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Abstract

It is generally believed that the efficacy of cochlear implants is partly dependent on the condition
of the stimulated neural population. Cochlear pathology is likely to affect the manner in which
neurons respond to electrical stimulation, potentially resulting in differences in perception of
electrical stimuli across cochlear implant recipients and across the electrode array in individual
cochlear implant users. Several psychophysical and electrophysiological measures have been
shown to predict cochlear health in animals and were used to assess conditions near individual
stimulation sites in humans. In this study we examined the relationship between psychophysical
strength-duration functions and spiral ganglion neuron density in two groups of guinea pigs

with cochlear implants who had minimally-overlapping cochlear health profiles. One group

was implanted in a hearing ear (N = 10) and the other group was deafened by cochlear

perfusion of neomycin, inoculated with an adeno-associated viral vector with an Nf3-gene insert
(AAV.NIF3) and implanted (N = 14). Psychophysically measured strength-duration functions

for both monopolar and tripolar electrode configurations were then compared for the two
treatment groups. Results were also compared to their histological outcomes. Overall, there
were considerable differences between the two treatment groups in terms of their psychophysical
performance as well as the relation between their functional performance and histological data.
Animals in the neomycin-deafened, neurotrophin-treated, and implanted group (NNI) exhibited
steeper strength-duration function slopes; slopes were positively correlated with SGN density
(steeper slopes in animals that had higher SGN densities). In comparison, the implanted hearing
(IH) group had shallower slopes and there was no relation between slopes and spiral ganglion
density. Across all animals, slopes were negatively correlated with ensemble spontaneous activity
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levels (shallower slopes with higher ensemble spontaneous activity levels). We hypothesize that
differences in strength-duration function slopes between the two treatment groups were related

to the condition of the inner hair cells, which generate spontaneous activity that could affect

the across-fiber synchrony and/or the size of the population of neural elements responding to
electrical stimulation. In addition, it is likely that spiral ganglion neuron peripheral processes
were present in the IH group, which could affect membrane properties of the stimulated neurons.
Results suggest that the two treatment groups exhibited distinct patterns of variation in conditions
near the stimulating electrodes that altered detection thresholds. Overall, the results of this study
suggest a complex relationship between psychophysical detection thresholds for cochlear implant
stimulation and nerve survival in the implanted cochlea. This relationship seems to depend on the
characteristics of the electrical stimulus, the electrode configuration, and other biological features
of the implanted cochlea such as the condition of the inner hair cells and the peripheral processes.

Keywords

Cochlear implant; cochlear health; electrode configuration; spiral ganglion neurons; inner hair
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1. Introduction

Long-term functional and structural alterations occur in the auditory system in conjunction
with sensorineural hearing loss (Leake and Hradek, 1988; Ryugo et al., 1998; Shepherd

and Hardie, 2001; Lee et al., 2003; Shepherd et al., 2004; Butler and Lomber, 2013).

Animal studies have demonstrated considerable cochlear hair cell and/or auditory nerve fiber
degeneration. Both acute and progressive changes have been reported in the spiral ganglion
neurons (SGNs); these include demyelination of the soma with axonal preservation, loss or
demyelination of the peripheral processes, and loss of the SGNs (Spoendlin, 1975; Nadol,
1997; Shepherd and Hardie, 2001). Additionally, the central axons of the auditory nerve can
be susceptible to atrophic changes with prolonged auditory deprivation (Leake and Hradek,
1988; Nadol, 1997; Wise et al., 2017).

The cochlear implant (Cl) is an effective management approach for bilateral sensorineural
loss and is considered as one of the greatest achievements in modern medicine. Cochlear
health is believed to be crucial for the implant function. Specifically, functionality of the

Cl is based on the assumption that there should be healthy and functional populations of
SGNs near the electrode contacts in order to carry the electrical stimulation and information
effectively to higher processing centers in the auditory pathway (Pfingst et al., 1981,
Shepherd and Javel, 1997). Degenerative changes in the organ of Corti can result in variable
degrees of neural preservation across the implanted electrode array leading to differences in
sensitivity to electrical stimulation such that not all sites are equally optimal for electrical
stimulation.

Earlier studies from our laboratories and others demonstrated that functional measures vary
appreciably across sites of stimulation providing converging evidence for the effect of local
conditions near the stimulating electrodes on the implant function (Pfingst and Xu, 2004;
Pfingst et al., 2004; 2008; Bierer, 2007; Garadat and Pfingst, 2011; Cosentino et al., 2016;
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Carlyon et al., 2018). It has been proposed that across-site differences can be minimized by
either improving the biology of the inner ear through novel surgical and tissue engineering
techniques or by modifying the strategies for electrical stimulation of the sub-optimal sites
(Pfingst and Xu, 2004; Bierer and Faulkner, 2010; Garadat et al., 2012; Zhou and Pfingst,
2012; Pfingst et al., 2015; Goehring et al., 2019). The former approach has not yet been
achieved in human patients; whereas the latter is more readily feasible but requires sensitive
measures of variations in cochlear health. Extensive efforts have been made to estimate
variations in cochlear health in the vicinity of the implanted electrodes using various
behavioral and electrophysiological noninvasive measures (e.g. Bierer, 2007; Ramekers et
al., 2014; Pfingst et al., 2015; Abbas et al., 2017; Jahn and Arenberg, 2019; Mesnildrey et
al., 2020; Schvartz-Leyzac et al., 2020). Yet, the underlying mechanisms for variability in
implant function in relation to local irregularities are not completely understood.

One potential measure that can be used to assess cochlear health is the response threshold to
changes in pulse phase duration. The relation between threshold current and phase duration
is often referred to as a strength-duration function which is considered as a measure of

the excitation properties of neural tissue (Abbas and Miller, 2004). Several studies have
demonstrated that strength-duration functions can be predictive of variations in cochlear
health (Miller et al., 19954, b; Prado-Guitierrez et al., 2006; Ramekers et al., 2014). The
characteristics of strength-duration functions can additionally be affected by degenerative
changes in the auditory nerve fibers. For example, it has been shown that loss of the myelin
sheath can result in increased membrane capacitance (Tasaki, 1955) and that loss of the
peripheral processes can shift the site of action potential initiation to more central axonal
regions of the cell that exhibit larger diameter and heavier myelination (Javel and Shepherd,
2000). These structural changes can lead to complex alterations in the nerve excitability
which can be reflected by the properties of strength-duration functions.

There is also evidence that sensitivity to phase duration can be altered by mode of
stimulation such that monopolar (MP) stimulation can result in steeper slopes than are
obtained for tripolar (TP) stimulation (Smith and Finley, 1997; Miller et al., 1999; Chatterjee
et al., 2006; Chatterjee and Kulkarni, 2014). Generally, factors underlying differences in
phase duration sensitivity in relation to mode of stimulation are not well understood.
However, it has been hypothesized that by narrowing the spread of the electrical field

as in TP stimulation, there is a stronger contribution from surviving peripheral processes
and alternatively by broadening the electrical field as in MP stimulation, there is more
contribution from distant central axons thus shifting the site of excitation to the more distant
central processes (Miller et al., 2003; Chatterjee and Kulkarni, 2014).

The purpose of the current study was to determine whether psychophysical strength-duration
functions can serve as a measure to assess cochlear health. Effects of variations in cochlear
health and electrode configuration (MP, TP) on sensitivity to changes in pulse phase duration
were examined in two groups of cochlear implanted guinea pigs with different cochlear-
health profiles. Slopes of strength-duration functions were compared for the two treatment
groups in relation to their SGN density and ensemble spontaneous activity (ESA) data using
both electrode configurations. It was hypothesized that the two treatment groups would
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exhibit marked differences in their strength-duration functions depending on the electrode
configuration and their cochlear health.

2. Materials and Methods

2.1. Overview

Data reported in this manuscript were obtained as part of a series of studies conducted

in psychophysically trained guinea pigs over periods ranging from 7 to 26 months after
implantation. The general strategy in these studies was to train and implant animals,
follow functional measures over time until stable, then run a variety of experiments with
different measures, and finally, euthanize the animals and perform histological analyses.
In this study, data from fourteen animals was reported in earlier experiments (Pfingst

et al., 2017; Swiderski et al., 2020; Schvartz-Leyzac et al., 2019). Animals were adult
male guinea pigs bred and maintained by the Unit for Laboratory Animal Medicine at

the University of Michigan. The animal use protocol was reviewed and approved by the
University of Michigan Institutional Animal Care and Use Committee. Veterinary care and
animal husbandry were provided by the Unit for Laboratory Animal Medicine in facilities
certified by the Association for Assessment and Accreditation of Laboratory Animal Care,
International.

All Animals were trained using positive reinforcement operant conditioning techniques to
perform a stimulus-detection task. Once training was achieved, animals were implanted

in one ear with an animal Cl electrode array obtained from Cochlear™. Following
implantation, psychophysical detection thresholds for electrical stimulation were followed
over time until ears stabilized from surgical trauma and treatment (stabilization criteria were
described in Kang et al., 2010). Once stabilization was achieved, the phase duration data
were collected. Following completion of all data collection, ESA data were measured, and
animals euthanized and processed for histological analysis.

2.2. Subjects and treatment groups

Twenty-four specific pathogen-free pigmented guinea pigs weighing between 1 and 1.5
kg at the time of implantation served as subjects in these experiments. All animals were
maintained on a healthy calorie-restricted diet to facilitate operant psychophysical training
and testing using food reinforcement. Animals had free access to water, but were fed

only once a day, after each test session in order to keep them motivated to complete

the required behavioral task. Animals were trained to perform a detection threshold task
with acoustic stimuli. Once trained, they were deafened in one ear in order to control for
the assessment of any residual hearing in the treatment ear under free-field conditions.
Baseline psychophysical acoustic thresholds were then collected for the contralateral ear.
After baseline acoustic thresholds were measured for all animals, they were placed in one of
two experimental groups.

Both groups were implanted in the remaining ear, but with two different protocols. The
first group consisted of ten animals that were implanted in the non-deafened ear (hearing
ear). Animals in this group demonstrated residual hearing and high SGN survival in the
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area of the implant and/or apical to it. The second group consisted of fourteen animals

that received a cochlear injection of 5% w/iyneomycin sulfate solution, to deafen the
treatment ear, followed by cochlear inoculation with an adeno-associated or adeno- virus
with a neurotrophin gene insert (AAV.NIF3, AAV.BDNF, AAV.Ntf3 BDNF or Ad. BDNF +
dexamethasone) and then a cochlear implant. The neurotrophin inoculation typically resulted
in reduced degeneration of SGN neurons in the deafened ears (Pfingst et al., 2017) and

also regrowth of peripheral neurites into the basilar membrane area (see Shibata et al.,

2011; Budenz et al., 2012); this in theory would minimize the secondary SGN degeneration
process that occurs in neomycin-deafened guinea pigs at a much more rapid rate than that

in humans (Nadol et al., 2001; Fransson & Ulfendahl, 2017) which would allow us to assess
the functional effect of SGN in the absence of IHCs. For simplicity, we will hereafter refer
to the first group that received the implant in a hearing ear as the implanted-hearing (IH)
group and the second group that was injected with neomycin, inoculated with viral-mediated
neurotrophin, and implanted as the neomycin + neurotrophin + implant (NNI) group.

2.3. Deafening, inoculation, and implantation procedures

All surgical techniques were performed under ketamine (40 mg/kg) and xylazine (10 mg/kg)
anesthesia; these were previously described in detail (see Pfingst et al., 2017) and are
summarized here. In general, the cochlea was accessed by exposing the temporal bone
through a post-auricular incision followed by opening the bulla. For ears that were deafened,
neomycin sulfate solution (10 L, 5% wA) in sterile water was administered to contralateral
non-implanted ears slowly through the round window with a syringe and needle, and to
implanted treated ears through a small hand drilled cochleostomy in the basal turn of the
cochlea with a cannulated syringe and infusion pump at a rate of 5 ul/min. For animals
receiving neurotrophin gene therapy, ears were inoculated, 20 minutes after deafening,
through the same small cochleostomy with 5 pl neurotrophin using a new cannula and
infusion pump at a rate of 1 pl/min. In this NNI group, half the animals were implanted 30
minutes after neurotrophin inoculation and half were implanted 2 — 4 weeks later. Delayed
implant insertions were an attempt to improve neurotrophin uptake through decreased
displacement of the neurotrophin solution at the time of inoculation surgery. It is important
to note that these group differences in time interval between inoculation and implantation
did not affect any of the physiological or psychophysical data reported in this study.

Prior to cochlear implantation, an inverted bolt, which we call the “anchor bolt”, was
secured to the skull on the bregma with three screws and methyl methacrylate; this
anchor bolt was used to secure the implant connector to the skull and as a ground
reference for the ESA measurements. Following placement of the anchor bolt, all animals
were implanted unilaterally by inserting the implant into the scala tympani through a
cochleostomy created (IH group) or enlarged (NNI group) with a diamond bur. Implants
(purchased from Cochlear™) consisted of eight banded (N = 14) or half-banded (N =
10) electrodes surrounding a silicone rubber carrier and spaced at approximately 0.75
mm center to center. Implant insertion depths ranged from 5 — 6 electrodes in the

basal turn (banded) to all 8 electrodes throughout the first turn (half-banded). In these
experiments, the primary electrode for stimulation and recording was located anywhere
from 2.2 — 6.1 mm (banded averaged 2.9 mm and half-banded averaged 5.1 mm) apical
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to the cochleostomy. Specifically, the second most apical electrode was the default primary
intracochlear electrode. If that electrode failed the third or the fourth electrode was used; this
was used only in two subjects. All electrodes were implanted in the basal turn of the scala
tympani.

2.4. Psychophysical procedures

These procedures were previously described in detail (see Pfingst et al., 2017) and are
summarized here. All psychophysical testing was completed in custom built wire-mesh test
cages located inside sound-attenuating chambers manufactured by Acoustic Systems (Model
RF Shielded Animal Test Chambers), Industrial Acoustics Corporation (Model 1201-A) and
Tracoustics (Models 240-B and 240-C). The cages were equipped with a response button,
feeder, water, and restraint system. Animals were trained to respond to both acoustic and
electrical stimuli using a positive reinforcement-operant conditioning paradigm. Stimulus
generation and delivery for all psychophysical testing were controlled by a locally written
program on personal computers.

To initiate a trial, animals were trained to depress a button for a variable observation period
of 1 to 6 sec and to release it once an acoustic signal was detected. The training stimulus
was a 2-kHz tone presented in 200-ms bursts separated by 100-ms intervals. Animals were
rewarded with a food pellet for only correct responses (releases of the button within 1 sec

of stimulus onset). Once animals responded reliably at a moderate intensity level, they were
trained to respond to lower stimulus levels. The psychometric functions were obtained using
10 to 20 trials per stimulus level; these stimuli were presented in a random order. In addition,
a sham trial with an inaudible stimulus was presented to determine the guess rate; data

was only accepted if this trial was <20 %. Threshold was defined as the level at which

the subject responded correctly on 50% of the trials; three measurements were obtained for
each condition in order to increase test-retest reliability. Acoustic psychophysical threshold
measurements were conducted periodically throughout the experiment for all implanted
animals with residual acoustic hearing using pure tone stimuli at 50, 100, 250, 500, 1 k, 2 k,
8Kk, 16 k, and 24 kHz.

After implantation, animals were tested with electrical stimulation using the same
procedure. Electrical thresholds for 25-pus 500-pps 200-ms-duration biphasic pulse trains
were followed overtime until post-surgical conditions in the cochlea and perception with the
implant stabilized (Pfingst et al., 2015). After stabilization, the phase duration data were
collected for MP and TP functions. To obtain each animal’s strength-duration functions,
psychophysical thresholds were measured for 200-msec trains of negative-leading biphasic
pulses at 100 pps using both MP and TP configurations. Phase durations ranged from 25 to
5000 ps. Three repeated measures were obtained for each stimulus and the average of these
three thresholds is reported in this paper. Electrical stimuli were delivered by a custom-built
voltage controlled constant current source.

2.5. Measurement of spontaneous activity

To estimate the level of spontaneous activity in the auditory nerve, ESA was recorded and
analyzed as previously reported by Dolan et al. (1990). Animals were tested at specified
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time intervals post implantation. ESA measurements described in this paper were obtained
on the same day or slightly before the day the animals were euthanized for histology.
Measurements were made under ketamine (40 mg/kg) and xylazine (10 mg/kg) in a
sound-attenuating booth (Acoustic Systems model AS02893). The electrical potentials were
recorded from the primary intracochlear electrode ground to the anchor bolt.

The recorded electrical potentials were filtered from 0.3 to 3 kHz, amplified with a gain

of 10,000, and transmitted to a spectrum analyzer with a sample rate of 256 kHz (SR760,
Stanford Research Systems, Sunnyvale, CA, USA). The frequency span of the SR760 was
from zero to 12.5 kHz which resulted in an analysis time record of 32- ms. Each record

was analyzed with a fast Fourier transform (FFT) using Blackman-Harris windowing. The
resultant FFT had a frequency resolution of 31.25 Hz; one hundred fifty FFTs were acquired
and averaged (linear, RMS averaging). Response levels (dB re 100 puV peak) were obtained
for each animal for the frequency range from 593.75 to 1312.5 Hz and an across frequency
average was calculated to facilitate comparison across animals with varying cochlear health.
The presence of spontaneous neural activity was indicated by a spectral peak typically
centered around 900 Hz. Waveforms from the SR760 were retrieved, stored, and processed
using a local MATLAB™ script.

2.6. Histological procedures

Following the completion of psychophysical and ESA data collection guinea pigs

were euthanized with a 1-mL intraperitoneal injection of sodium pentobarbital (\ortech
Pharmaceuticals, Dearborn, MI, USA) and perfused intravascularly with either 4%
paraformaldehyde (N = 16) or 2 % glutaraldehyde in 3 % cacodylate buffer (N = 8).
Temporal bones of the implanted ears were extracted with the implant in place.

For 10 of the animals, cochleae were decalcified in 5% EDTA with 0.25% glutaraldehyde
until the bone was sufficiently soft for sectioning and the CI electrodes became visible
through the bone. Then, the cochleae were marked in the lateral wall at the location of
the primary intracochlear electrode, the implant was gently extracted, and the cochleae
were embedded in JB-4 resin (Electron Microscopy Sciences, Hatfield, PA, USA). For
14 animals, cochleae were dissected for whole mounts. Without prior decalcification,
bone was carefully removed from the lateral wall of the cochlea and the location of

the primary electrode was noted before removal of the implant and the organ of Corti.
For 11 of these animals, the modiolus was also removed, decalcified in 5% EDTA with
0.25% glutaraldehyde, and embedded in JB-4 resin. Of the 24 animals, only 18 had usable
histological data for both SGN density and IHC assessment (IH = 7; NNI = 11).

Embedded tissues were sectioned at 3 um with a glass knife in the peri-midmodiolar plain at
the location of the primary intracochlear electrode which provided views of the six profiles
of Rosenthal’s canal that were labeled “A” through “F” as shown in the left panel of Fig.

3. Five sections were selected for SGN counting with the first section being closest to the
mark or noted distance of the primary electrode. If that section was damaged, the next
closest section was used. In order to prevent double counting, four other sections were
additionally selected at intervals separated by a minimum of six sections (for further details
see Kang et al., 2010 and Pfingst et al., 2017). The five selected sections were stained with
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toluidine blue and the SGN cell bodies in profiles A, B, C, and D were counted if they

had a 12-25 pm diameter and a nucleus diameter of 5-9 um. SGN survival was estimated
from the spiral ganglion packing density which was derived by dividing the nhumber of

cells counted by the cross-sectional area of Rosenthal’s canal (cells/mm?) which was
calculated using an ImageJ computerized image-analysis system. IHC survival was assessed
in peri-midmodiolar sections and counted in whole mount tissues which are described more
thoroughly in Pfingst et al. 2017 and Schvartz-Leyzac et al. 2019 respectively.

3. Results

As a general approach, psychophysical and histological data were compared for the two
treatment groups (IH and NNI). In presenting the results of this study, we first compared
treatment-group differences on measures of strength-duration functions, then we showed
the results of their histological analyses, and finally we examined the relation of strength-
duration functions to hair cells and SGN survival.

3.1. Thresholds

In this study, thresholds were not related to the implant insertion depth (£>0.05). Given

this finding, all threshold data were then subjected to a mixed-design analysis of variance
(ANOVA) with two within-subject factors: electrode configuration (MP, TP) and phase
duration (25, 50, 75, 150, 300, 625, 1250, 2500, 5000 us) and one between-subject factor:
treatment group (IH, NNI). Mauchly’s test indicated that the assumption of sphericity had
been violated for the within-subject variable of phase duration (X2(35) =281.078, p< 0.001)
and for the interaction of electrode configuration by phase duration (X2(35) =170.427, p<
0.001). Therefore, degrees of freedom were corrected using Greenhouse-Geisser estimates
of sphericity (e = 0.19 for duration and 0.29 for configuration by duration). In general,
electrode configuration (F(1, 22) = 152.818, p< 0.0001, np? = 0.874), stimulus phase
duration (F(1.5, 34.2) = 378.935, p< 0.0001, np? = 0.945), and treatment group (F(1,

22) = 11.627, p< 0.005, np? = 0.346) all significantly affected psychophysical detection
thresholds for electrical stimulation, and there were interactions among these variables. A
summary of these results is shown in Fig. 1 and Table 1. As shown in the left panel of

Fig. 1, results overall demonstrated differences between MP and TP electrode configurations
with lower thresholds for MP configuration (—45.2+0.9) than those for TP configuration
(—31.4£1.1). MP thresholds decreased more rapidly with increasing phase duration leading
to large differences at long duration; this was evidenced by the significant interaction
between electrode configuration and phase duration (F(2.333, 51.326) = 78.856, p < 0.0001,
np? = 0.782).

Additionally, there were differences in thresholds between the two treatment groups that
were dependent on electrode configuration (Fig. 1, middle and right panels). Group
differences were more evident using TP electrode configuration but were less noticeable
when MP configuration was used. This was suggested by the significant interaction
between electrode configuration and treatment group (F(1, 22) = 4.388, p= 0.048, np?=
0.166). Post hoc independent £tests revealed that there were larger group differences
between the IH group (-27.3+8.7) and the NNI group (=35.6£12.5) using TP stimulation

Hear Res. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garadat et al.

Page 9

(p<0.0001). In comparison, differences between the IH group (-43.3£13.7) and the NNI
group ((—47.03+16.5) were not significant in the MP configuration (0=0.078). Interestingly,
these group differences were also dependent on phase duration as suggested by a significant
three-way interaction among the three factors (F(8, 22) = 3.803, p< 0.001, np? = 0.147).
Post hoc #tests with Bonferroni’s correction for multiple comparisons revealed that group
differences in TP configuration were only significant (p<0.03) for phase durations =300 pis.
Overall, these results suggest that differences in the treatment groups were only revealed
when focused stimulation and long phase durations were used.

3.2 Strength-Duration Function Slopes

Analyses further showed that electrode configuration and treatment group also affected
strength-duration function slopes (shown in Fig. 2). In this study, slopes of the strength-
duration functions in dB/doubling of phase duration were calculated using the least-squares
linear regressions. Data were subjected to a one-way repeated measure ANOVA with
electrode configuration as the within-subject factor and treatment group (IH, NNI) as the
between-subject factor. As shown in Fig. 2 (left panel), results indicated that main effect

of within subject factor was significant (F(1, 22) = 103.625, p< 0.0001) such that slopes
were steeper for MP configuration (=7+1.4 dB/ doubling) than those obtained for TP
configuration (—4.4+1.6 dB/ doubling). Additionally, main effect of between-subject factor
was significant (F(1, 22) = 8.6, p< 0.01); specifically, slopes were steeper for the NNI group
(-6.3%0.31 dB/ doubling) than those obtained in the IH group (-4.9+0.37 dB/ doubling);
these differences can be seen in Fig. 2 (right panel).

3.3. Histology and Ensemble Spontaneous Activity

SGN densities and IHC assessments were only available for a subset of animals (IH = 7,
NNI = 11). SGN densities for these 18 animals are shown in the left panel of Fig. 3. SGN
densities in each of the three basal-half turns of the cochlea are shown (one animal in the
IH group only has SGN data for profile B due to the other profiles being damaged during
processing). The three analyzed profiles are labeled in Fig. 3 (right panel) where profile A
represents the region closest to the implant (i.e., the location of the primary stimulating and
recording electrode) and profiles B and C are apical to the implant (Pfingst et al., 2017).
Data were subjected to one-way repeated measure ANOVA with SGN density within each
profile (A, B, and C) as the within-subject factor and treatment-group (IH, NNI) as the
between-subject factor. Results demonstrated that the SGN density was not significantly
different across the three profiles (o> 0.05). However, main effect of treatment group was
significant (F (1, 16) = 49.3, p < 0.0001) suggesting that nerve-survival patterns for the two
groups were different as a result of the treatment approach with higher SGN density in the
IH than the NNI group.

Survival of IHCs is shown in the left panel of Fig. 3 as bold symbols. The percentage of
animals in the IH group who demonstrated IHC survival was about 50% in profile “A”, 71%
in profile “B”, and 83% in profile “C”; generally, all animals in the IH group exhibited IHC
survival in at least one profile. In comparison, only one of 11 animals in the NNI group (9%)
had IHC survival, and that subject had IHCs only in profile “C”. Overall, this suggests that
there was greater survival and preservation of hair cells in the hearing animals. To examine
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the effect of hair cells on nerve activity, spontaneous activity, presumably generated by the
hair cells, was compared for the two treatment groups. ESA recordings were available for all
24 animals; spectra of ESA recordings are shown in Fig. 4. ESA activity, as evidenced by a
spectral peak between 900 and 1000 Hz, in the auditory nerve was present in nine animals
in the IH group and was absent in thirteen animals in the NNI group. Peak response levels
averaged across the spectral range (593.75 — 1312.5 Hz) were higher for animals in the IH
group (=36.7 dB re 100 pV +4.1) than those obtained for the NNI group (-43.5 dB re 100
UV £2.4); these differences were statistically significant (¢ (22) = 5.175, p< 0.0001).

3.4. Relationship between strength-duration functions and cochlear health

To probe differences between the two treatment groups, slopes of strength-duration
functions for each animal were examined in relation to SGN densities in profile A (SGN-A;
the location at which the strength duration data were collected; profile B was used in one
animal due to damage of profile A) using linear regression analyses; results are shown in
Fig. 5. Results demonstrated that steeper slopes were associated with higher SGN-A density
for animals in the NNI group for both MP (r2=0.53, p<0.01) and TP (r2=0.43, p<0.03)
configurations, but there was not a significant relationship between slope and SGN-A
density for animals in the IH group. Those animals in the IH group that had low SGN
density and no surviving IHC had slopes similar to NNI animals with comparable SGN
densities; but IH animals with higher SGN density than NNI animals had much shallower
slopes than expected based on data from the NNI animals. The majority of IH animals with
high SGN densities also had surviving IHC, suggesting IHC survival may be associated with
shallower slopes. Similar results were found when profiles A through B and A through C
were used for comparison with the psychophysical data; however, SGN density for profile A
was used in this study to be consistent with previous results from our laboratory (Kang et al.,
2010; Pfingst et al., 2019).

Because inner hair cells are expected to generate spontaneous activity in the surviving
auditory nerve fibers, we evaluated the relationship between slopes of the strength-duration
functions and ESA levels (Fig. 6). Results demonstrated a modest relation between slopes
of strength-duration functions and spontaneous activity using TP (p=0.036) but not MP
configuration. Specifically, slopes were shallower in animals with relatively higher ESA
response levels and steeper in those with lower ESA levels. These results suggest that
spontaneous activity generated by the hair cells affected the integration of charge as a
function of phase duration.

In summary, results from this study demonstrated that there were measurable differences
in strength-duration functions between the two treatment groups as a function of electrode
configuration. The NNI group had lower thresholds for long-phase duration pulses and
steeper strength-duration function slopes than the IH group using TP configuration. These
results suggest that differences across animals were related to variations in cochlear health
and that focused stimulation is more sensitive to these variations.
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4. Discussion

The present study examined strength-duration functions in guinea pigs with variable
cochlear health conditions with the aim of understanding how the health of the implanted
cochlea relates to the integration of charge in pulsatile electrical stimuli. Using electrical
pulse trains with a range of phase durations, behavioral detection thresholds obtained
with MP and TP configurations were compared for two treatment groups. Overall, results
demonstrated considerable differences within and across treatment groups in slopes of
psychophysical strength-duration functions and in survival of inner hair cells and spiral
ganglion neurons. The strength-duration functions were also significantly affected by
electrode configuration (MP vs TP).

4.1. Group differences in strength-duration functions

The NNI treatment group had steeper slopes of strength-duration functions (-6.3+ 0.31

dB/ doubling) than those obtained for the IH group (=4.9+ 0.37 dB/ doubling). Slopes of
strength-duration functions are believed to be indicative of the integrative properties of the
neural elements being stimulated (Pfingst et al., 1991; Smith and Finley, 1997). Generally,
steeper slopes suggest a higher recruitment of activated auditory nerve fibers with increasing
current. This can be attributed to a number of variables including different sites of action
potential initiation, larger current spread, stronger synchronization, and better integration of
charge (Navntoft et al., 2020). Therefore, group differences in slope of strength-duration
functions may reflect variations in the animals’ overall sensitivity and the manner in which
they respond to electrical stimulation.

The NNI treatment group had also lower thresholds than those obtained in the IH

group. However, threshold differences between the two treatment groups were interestingly
dependent on the pulse phase duration; this was suggested by the different effects of phase
duration in the treatment groups. Specifically, thresholds were comparable for the two
treatment groups when phase duration was short (< 300 ps) but improved more rapidly

and were lower for the NNI group when long phase duration (= 300 ps) was used. This
perhaps suggests that long phase duration can be more reflective of group variations in
certain processes such as differences in recovery time and charge integration. First, when
using a pulse with long phase duration, lower current is typically required which can result
in prolonged refractory periods (Morris and Pfingst, 2000; Miller et al., 2001b; 2008; Bierer
and Middlebrooks, 2002; Battmer et al., 2004; Snyder et al., 2004; Hughes and Laurello,
2017). Animals with poor SGN survival has been shown to exhibit faster recovery times
than those with better cochlear health (Botros and Psarros, 2010; Ramekers et al., 2015).
Hence, threshold difference between the two treatment groups could be related to differences
in recovery times when a pulse with long phase duration was used.

Second, long phase duration is more likely to also reveal differences in charge integration
between the two treatment groups. Neural membranes are often referred to as a “leaky
integrator” such that the longer the duration of the pulse, the more charge can leak away
within the duration of the current pulse; subsequently leading to an increase in the amount
of current that needs to be injected in order to counteract the leaky behavior of the neural
membrane (Lapicque, 1907; Miller et al., 2001a; Undurraga et al., 2013). Group differences
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in charge integration can presumably be attributed to the presence or absence of spontaneous
activity and electrophonic responses of the auditory nerve. It has been reported that these
types of fiber activities can alter the temporal coding of the electric stimuli and cause
reduced fiber responsiveness in Cl animals with residual hearing (Miller et al., 2006). This
reduced neural responsiveness may lead to less efficient transmission of charge integration
to the central nervous system in the IH animals such that to initiate a spike, they may
require a higher current to compensate for membrane leakage with longer pulse durations.
Consistent with this hypothesis, our IH group had shallower slopes and higher thresholds
than the NNI group. On the other hand, the physiologic differences between the two
treatment groups seem to be less dominant for short phase durations which is considered

to be more efficient in terms of charge integration (Abbas and Miller, 2004). Collectively,
these results highlight differences between the two groups in charge integration with the IH
animals being less efficient.

4.2. Effect of electrode configuration

Using both modes of stimulation, general results demonstrated an inverse relation between
pulse phase duration and absolute behavioral thresholds with short phase durations having
higher thresholds and long phase durations having lower thresholds. This is consistent with
a number of electrophysiological, psychophysical, and modeling studies that demonstrated
a similar effect (van den Honert and Stypulkowski, 1984; Shannon, 1985; Parkins, 1989;
Moon, et al., 1993; McKay and McDermott, 1999; Miller, et al., 1995a; 1999; Shepherd and
Javel, 1999; Shepherd et al., 2001; Chatterjee and Kulkarni, 2014; Ramekers et al., 2014).
Additionally, as anticipated, MP stimulation resulted in lower overall detection thresholds
than those obtained with TP configuration (see Fig. 1). This effect was true for all animals
in both treatment groups. Generally, less current was required to reach behavioral thresholds
in the MP configuration due to the broad current spread caused by the large spatial distance
between the active and return electrodes (Smith and Finley, 1997; Miller, et al., 1999; Bierer,
2007; Litvak, et al., 2007; Snyder, et al., 2008; Chatterjee and Kulkarni, 2014). The MP
electrode configuration also produced more steeply sloped strength-duration functions than
those obtained for TP stimulation (see Figs.1 and 2). It has been suggested that steeper
slopes are associated with a larger neural population being recruited, which would be
expected due to the greater spread of excitation associated with MP stimulation (Frijns, et
al., 1995; Miller, et al., 1995a; 2003; Pfingst, et al., 2011; 2015; Navntoft, et al., 2020).

Group differences in behavioral thresholds (see Fig. 1, middle and right panel) were more
robust when using TP than when using MP electrode configuration. This was statistically
evidenced by both the significant two-way interaction between electrode configuration

and treatment group and the three-way interaction between electrode configuration, phase
duration, and treatment group. It has been hypothesized that site of action potential initiation
is likely to be affected by the size of the electrical field such that focused stimulation

can result in action potential initiation at more peripheral neural processes and broad
stimulation can result in action potential initiation at more central processes (Miller et

al., 2003; Chatterjee and Kulkarni, 2014). Our current results may support those earlier
hypotheses suggesting that electrode configuration may reveal differences in the stimulating
neural population and/or sites of excitation along the auditory nerve fibers (Chatterjee
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and Kulkarni, 2014). Taken together, the fact that differences between treatment groups
were more pronounced using TP electrode configuration suggests that there were intrinsic
variations across animals in sites of action potential initiation as a result of the treatment
approach and these variations were better reflected using focused stimulation.

4.3. Effect of cochlear health

There were considerable differences between the two treatment groups in terms of their
psychophysical performance and their histological analyses (see Fig. 3 and Fig. 4). Overall;
steeper slopes and lower thresholds were found for the animals with the lower SGN

density (NNI) than those obtained in animals with better cochlear health (IH). Yet, steeper
strength-duration slopes were associated with higher SGN-A density in the NNI group but
not in the IH group (see Fig. 5). These results suggest that the two groups of animals

utilized different mechanisms which were likely to be related to the extent of post-deafening
morphological alterations that induced functional variations in how SGNs integrate electrical
charge (Colombo and Parkins, 1987; Smit et al., 2008; Resnick et al., 2018).

First, some of these mechanisms could be attributed to activities driven by the IHC/auditory-
neuron synapse in the IH group. IHCs were preserved in all of the IH group animals
compared to only one subject in the NNI group that had very apical IHCs (Fig. 3, left

panel, Profile C). The presence of functional IHCs in the IH group was additionally
confirmed by higher ESA level. Spontaneous activity generated by the IHCs has been
generally reported to be higher in hearing animals (Miller et al., 2006; Kang et al., 2010;
Pfingst et al., 2017) and lower in profoundly deafened animals (Shepherd and Javel, 1999).
Alternatively, minimal or no spontaneous activity has been observed in ears with absent hair
cells (Hartmann and Klinke, 1990; Lopez-Poveda et al., 1997; Spassova et al., 2004).

Current results revealed that animals with higher ESA levels had shallower strength-duration
function slopes and those with lower ESA levels had steeper slopes (see Fig. 6). It is known
that the spontaneous activity generated by the hair cells put auditory nerve fibers in a state
of partial refractoriness causing adaptation-like changes that can make it more difficult

to achieve saturated responses (Miller at al., 2006). The IHC/auditory-neuron synapse is
considered one of the origins of this adaptation effect. This suggests that animals in the IH
group had a greater adaptation than those in the NNI group given that IHCs were preserved
in the IH group. Since this effect is bypassed in animals with no residual hearing, the
mechanism responsible for auditory nerve fiber responses to electrical stimulation as such
could be different in deaf cochleae (Javel, 1990; Dynes and Delgutte, 1992; Geurts and
Wouters, 1999; Goutman, 2017).

Current findings indicate that functional performance in healthy cochleae is largely mediated
by the properties of the IHC/auditory-neuron synapse while those with poor neural

survival and absent IHCs are rather mediated by more central processes. Therefore, site

of action potential initiation is probably different between the two treatment groups. With
IHC survival, some peripheral processes are more likely to be preserved and serve as

the site of action potential initiation. When peripheral processes serve as the site of

action potential initiation, it is assumed that they are more likely to exhibit different

neural membrane integrative properties than those of cell body central processes with
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larger diameter and heavier myelination. Alternatively, after pathologic alteration and the
degeneration of peripheral processes, site of action-potential initiation shifts towards more
distal central processes as reported by several physiological experiments (van den Honert
and Stypulkowski, 1984; Colombo and Parkins, 1987; Javel and Shepherd, 2000; Briaire and
Frijns, 2006). This may explain the relation between slopes of strength-duration function
and SGN density that was observed in the NNI group but not in the IH group. Overall,

we hypothesize that differences in strength-duration function slope between the two groups
were mediated by variations in the conditions of IHCs and the integrative properties of the
neural elements being stimulated near the implanted electrode. This relation was dependent
on both the phase duration and the electrode configuration that were used.

In summary, results showed that long phase duration is more reflective of animals’ variations
in sensitivity and the manner in which they respond to electric stimulation. In general,

using personalized fitting strategies that target the identification of across-site differences

in response to electrical stimulation and the removal of less optimal sites has been shown

to improve outcome in Cl recipients (Bierer and Faulkner, 2010; Garadat et al., 2012;

Zhou and Pfingst, 2012). However, the extent to which long phase duration could serve as

a predictive measure to estimate the variations in the local conditions near the implanted
electrodes in human cochleae cannot be determined in this study. The current study used a
pulse rate of 100 pps which is much slower than that implemented in the clinical CI speech
processor. Therefore, future studies need to examine these effects using a higher stimulation
rate comparable to that used in the clinical speech processor.

5. Conclusions

Present results demonstrated that strength-duration functions indeed served as a sensitive
measure to capture differences in cochlear health in the study animals. Overall, the NNI
treatment group had steeper slopes than those obtained in the IH group. Additionally, steeper
strength-duration function slopes were correlated with higher SGN-A density in the NNI
group but not in the IH group. Additionally, there was a modest relation between slope
steepness and ESA level activities such that higher ESA levels resulted in shallower slopes.
Collectively, there were considerable differences in strength-duration functions between the
two treatment groups that were highlighted in this study. Overall, findings suggest that
group differences in strength-duration functions may be driven by a complex interaction

of a number of different variables in relation to the overall cochlear health near sites of
stimulation and that stimulation with a TP electrode configuration is more sensitive to these
differences than stimulation with a MP configuration.
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Highlights
Strength-duration function slopes were predictive of spiral ganglion density
Slopes were negatively correlated with ensemble spontaneous activity levels

Differences in performance were pronounced using tripolar electrode
configuration

Performance was related to inner hair cell status and neural element properties
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Fig. 1:

A\?erage thresholds for all animals for the different phase durations (+1SD) are shown for
each electrode configuration (left panel) with the main effect of treatment group collapsed.
Group average thresholds (z1SD) are shown for MP (middle panel) and TP (right panel)
electrode configurations; the open symbols represent the IH group (n=10) and the filled
symbols represent the NNI treatment group (n=14).
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Fig. 2:

SI?)pes for the MP (dark bar) and TP (gray bar) electrode configuration are shown in the

left panel. In the right panel, differences between treatment groups as a function of electrode
configuration are shown; IH group are represented by white bars and the NNI group are
represented by gray bars. In these graphs, the solid lines in the box represent the median and
the dashed lines represent the mean. The upper and lower limits of the box plots represent
estimates of the 75t and 25! percentiles and the upper and lower whiskers represents
estimates of the 90" and 10t percentiles, respectively. The dark circles represent measures
that fell outside the 90t and 10™ percentiles.
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Fig. 3:

a) Density of SGN (profiles A, B, and C) are displayed in the left panel for the two groups.
Unfilled symbols represent SGN density for the IH group (N = 7) and filled symbols
represent those for the NNI group (N = 11). Bold symbols represent animals with residual
IHC survival. Symbols are jittered across the x-axis to avoid overlap. b) The right panel
displays a peri-midmodiolar section of a guinea pig cochlea demonstrating the labeling of
Rosenthal’s canal for reporting histological results (Pfingst et al., 2017). The profiles are
labeled as A through F in basal to apical direction. An eight-electrode array was used. The
primary electrode for stimulation was electrode 2. This section was taken at the location of
the primary electrode used for stimulation which was located in the vicinity of profile A for
banded electrodes and profile B for half-banded electrodes. In this particular example, the
implant location can be seen from the circular tract left in the tissue in profile A.
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Fig. 4:

ESgA recordings are displayed for the IH (N = 10; light gray traces) and NNI (N = 14; dark
gray traces) groups. Spectra from the IH group, in all but one animal, demonstrate peaks
between 900 and 1000 Hz suggesting spontaneous firing of the auditory nerve; the one IH
animal with no peak had low IHC survival and implant issues on the day of euthanasia.
Spectra from the NNI group show no peak with the exception of one animal who had
residual apical IHCs.
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Fig. 5:

SGN density (cells/ mm?)

The correlation between SGN-A density (cells/mm?) and strength-duration function slopes
for the IH (N = 7; unfilled symbols; solid lines) and the NNI (N = 11; filled symbols;

dashed lines) groups are shown for MP (left panel) and TP (right panel) electrode

configurations. The relationship between SGN-A density and strength-duration function
slope was significant using both MP and TP stimulation modes in the NNI group but not in

the IH group.
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Fig. 6:

ESA level (dB re 100 pV)

ESA levels (dB re 100 puV) were averaged over the frequency range between 593.75 to
1312.5 Hz and are plotted as a function of strength-duration function slope for both MP and
TP configurations. Data for the IH (N = 10) are represented by the unfilled symbols and for

the NNI (N = 14) are represented by the filled symbols. A modest but significant correlation

between strength-duration function slopes and ESA levels was found for TP and but not for

MP electrode configuration.
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Table 1.

Variable Significance Finding
Phase duration F<0.0001 Increasing phase duration leads to lower thresholds
Electrode configuration (TP vs MP) P<0.0001 Thresholds are lower for MP than for TP stimulation
Treatment group (IH vs NNI) p< 0.005 Overall thresholds were higher for IH animals than for NNI animals
Phase duration and treatment group p< 0.001 Effect of treatment on thresholds was more robust using long phase durations.
grlgﬁgode configuration and treatment = 0.048 Group threshold differences were more robust using TP electrode configuration
Electrode configuration, phase duration, p< 0.001 Effect of treatment on psychophysical thresholds was greater for TP stimulation

and treatment group

using longer phase durations
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