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ABSTRACT

Fibrous tissue and/or new bone are often found
surrounding a cochlear implant in the cochlear
scalae. This new intrascalar tissue could potentially
limit cochlear implant function by increasing imped-
ance and altering signaling pathways between the
implant and the auditory nerve. In this study, we
investigated the relationship between intrascalar tis-
sue and 5 measures of implant function in guinea
pigs. Variation in both spiral ganglion neuron (SGN)
survival and intrascalar tissue was produced by
implanting hearing ears, ears deafened with neomy-
cin, and neomycin-deafened ears treated with a
neurotrophin. We found significant effects of SGN
density on 4 functional measures but adding
intrascalar tissue level to the analysis did not explain
more variation in any measure than was explained by
SGN density alone. These results suggest that effects
of intrascalar tissue on electrical hearing are relatively
unimportant in comparison to degeneration of the
auditory nerve, although additional studies in human
implant recipients are still needed to assess the effects
of this tissue on complex hearing tasks like speech
perception. The results also suggest that efforts to
minimize the trauma that aggravates both tissue
development and SGN loss could be beneficial.
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INTRODUCTION

Many recipients of cochlear implants (CIs) demon-
strate remarkable recovery of hearing, but others do
not (Blamey et al. 1992; Moberly et al. 2016). Patients
also exhibit differences in hearing between stimula-
tion sites (electrodes) within ears (Zwolan et al. 1997;
Garadat et al. 2012; Schvartz-Leyzac and Pfingst 2016).
Because the purpose of the CI is to stimulate the
auditory nerve (Clark et al. 1984; Hochmair and
Hochmair-Desoyer 1981), variation in survival of spiral
ganglion neurons (SGNs) has been proposed to
explain variation in patients’ hearing with a CI
(Parkins 1985; Blamey et al. 1992). Some studies have
supported this hypothesis (Zhou and Pfingst 2014;
Seyyedi et al. 2014; Kamakura and Nadol 2016; Pfingst
et al. 2017; Schvartz-Leyzac and Pfingst 2018) but
others have not (Khan et al. 2005; Fayad and
Linthicum 2006). Furthermore, the studies showing
that variation in SGN density explains some of the
variation in CI function also show that much of the
variation in function remains unexplained (Kamakura
and Nadol 2016; Pfingst et al. 2011, 2017). Other
factors proposed to contribute to the unexplained
variability in CI function include patient age and
cognitive function at implantation, duration of deaf-
ness prior to implantation, etiology of hearing loss,
residual hearing and formation of fibrotic tissue and
bone in the cochlea after implantation (Blamey et al.
1992; Choi and Oghalai 2005; Green et al. 2007;
Heydebrand et al. 2007; Budenz et al. 2011; Holden
et al. 2013).

In this study, we focused on the fibrotic tissue and
bone (intrascalar tissue) that forms in the cochlea and
can fill the space between implant and nerve. This
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tissue is a common finding in human CI recipients
(Eshraghi et al. 2003; Seyyedi and Nadol 2014), where
it can be an impediment to reimplantation after
device failure (Côté et al. 2007; Reis et al. 2017); it is
also a common finding in animal studies (Shepherd
et al. 1983; Honeder et al. 2015; Ryu et al. 2015). The
formation of this tissue appears to be triggered by
trauma incurred during implant surgery, which leads
to activation of pro-inflammatory cascades (Bas et al.
2012a, 2012b; Eshraghi et al. 2013; Kel et al. 2013;
Zhang et al. 2015). The fibrous tissue that forms in the
cochlea is similar to that seen during wound healing
in other tissues (Kel et al. 2013; Zhang et al. 2015), but
is not restricted to the site of injury and may grow to
fill the fluid spaces of the inner ear and even be
replaced with bone (Li et al. 2007; Fayad et al. 2009).
The deleterious effect of this tissue on residual
acoustic hearing has been studied extensively (Choi
and Oghalai 2005; O'Leary et al. 2013; Burghard et al.
2014; Yamahara et al. 2018).

Intrascalar tissue is expected to affect electrical
hearing with a CI because the proteins and mineral
that comprise the tissue have intrinsically higher
impedances than the perilymph it replaces (Geddes
and Baker 1967; Gabriel et al. 1996). Still, it is not
clear that intrascalar tissue necessarily affects CI
function. Some studies have found a correlation
between intrascalar tissue and changes in impedance
(Richardson et al. 2009; Wilk et al. 2016), but others
reported no correlation between intrascalar tissue and
CI function (Honeder et al. 2015; Ishai et al. 2017).
One complication hindering studies of this relation-
ship is that SGN density also may be reduced by the
immune response to trauma (Ryan et al. 2002; Fayad
et al. 2009; Souter et al. 2012; Bas et al. 2015); which
could produce a correlation between intrascalar tissue
and CI function even if intrascalar tissue does not
interfere with communication between the implant
and the neurons. Another complication is that the
position of the implant within the inner ear can affect
electrical hearing (Shepherd et al. 1993; Schvartz-
Leyzac et al. 2020), so differences in function could
reflect differences in the original position or changes
in position due to tissue growth or other factors. In
addition, there may be changes in SGN physiology
that are not reflected in the number or morphology
of cell bodies in Rosenthal’s canal (Ramekers et al.
2014; Fransson et al. 2015; Jahn and Arenberg 2019).
Those changes could account for variation in CI
function that is independent of SGN number or
density but is correlated with intrascalar tissue,
providing a link between intrascalar tissue and CI
function that is independent of SGN density and
impedance.

The aim of this study was to test whether the
fraction of variation in CI function that is indepen-

dent of SGN function is correlated with intrascalar
tissue. Guinea pigs were treated to produce variation
in both SGN survival and intrascalar tissue by
implanting hearing ears, ears deafened with neomy-
cin, and neomycin-deafened ears treated with a
neurotrophin. Implant function was measured over
several months, then SGN density was quantified and
intrascalar tissue was categorized. Treatment groups
exhibited similar ranges of intrascalar tissue levels,
and within treatment groups, different intrascalar
tissue levels spanned similar broad ranges of SGN
density, permitting tests for independent effects of
these factors on CI function. SGN density was
significantly correlated with 2 of 3 psychophysical
measures and 2 electrophysiological measures.
Intrascalar tissue level did not have a significant effect
on variation that was left unexplained by SGN
variation. However, these results provide further
motivation to minimize surgical trauma and explore
other methods of reducing the activity of the immune
system to reduce both intrascalar tissue growth and
SGN loss.

METHODS

Overview

We used data from 52 guinea pigs in this study; all
were specific pathogen-free, pigmented males 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
Institutional Animal Care and Use Committee. After
training and implantation, these animals were used in
multiple psychophysical and electrophysiological stud-
ies. For most of the animals, a previous report
compared psychophysical and electrophysiological
functional data to spiral ganglion neuron (SGN)
survival (Pfingst et al. 2017). In the current study,
these and additional psychophysical and electrophys-
iological data are compared to the density of fibrous
and bone tissue near the stimulating electrode in the
scala tympani. In choosing the psychophysical and
electrophysiological measures to examine, we selected
some measures shown in a previous study to be
significantly correlated with SGN density (Pfingst
et al. 2017) and some related measures that were not
included in that study. Details of the training,
treatment, and testing procedures were presented in
previous publications (Kang et al. 2010; Pfingst et al.
2017) and are summarized below.

Prior to deafening or any other cochlear treat-
ments, guinea pigs were trained using a positive-
reinforcement, operant conditioning paradigm to
perform a stimulus-detection task. They were trained
to report detection of pure-tone stimuli between
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50 Hz and 24 kHz presented in a sound-attenuating
booth while harnessed facing a food dispenser and
water spout and they were tested under the same
conditions. After stable acoustic behavioral thresholds
were obtained, each animal was deafened with
neomycin in one ear to facilitate free-field acoustic
testing of the experimentally treated ear, which would
receive a cochlear implant. Animals were then
assigned to one of 3 groups differing in treatment of
the implanted ear (described below). After implant
surgery, animals were tested over a period of 4 to
21 months using electrical stimuli delivered to a
primary test electrode on the implant to obtain the
electrophysiological and psychophysical data. Because
it can take 120 days or more for psychophysical and
electrophysiological data to stabilize after implant
insertion and other treatments (Pfingst et al. 2015),
only data obtained after stabilization are reported in
this study. When the electrical testing was completed,
the animals were euthanized and the implanted ear
was prepared for histological examination. Survival
times from implantation to euthanasia varied for
several reasons, including differences in (A) time to
stabilization, (B) animals’ work habits, and (C) the
number of experiments in which animals participat-
ed. One animal was euthanized earlier due to health
issues.

Treatment Groups

The 52 guinea pigs included in this study were divided
into 3 treatment groups. The objective of these
various treatments was to obtain a population of
animals with a wide range of cochlear health (nerve
survival, hair cell survival, fibrosis, etc.). Also, there
was variability across animals in response to each
treatment type, which further contributed to the goal
of obtaining a large range of cochlear health across
subjects. The three treatment groups were as follows.
(1) An Implanted-Hearing (IH) group, N = 21, re-
ceived an implant in a normal-hearing ear that
received no other treatment. All of the IH animals
had some surviving inner hair cells and some residual
acoustic hearing at multiple frequencies post-implan-
tation. (2) A Neomycin + Implant (NI) group, N = 12,
was composed of 9 animals that were given a cochlear
injection of 5 % neomycin in the treatment ear prior
to the implant and 3 that received both neomycin and
an adeno-associated virus vector lacking a gene insert
(AAV.empty) before the implant. These ears were
treated as a single group because a previous study
found that implanted ears treated with neomycin and
those treated with both neomycin and AAV.empty
were not significantly different in SGN density
(Pfingst et al. 2017). None of the NI animals had
measurable acoustic hearing. (3) A Neomycin +

Neurotrophin + Implant (NNI) group, N = 19, was
given neomycin and an AAV vector with a
neurotrophin gene insert (neurotrophin 3—AAV.
Ntf3 , N = 17, or brain-derived neurotrophic
factor—AAV. BDNF, N = 2) prior to implantation.
The AAV vectors were serotype 2, which infects cells
in the membranous labyrinth, both in the area of the
deafened auditory epithelium and in other areas
including the lateral wall marginal cells (Pfingst
et al. 2017, appendix). Three of the NNI group
animals had surviving hair cells and residual hearing,
which could be due to incomplete deafening or
preservation of hair cells by the neurotrophin (sug-
gested by gene transfer of GDNF—Suzuki et al. 2000;
Kawamoto et al. 2003; Liu et al. 2008). Several studies
suggest neurotrophin treatment also may have im-
proved survival of synapses on the few surviving inner
hair cells (Wang and Green 2011; Sly et al. 2016;
Suzuki et al. 2016), including studies using AAV
vectors (Chen et al. 2018; Hashimoto et al. 2019).
The other 16 NNI animals with no surviving hair cells
also had no measurable acoustic hearing.

Cochlear Implants

All animals were implantedwith banded cochlear implants
(purchased fromCochlear Corporation, Englewood, CO).
Figure 1 (top portion) illustrates the implant location in
the scala tympani and the profiles of interest inside the
cochlea that were used for SGN density and tissue density
analysis. Each implant consisted of 8 band-type electrodes
surrounding a silicone rubber carrier, with dimensions as
illustrated in the bottom of Fig. 1 and a ground ball (~
1 mm) tucked into the muscle dorsal to the bulla. The
primary stimulation site for the psychophysical and
electrophysiological measures was the second most apical
electrode (Electrode #2). In the 2 ears where Electrode #2
failed, Electrode #3 was used, with no noticeable change in
the data. Stimulation was monopolar and went from the
primary electrode to a remote ground. For psychophysical
measures, current went from the primary electrode to the
ground ball. For electrophysiological measures, current
went from the primary electrode to the “anchor bolt”
(described below) because that configuration gave stron-
ger electrophysiological responses compared to using the
ground ball. Electrophysiological recordings were made
from an electrode adjacent to the primary electrode
(either apical or basal) ground to a screw on the vertex.

Deafening, Inoculation, and Implantation
Procedures

All surgical procedures were performed by the same
surgeon. The procedures have been described previ-
ously (Pfingst et al. 2017) and are briefly summarized,
below. For all surgical procedures, guinea pigs were
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anesthetized with ketamine (40 mg/kg) and xylazine
(10 mg/kg), placed on a heating pad and prepared
for surgery.

All animals received neomycin in the ear that was
not to be implanted. The cochlea was accessed
through a post-auricular incision, and neomycin
solution (60 μl of 10 % solution (w/v) or 10 μl of
5 % solution) was injected by syringe through the
round window. This procedure was performed after

training was completed and before any procedures
were performed on the ear that would be implanted.

There were 3 main protocols for the implanted ear;
in the simplest protocol, the animal received only the
implant and hardware for mounting electrical con-
nectors. An area of the skull surrounding bregma was
exposed and a small bolt was anchored to the skull
(specified as the “anchor bolt”) for mounting the
connector that interfaced with a stimulator/recorder

FIG. 1. Mid-modiolar section of a guinea pig cochlea (micrograph)
illustrates the implant location in the scala tympani (profile A) and
the profiles of interest inside the cochlea that were used for SGN
density and tissue density analysis (profiles A, B, and C in bold). Also

shown is a schematic of an eight-electrode scala tympani cochlear
implant, (below the micrograph); only the first 6 potentially
intracochlear electrodes are shown
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(described below) and as a reference for the primary
electrode stimulated during ECAP measures. An
additional screw was placed at the vertex for the
ECAP recording ground. Then, the cochlea was
accessed through a post-auricular incision and a
cochleostomy was performed. An eight-electrode scala
tympani implant was inserted 4 to 5 mm resulting in 5
to 6 intracochlear electrodes. The implant was
secured in place with a silk suture and Durelon at
the bulla; the ground ball tucked into the muscle
dorsal to the bulla; and the incision was closed.

In the second protocol, the 9 NI animals that did
not also receive AAV.empty were given neomycin in
the ear to be implanted, using the same procedure
that was used for the contralateral ears. Eight ears
received 60 μl of 10 % neomycin and 1 received 10 μl
of 5 % neomycin. After neomycin injection, the
animal underwent surgery for implant insertion and
attachment of associated hardware as described
above. Differences in neomycin amount and concen-
tration in the NI group stem from animals being
combined from multiple studies with varying treat-
ment paradigms. Regardless of the different dosages,
neomycin treatment resulted in severe depletion of
SGNs, which was the goal for this group.

In the third protocol, for the experimentally
treated ear of all 21 animals that received neomycin
and an AAV vector before the implant (3 NI animals
and all 19 NNI animals), a small cochleostomy
sufficient to admit the inoculation cannula was
performed and 10 μl of 5 % neomycin solution was
delivered through that opening into the scala tympa-
ni. After a 20-min wait time, the cannula was removed
and a drop of HEALON (hyaluronic acid; 10 mg/mL;
Abbott Medical Optics, Inc., Santa Ana, CA) was
placed on the cochleostomy to promote penetration
of administered substances through membranes. A
second cannula was inserted and 5 μl of the vector was
infused into the scala tympani. When the infusion was
complete, the cannula was removed and either the
cochleostomy was temporarily covered with a piece of
muscle and left alone for 30 min before proceeding
with the implantation or the cochleostomy and the
bulla were sealed with Durelon and left for 2 weeks
before implantation. Twelve animals were deafened,
inoculated, and then implanted 30 min after AAV
inoculation; 10 animals were deafened, inoculated,
and then implanted 2 weeks later in a second surgery.
The use of the 2-week delay between inoculation and
implantation was based on a concern that placing a
cochlear implant in the cochlea shortly after inocula-
tion might reduce the effectiveness of the inoculation;
however, SGN densities were not significantly differ-
ent (t(15) = 0.941, p = 0.362) and all NNI animals were
treated as a single group. After the waiting period, the
animal underwent surgery for implant insertion and

attachment of associated hardware as described
above, except that the previous cochleostomy was
exposed and enlarged to accommodate the implant.

Functional Measures

Five measures of CI performance were evaluated on a
standardized schedule, described previously (Pfingst
et al. 2017); all data reported here were collected after
electrical detection thresholds were considered stable
according to previously established criteria (Pfingst
et al. 2017) until termination. Some measures were
obtained for only a subset of animals due to schedul-
ing constraints; the numbers of animals in each
treatment group tested on each measure are listed
in Table 1. All stimulation and all electrophysiological
recordings used monopolar electrode configurations.
For animals with residual hearing, measurement of
acoustic thresholds alternated with the electrical
threshold testing.

Three psychophysical measures were analyzed in
this study: (1) multipulse integration (MPI) slope (the
change in thresholds in dB per doubling of pulse
rate); (2) thresholds for 200 ms trains of 25 μs/ph
biphasic pulses at 156 pps; and (3) thresholds for
single 25 μs/ph biphasic pulses. Psychophysical
thresholds used for comparison to histological mea-
sures were the average of three to five thresholds for
each condition. MPI slope was determined by fitting a
linear function to the threshold vs. pulse rate data.
Stimuli were 200 ms trains of 25 μs/ph biphasic pulses
with pulse rates ranging from 156 to 625 pps in steps
of doubling (31 to 125 pulses/200 ms stimulus).

The two electrophysiological measures used in this
study were: (1) electrically evoked compound action
potential (ECAP) amplitude growth functions (AGFs)
(ECAP amplitude vs. stimulus level); and (2) the IPG
Effect (effect of interphase gap (IPG) on the ECAP
AGF slope). For ECAP AGF slope recordings, a
biphasic pulse with a 45-μs phase duration and
2.1 μs or 3.0 μs interphase gap (IPG) presented at
50 pps for 20 iterations. The IPG Effect was calculated
as the difference between AGF slopes obtained using
the 2.1 μs and 30 μs IPG durations.

ECAPs were recorded in awake guinea pigs while
the animals were standing in the test cage. Electro-
physiological stimulation and recording utilized a
MED-EL “Pulsar” CI100 receiver/stimulator connect-
ed to the implant through a percutaneous electrical
connector, and to a standard PC via a Research
Interface Box (RIB II; University of Innsbruck).
Measurement parameters were controlled using cus-
tom software. For each session, the maximum stimu-
lus level (MSL) was determined using criteria
described previously (Pfingst et al. 2017), and re-
sponses were obtained for a set of 15 stimulus levels
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evenly spaced from zero to the MSL. This series of
responses was used to compute AGFs as described
previously (Pfingst et al. 2017). In brief, the N1 and P2
peaks of the response waveform were identified with
the aid of a custom-made Matlab program, and the
difference between their magnitudes (in μV) were
plotted against stimulus current (in μA). Then, the
linear portion of the AGF from 100 μV to the MSL was
fit by regression. All recordings obtained during the
stable period were used to compute the average AGF
slope during that period.

Histological Analyses

Animals were anesthetized and perfused transcardially
with either 4 % paraformaldehyde or 2 % glutaralde-
hyde with 0.15 M cacodylate buffer as described
previously (Pfingst et al. 2017). Temporal bones were
removed and decalcified for 3 to 6 months. Once the
implant was visible through the decalcified bone, a
mark was made in the lateral wall to indicate the
position of the primary stimulating electrode and the
implant was then removed. When decalcification was
complete, specimens were embedded in JB-4 and 3-
μm sections were cut starting just basal to the labeled
mark. Approximately 45 sections were collected per
cochlea and histological analysis began with the
section closest to the mark indicating the position of
the primary stimulating electrode. Four other sections
were chosen consecutively at least 6 μm apart to avoid
counting a cell twice. If a section was unusable due
preparation artifacts (including breaks or tears in
Rosenthal’s canal), the next usable section was evalu-
ated. Sections were stained with toluidine blue and
observed with a Leica DMRB microscope (Leica,
Eaton, PA, USA) and photographed with a CCD
Cooled SPOT-RT digital camera (Diagnostic Instru-
ments, Sterling Heights, MI, USA). These photo-
graphs, which spanned at least 39 μm, were used to
determine SGN density and the type and level of
intrascalar tissue near the primary stimulating elec-
trode.

For each selected slide, the cochlear profile
occupied by the primary stimulating electrode (usual-
ly the most basal profile that was visible) was
designated profile A, and the next two more apical
profiles were designated B and C (Fig. 1). For each of
those three profiles, SGNs in Rosenthal’s canal were
counted and the cross-sectional area of the canal was
measured using ImageJ (U. S. National Institutes of
Health, Bethesda, Maryland, USA). Only cells with
diameters between 12 and 25 μm and a visible nuclear
envelope of 5 to 9 μm in diameter were counted. Cells
showing signs of severe pathology (shrunken or
irregularly shaped soma) were not counted. SGN
density was calculated as the sum of the number of
cells counted divided by the sum of the areas of those
profiles. The region of interest for SGN density
calculations depended on the nature of the functional
measure. For analyses of psychophysical detection
threshold measures, only profile A SGN densities
(nearest the stimulating electrode) were used because
the current spread for stimuli at threshold levels was
assumed to be relatively small. For analyses of supra-
threshold (electrophysiological) measures, in which
higher stimulus currents were used and current
spread was assumed to be greater, average SGN
densities of profiles A, B, and C were computed.

To test whether the observed variation in
intrascalar tissue was affected by treatment, the tissue
in scala tympani of profile A was scored on a 3-level
scale (Low, Medium, or High). These scores were also
used in statistical analyses of the correlations of the
intrascalar tissue level with other histological mea-
sures and with the measures of CI function. The
assignment of scores was based on evaluation of a
region of interest defined as the area between the wall
of Rosenthal’s canal and the open space within which
the implant would have been located, where the
presence of intrascalar tissue was expected to have
the greatest effect on current flow between the
implant and the spiral ganglion (Fig. 2). When the
intrascalar tissue was limited to a thin layer along the
scala tympani wall, the implant’s position could not be

TABLE 1

Numbers of animals in each treatment group tested for each implant function measure

Measure Treatment group Total

IH NI NNI

Psychophysical
MPI slope (156 to 625 pps) 21 12 19 52
Threshold for pulse train (156 pps) 21 12 19 52
Threshold for single pulse (25 μs/phase biphasic) 11 9 19 39

Electrophysiological
ECAP AGF slope (45 μs pulse with 2.1 μs IPG) 6 4 18 28
IPG Effect (2.1 μs vs. 30 μs IPG) 6 2 16 24
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determined. In these cases, the region of interest was
considered to be the area of intrascalar tissue
immediately adjacent to Rosenthal’s canal (Fig. 2a).
When the proportion of the scala tympani occupied
by intrascalar tissue was larger, the region of interest
was defined by projection of Rosenthal’s canal onto
the open space that could have been occupied by the
implant (Fig. 2b–d). In this study, ears had either less
than 25 μm or more than 60 μm of intrascalar tissue
in the region of interest. No bone or cartilage was
observed in the region of interest when the intrascalar
tissue in that region was less than 25 μm thick.
Therefore, “Low” was defined as having less than
25 μm of tissue in the region of interest (e.g., Fig. 2a;
N = 21). This included 2 ears with no visible intrascalar
tissue anywhere in scala tympani. “Medium” was
defined as having more intrascalar tissue in the region
of interest than in the Low group but no bone or
cartilage in that area (e.g., Fig. 2b; N = 12). “High” was
defined as having more intrascalar tissue in the region
of interest than in the Low group and having any
amount of bone or cartilage in the region of interest
(Fig. 2c, d; N = 19). Ears scored as High ranged from
those with only a thin lens of cartilage in a fibrous
mesh (e.g., Fig. 2c) to those with bone nearly filling
the area around the implant (e.g., Fig. 2d). Of the 19
ears with the High tissue level classification, 3 had
only cartilage (no bone) in the region of interest, 9
had a mixture of tissue types, and 7 had all bone.

Statistical Analyses

All the following analyses were performed in R version
3.5.1 (R Core Team 2018). To test for associations
between intrascalar tissue level and treatment (two
categorical variables), contingency tables were con-
structed with the numbers of ears having each
possible combination of intrascalar tissue level and
treatment group. Then, Pearson’s χ2 test was per-
formed using function chisq.test to determine wheth-
er treatment had a significant effect on the intrascalar
tissue level. This analysis was performed first with all
three treatment groups to test for an overall effect of
treatment, then with each pair of treatments to
determine which pairs were significantly different.
To avoid type I errors when judging statistical
significance of the post hoc pairwise tests, we used
the table-wide Bonferroni criterion (p = 0.05 divided
by the number of tests).

Effects of intrascalar tissue level and treatment on
SGN density were evaluated by ANOVA, using the
function aov, which computes sequential (type I) sums
of squares to determine the variation attributable to a
factor. Separate analyses were performed on the
density in profile A and the average of the densities
in profiles A–C because profile A (which was closest to

the stimulating electrode) was used in analyses of
psychophysical measures and the average of densities
in profiles A–C (the 3 most basal profiles) was used in
analyses of electrophysiological measures (as ex-
plained above). These analyses were performed first
with all three treatment groups to test for an overall
effect of treatment, then with each pair of treatments
to determine which pairs were significantly different,
using the table-wide Bonferroni criterion to judge
significance in the post hoc pairwise tests.

ANOVA was performed to test for significant
effects of the three proposed factors, one continuous
(SGN density) and two categorical (level of intrascalar
tissue development and treatment groups). We also
tested for significant effects of all possible interactions
of those factors on each of the functional measures.
Distance from the implant to neural tissue could not
be determined from the histological specimens of
most animals, including all animals with intrascalar
tissue classified as Low; therefore, it was not included
as a factor. For psychophysical measures, SGN density
in profile A, only, was used; for electrophysiological
measures, the average SGN density in profiles A–C
was used. When the initial analysis demonstrated that
none of the interaction effects was significant, a
second test was performed using a reduced statistical
model that omitted the interaction terms, providing
better estimates of the effects of the factors. The
continuous factor, SGN density, was the first term
evaluated in each model, so the results of the other
tests in the ANOVA represent the effects of the factors
on the variation that was not explained by correlation
with SGN density. To provide a visual reference for
interpreting these statistical results, a linear regression
of each functional measure on SGN density was
computed using the lm function, which yields the
same proportion of variation explained and the same
p value for the significance of the continuous factor as
the ANOVA. That regression line was graphed on a
scatterplot of the data, with symbols coded to indicate
the treatment group and intrascalar tissue level,
thereby illustrating the deviations from the expected
values for members of the various subgroups.

RESULTS

Occurrence of Intrascalar Tissue

The proportion of ears with Medium or High levels of
intrascalar tissue was markedly lower in the IH group
than in the NI and NNI groups, which had received
neomycin prior to implantation (Fig. 3). A contingen-
cy table test performed on the 3 groups demonstrated
that there were significant differences among groups
in the proportions of ears in the three intrascalar
tissue levels (χ2(4) = 14.8, p = 0.005). Post-hoc pairwise
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tests demonstrated that the IH group, with 71 % of
ears at the Low level, was significantly different from
the NI and NNI groups, with G 22 % at that level
(χ2(2) 9 9, p G 0.008). The two neomycin treated
groups were not significantly different from each
other (χ2(2) = 0.35, p = 0.84); however, the NNI group,
which also received a neurotrophin treatment, had a
smaller proportion of ears with the High level of
intrascalar tissue (47 % vs. 58 %) and slightly larger
proportions of ears with Medium and Low levels than
the NI group. Thus, neomycin-treated ears tended to
have more extensive development of intrascalar tissue
than those that received only an implant. Adding a
neurotrophin treatment as well as the neomycin did
not induce an additional increase in the likelihood of
reaching at least the Medium level of intrascalar tissue
and may have slightly reduced the likelihood of
reaching the High level. Within the NNI group,
timing of neurotrophin treatment also did not have
a meaningful effect on the level of fibrosis (e.g., the
proportion of animals with intrascalar tissue scored as
High was 40 % in the delayed group vs. 42 % in the
simultaneous group).

SGN density in profile A was highest in the IH
treatment group, whether all intrascalar tissue levels were
combined or each level was analyzed separately (Fig. 4).
The NI group had the lowest average SGN densities
(whether intrascalar tissue levels were separated or
combined), and the NNI group had SGN densities that
were intermediate between the IH and NI groups.
Quantitative analysis confirmed that there was a strong
effect of treatment on SGN density in profile A (F(2,43) =
64.99, p G 0.001), and also that there was not a significant
effect of intrascalar tissue level on SGN density in profile
A, either independently (F(2,43) = 0.033, p = 0.967) or via
interaction with treatment (F(4,43) = 0.127, p = 0.972). Post
hoc pairwise tests indicated that even the smallest of the
differences between groups (120.5 cells/mm2 for NI vs.
282.6 for NNI) was very significantly different (F(1,29) =
8.5, p = 0.007) with a p value well below the table-wide
Bonferroni criterion for significance (p = 0.017).

Results for the effects of intrascalar tissue level and
treatment group on the average SGN density in
profiles A through C were comparable to those
obtained for profile A alone. There was a strong
effect of treatment on the average SGN density across

FIG. 2. Variability of intrascalar tissue found in implanted guinea
pigs. a Minimal tissue. b More extensive tissue with patches of bone
(dark stain and laminated) and cartilage (lighter and unlaminated). c
Similar to b, but with cartilage between the implant and the spiral
ganglion. d Implant completely surrounded by bone that fills most of
the scala. Blue lines illustrate the criteria used to delineate the
regions of interest for scoring the intrascalar tissue (the tissue
potentially between the SGN cell bodies in Rosenthal’s canal and

the implant), connecting the edges of the area occupied by the SGN
to the edges of the open space in scala tympani. Arrows indicate
patches of cartilage (green) and bone (magenta) in the intrascalar
tissue. Bar = 200 μm. Panel a is an example of a cochlea classified as
Low intrascalar tissue, b is an example of Medium intrascalar tissue,
and c and d are examples of High intrascalar tissue. See text for
further details
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the 3 profiles (F(2,43) = 121.4, p G 0.001), and there was
not a significant effect of intrascalar tissue level on the
average SGN density, either independently (F(2,43) =
0.483, p = 0.620) or via interaction with treatment

(F(4,43) = 0.234, p = 0.918). In addition, NI and NNI
groups differed least in average SGN density across
profiles A–C (105.6 vs. 309.8 cells/mm2), but were still
very significantly different (F(1,29) = 10.35, p = 0.003)

FIG. 3. Occurrence of intrascalar tissue differed between treatment groups. Bars indicate the percentage of subjects in each treatment group
with the indicated level of intrascalar tissue in the treated ear. Numbers above the bars indicate the number of subjects in each treatment group
with each level of intrascalar tissue

FIG. 4. Within treatment groups, intrascalar tissue development was independent of SGN density. Ears within each treatment group are sorted
and color-coded to indicate both SGN density and intrascalar tissue category. Special cases of intrascalar tissue are indicated by marks inside the
symbols: black + = no visible intrascalar tissue, white – = bone surrounding the implant filled the remaining space in the scala tympani

SWIDERSKI ET AL.: Intrascalar Tissue and Cochlear Implant Function 345



with a p value below the table-wide Bonferroni
criterion for significance.

These results demonstrate that reduction of SGN
density was associated with neomycin treatment and
that neurotrophin treatment moderated that reduc-
tion. In addition, differences in the level of intrascalar
tissue were not associated with differences in the
response of SGN density to these treatments. Neomy-
cin and neurotrophin may affect both SGN density
and intrascalar tissue level, but the response of SGN
density to those treatments was not correlated with
the observed differences in intrascalar tissue level.

Relationships of Intrascalar Tissue to
Psychophysical Measures

MPI slope was negatively correlated with SGN density
(t(50) = 5.77, p G 0.001, Fig. 5a), indicating the negative
slopes were steeper when SGN density was higher.
The correlation accounted for 40 % of the variation
in MPI slope. Individuals lacking intrascalar tissue had
MPI slopes in the same range as other animals with
similar SGN density. Likewise, individuals with bone-
filled scala tympani also had MPI slopes in the same
range as other animals with similar SGN density.
Animals in the IH group that had Low level of
intrascalar tissue and high SGN density spanned a
much larger range of variation for MPI slope than any
other subgroup in this study, and a large proportion
of animals in this subgroup had steeper MPI slopes
than were seen in any other subgroup; however,
ANOVA indicated that treatment group did not
account for a significant proportion of the variation
left unexplained by SGN density (F(2,46) = 0.07,
p = 0.932) and neither did the intrascalar tissue level
(F(2,46) = 1.37, p = 0.265).

Thresholds for 156-pps pulse trains also were
negatively correlated with SGN density (t(50) = 4.65,
p G 0.001, Fig. 5b), indicating the stimulus level
needed to elicit a response decreased as SGN density
increased. The correlation accounted for 30 % of the
variation in these thresholds. As with MPI slopes,
individuals with a bone-filled scala tympani had a
broad range of thresholds similar to all NI and NNI
animals, combined. One of the two animals with no
tissue in scala tympani had the highest threshold for
156-pps pulse trains in this study, the other had the
lowest. Again, animals in the IH group that had Low
level intrascalar tissue and high SGN density spanned
a much larger range of variation than any other
subgroup in this study. A large proportion of animals
in this subgroup also had lower thresholds than were
seen in any other subgroup. ANOVA indicated that
the treatment group did not account for a significant
proportion of the variation left unexplained by SGN
density (F(2,46) = 0.88, p = 0.421) and neither did the
intrascalar tissue level (F(2,46) = 0.37, p = 0.692).

Fig. 5. Relationships between psychophysical measures and SGN
density in profile A. Statistics are for regression of the functional
measure on SGN density using all individuals. Treatment group is
indicated by symbol shape (circle = IH, square = NI, diamond =NNI)
and intrascalar tissue level is indicated by color (red = High, blue =
Medium, green = Low). Special cases of intrascalar tissue are
indicated by marks inside symbols: black + = no visible tissue, white
– = bone surrounding the implant filled the remaining space in the
scala tympani
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Thresholds for single 25-μs pulses were not signif-
icantly correlated with SGN density (t(37) = 0.26, p
G 0.800, Fig. 5c); thus, the stimulus level needed to
elicit a response did not change as SGN density
increased. Again, individuals with bone-filled scala
tympani had a broad range of thresholds similar to all
NI and NNI animals, combined. There also were no
significant effects of treatment group (F(2,33) = 3.05,
p = 0.061) or intrascalar tissue levels (F(2,33) = 0.07,
p = 0.931) on differences in thresholds for a single,
short-duration pulse.

Relationships of Intrascalar Tissue to
Electrophysiological Measures

ECAP AGF slopes were significantly correlated with
SGN density (t(26) = 5.39, p G 0.001, Fig. 6a), indicating

slopes increased as SGN density increased. The
correlation accounted for 53 % of the variation, but
variability of this measure may be underrepresented
because the sample size for this data set was only 28
and many subgroups had 2 or fewer individuals. The
small subgroup samples meant that some interaction
effects could not be tested; but those that could be
tested were not significant (p 9 0.24). The available
data also did not demonstrate significant effects of
treatment group (F(2,22) = 0.11, p = 0.893) or
intrascalar tissue levels (F(2,22) = 0.13, p = 0.877) on
ECAP AGF slopes.

The IPG Effect on ECAP AGF slopes was signifi-
cantly correlated with SGN density (t(22) = 4.11, p
G 0.001, Fig. 6b). Thus, the IPG Effect increased as
SGN density increased, meaning the increase in ECAP
AGF slope due to the larger IPG was greater when
SGN density increased. The correlation accounted for
43 % of the variation in the IPG Effect. As with ECAP
AGF slopes, the sample size for this data set was small
and many subgroups were represented by few indi-
viduals. The small subgroup samples meant that some
interaction effects could not be tested, but those that
could be tested were not significant (p 9 0.33). The
available data also did not demonstrate significant
effects of treatment group (F(2,18) = 0.08, p = 0.924) or
intrascalar tissue levels (F(2,18) = 0.75, p = 0.485) on IPG
effect.

DISCUSSION

The aim of this study was to investigate the relationship
between measures of CI function and variation in the
tissue that formed in the scala tympani between the
implant and the nerves it stimulates, after accounting
for the variation in function that can be attributed to
variation in SGN density. We examined variation in 5
measures of CI function in guinea pigs with variation in
SGN densities produced by implanting CIs in hearing
ears (IH), ears deafened with neomycin (NI), or
neomycin-deafened ears treated with neurotrophin
(NNI). The IH group had a lower average level of
intrascalar tissue than the NI and NNI groups, which
were not different from each other. In addition, all
three groups differed in SGN density, but the NI and
NNI groups were more similar to each other than
either was to the IH group. However, in each treatment
group, all three tissue levels were observed and spanned
similar broad ranges of SGN density. Because of this
overlap, the level of intrascalar tissue was not signifi-
cantly correlated with SGN density. This independent
variation of intrascalar tissue and SGN density permitted
testing for independent effects of these factors on CI
function.

a

b

Fig. 6. Relationships between electrophysiological measures and
average SGN density in profiles A–C. Statistics are for regression of
the functional measure on SGN density using all individuals.
Treatment group is indicated by symbol shape (circle = IH, square =
NI, diamond =NNI) and intrascalar tissue level is indicated by color
(red = High, blue = Medium, green = Low). Special cases of
intrascalar tissue are indicated by marks inside symbols: black + =
no visible tissue, white – = bone surrounding the implant filled the
remaining space in the scala tympani
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Effect of Intrascalar Tissue on CI Function

The principal finding of this study was that incorporating
the variation of the level of intrascalar tissue with the
variation of SGN density in the statistical analyses did not
explain more variation in electrical hearing than was
explained by SGN density alone. SGN density explained
more than half of the variation in only 1 of the 5
functional measures (ECAP AGF slope, 52.8 %). For 2
measures, SGN density explained less than a third of the
variation (threshold for a pulse train at 156 pps, 30.2 %
and threshold for a single 25 μs/ph pulse, 0.2 %).
Variation in intrascalar tissue did not increase the
proportion of variance explained in any of the functional
measures, including twomeasures shown to predict inter-
ear differences in speech recognition in human subjects:
MPI (Zhou and Pfingst 2014) and IPG Effect (Schvartz-
Leyzac and Pfingst 2018). Still, we did not present
complex sounds comparable to speech and therefore
cannot rule out the possibility that intrascalar tissue may
have affected sound perception in ways that could not be
detected in this study.

Failure to find a significant effect of intrascalar tissue
in this study could be due to scoring the tissue in a small
number of broad categories. Such scoring tends to
produce within-group variances of the dependent vari-
able that are larger than would be obtained with smaller
categories, making it difficult to demonstrate that an
effect is significant even when it is large. However, in our
analyses, intrascalar tissue accounted for G 5 % of the
total variation, which is unlikely to be significant even
with much larger sample sizes. A more consequential
limitation of our data was that the small numbers of
implanted-hearing animals with Medium or High levels
of intrascalar tissue prevented evaluations of the effect of
intrascalar tissue on electrical hearing within this group.
However, both groups of neomycin-deafened animals
(with and without neurotrophin treatment) had more
substantial numbers of animals with Medium and High
levels of intrascalar tissue and in these groups there was
no evidence of differences in electrical hearing due to
differences in levels of intrascalar tissue. Either the effect
of fibrosis on perception is more subtle than can be
detected by these tests or it is much smaller than the
effects of other, uncontrolled factors.

Our results have implications for the effect of
intrascalar tissue on signal transmission from the
electrode to the neuron. Two of the measures
explicitly quantify psychophysical detection thresholds
and the third, MPI slope, represents the effect of
pulse rate on thresholds, while ECAP AGF slopes and
IPG Effects represent responses to variation in inten-
sity of stimulus. Thus, all 5 measurements could be
affected by increased impedance resulting in weaker
signals reaching the neurons. Our finding that there
was no independent effect of intrascalar tissue on

these measurements may seem to contradict data
showing that the fibrous protein and bone in the
intrascalar tissue have much higher impedances than
the perilymph that normally fills the scala tympani
(Geddes and Baker 1967; Gabriel et al. 1996). One
explanation for the apparent contradiction might be
that the intrascalar tissue is porous and is immersed
in, and permeated by, residual perilymph. Another
possibility is that implant position may be a confound-
ing factor (Shepherd et al. 1993; Schvartz-Leyzac et al.
2020). All functional data used in this study were
collected after electrical detection thresholds were
considered stable, so it is unlikely that the data
reflected changes in electrode position. However,
our histological data suggest that across-subject varia-
tion in position during the stable period could be
substantial (distance from modiolar wall could be 10–
200 μm, cf. Figure 2). Because implant position could
not be determined in a majority of animals, it is
possible that difference in electrode position could be
a factor in function after stabilization. Thus, the
combination of implant position and intrascalar tissue
might affect processing complex signals (words and
sentences) even if a gross change in impedance is not
apparent. To investigate this further may require
assessment intrascalar tissue development and im-
plant position at multiple time points.

Multiple Interacting Factors Determine the
Amount of Intrascalar Fibrosis and Bone

Another important result of this study is that Medium
and High levels of intrascalar tissue were more frequent
in animals deafenedwith neomycin (NI andNNI) than in
non-deafened (IH) animals. Because IH animals received
the same surgery and the same implant but usually had
little or no intrascalar tissue, differences in the level of
intrascalar tissue cannot be attributed to the implant or to
activation of the immune system by the aspects of the
surgical procedure experienced by all animals. Instead,
the differences in level of intrascalar tissue can only
reflect processes in the inner ear that differed between
repetitions of the procedure. We hypothesize that
variation in local trauma associated with implant inser-
tion, which was reduced but not eliminated by using a
single surgeon, contributes to variation in intrascalar
tissue in both groups and that the response is amplified
by the reaction to neomycin-induced cell death.

Intrascalar soft tissue and bone are reported to be
common findings in temporal bones of human CI
recipients (Eshraghi et al. 2003; Fayad and Linthicum
2006; Seyyedi and Nadol 2014) and are common
complications in revision/reimplantation surgeries
(Côté et al. 2007). Soft insertion has been proposed to
reduce the frequency of extreme fibrosis in human
recipients (Fayad et al. 2009; Kamakura and Nadol
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2016). Studies in mice suggest fibrosis is produced by
normal wound-healing processes, which may lead to an
amplified foreign body response (Bas et al. 2015). Thus,
different levels of intrascalar tissue may reflect different
levels of trauma. The implanted human temporal bones
with dense fibrous tissue and bone often have evidence
that implants passed through the spiral ligament or
basilar membrane, or fractured the osseous spiral lamina
(Eshraghi et al. 2003; Fayad and Linthicum 2006). These
severe injuries are rare in our guinea pigs and did not
occur in the 52 animals in this study; however, the CI was
inserted through a cochleostomy in all animals. Our
results suggest that the trauma and debris associated with
the cochleostomy usually were not sufficient by them-
selves to produce that High level of intrascalar tissue. In
addition to insertion trauma, the main factor affecting
immune system activation in our study was the extensive
hair cell death induced by the neomycin treatment.
Toxin-induced hair cell death has been shown to cause
upregulation of the immune system in mice (Kaur et al.
2015a, 2015b). In our study, implanted ears that also
received neomycin (NI and NNI groups) typically had a
higher level of intrascalar tissue consistent with a more
strongly activated immune system. Even so, many NI and
NNI ears had less severe intrascalar tissue than human
temporal bones with translocated implants, suggesting
that neomycin-induced cell death does not induce a local
immune response as strong as that induced by the
rupture of membranes or breakage of bone.

Neomycin treatment was the sole known variable
associated with an increase in the level of intrascalar
tissue in this study. Although there was a range of
outcomes in each treatment group, severe fibrosis is
more common after neomycin treatment, and that
frequency was not signif icantly altered by
neurotrophin treatment. These results raise the
possibility that the magnitude and mechanism of
hearing loss may be factors leading to higher levels
of intrascalar tissue. Additional studies are needed to
determine whether those higher levels are due to the
aminoglycoside or the activated state of the immune
system induced by an extensive ototoxic lesion. A
better understanding of the time course of immune
system activity after ototoxic drug exposure could
have important implications for the treatment of
patients exposed to such compounds, ranging from
the utility of immune system suppression to the
anticipation of complications after implantation.

Further Studies

Our analyses did not find a significant effect of
intrascalar tissue on electrical hearing beyond that
which was attributable to SGN density. Consequently,
the variation in CI function that was not attributable
to SGN density remained unexplained. Only SGN

density accounted for a significant proportion of
variation in any measure analyzed in this study, and
it usually accounted for less than 50 % of that
variation. It is possible that effects of intrascalar tissue
were obscured by factors unrelated to that tissue.
Some of these factors may be changes in nerve health
and functional state that are only partially correlated
with SGN density. For example, high counts of
peripheral processes are associated with high survival
of SGN somata and HCs in cochleae exposed to
relatively little trauma from CI insertion or other
treatments; however, the correlation is not perfect
(Pfingst et al. 2011). Thus, independent variation in
peripheral process survival may contribute to variation
in CI function. Reduction of soma size and distortion
of soma shape are associated with neuronal degener-
ation after HC loss (Ylikoski et al. 1974; Spoendlin
1984) and may affect the cell’s response to CI
stimulation (Ramekers et al. 2014). In addition, the
condition of Schwann cells and myelin sheaths may
affect nerve function even if the neurons, themselves,
are healthy (Prado-Guitierrez et al. 2006). Also, there
is variation in sensitivity and firing dynamics among
neurons within a tonotopic region in normal individ-
uals (Borg et al. 1988; Crozier and Davis 2014;
Shrestha et al. 2018); the surviving neurons represent
a sample of that variation, which may or may not be
biased. In addition, the variation of that sample may
have been transformed by the effects of the treatment
on the survivors. A quantitative investigation of biased
mortality and effects of treatments or age on sensitiv-
ity to stimuli might improve our understanding of
variation in CI function.

Even if additional studies were to support the
absence of an effect of intrascalar tissue on electrical
hearing that would not mean the tissue is wholly
benign. The development of this tissue has been
linked to loss of residual hearing in CI recipients
(O'Leary et al. 2013). One possible mechanism for the
loss is that the tissue forms a barrier preventing bulk
fluid displacement in response to stapedial loading,
eliminating the impedance matching function of the
middle ear (Quesnel et al. 2016). The tissue may also
block or dampen basilar membrane displacement,
impeding progress of sound waves through the ear
(Choi and Oghalai 2005; Kiefer et al. 2006). These
mechanical changes could also limit the effectiveness
of therapies that might be developed in the future,
such as hair cell regeneration treatments to repopu-
late the membrane with cells that are sensitive to its
movements (Kanzaki et al. 2002; Izumikawa et al.
2005). Also, wholly implantable devices that depend
on oscillation of piezoelectric materials by cochlear
fluids (Inaoka et al. 2011; Knisely et al. 2015; Zhao
et al. 2019) could be immobilized by tissue filling scala
tympani. Better understanding of intrascalar tissue
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could benefit future therapies and protect residual
hearing.
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