Table 2

Page 24



