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ABSTRACT

Changes in cochlear implant (CI) design and surgical
techniques have enabled the preservation of residual
acoustic hearing in the implanted ear. While most
Nucleus Hybrid L24 CI users retain significant acous-
tic hearing years after surgery, 6–17 % experience a
complete loss of acoustic hearing (Roland et al.
Laryngoscope. 126(1):175-81. (2016), Laryngoscope.
128(8):1939-1945 (2018); Scheperle et al. Hear Res.
350:45-57 (2017)). Electrocochleography (ECoG) en-
ables non-invasive monitoring of peripheral auditory
function and may provide insight into the pathophys-
iology of hearing loss. The ECoG response is evoked
using an acoustic stimulus and includes contributions
from the hair cells (cochlear microphonic—CM) as
well as the auditory nerve (auditory nerve
neurophonic—ANN). Seven Hybrid L24 CI users with
complete loss of residual hearing months after surgery
underwent ECoG measures before and after loss of
hearing. While significant reductions in CMs were
evident after hearing loss, all participants had mea-
surable CMs despite having no measurable acoustic
hearing. None retained measurable ANNs. Given
histological data suggesting stable hair cell and neural
counts after hearing loss (e.g., Quesnel et al. Hear
Res. 333:225-234. (2016)), the loss of ECoG and
audiometric hearing may reflect reduced synaptic

input. This is consistent with the theory that residual
CM responses coupled with little to no ANN responses
reflect a “disconnect” between hair cells and auditory
nerve fibers (Fontenot et al. Ear Hear. 40(3):577-591.
2019). This “disconnection” may prevent proper
encoding of auditory stimulation at higher auditory
pathways, leading to a lack of audiometric responses,
even in the presence of viable cochlear hair cells.

Keywords: electrocochleography, hearing
preservation, electric-acoustic stimulation, hybrid,
cochlear microphonic, auditory nerve neurophonic

INTRODUCTION

Cochlear implant (CI) electrode array designs and
surgical techniques have evolved such that preserving
residual acoustic hearing is likely after surgery. This
allows for combined electric and acoustic stimulation
(EAS) in the implanted ear, where a hearing aid and a
CI are integrated to provide low-frequency acoustic
amplification and high-frequency electrical stimula-
tion, respectively. EAS CI users achieve better speech
understanding abilities relative to electric-only hear-
ing (Helbig et al. 2011; Lenarz et al. 2013; Gantz et al.
2016, 2018; Roland et al. 2016, 2018; Pillsbury et al.
2018). EAS CI users implanted with the Nucleus L24
Hybrid CI maintain stable low-frequency audiometric
thresholds (125, 250, and 500 Hz) of 50–70 dB HL up
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to 5 years after implantation (Gantz et al. 2018;
Roland Jr et al. 2018). However, 6–17 % experience
total loss of acoustic hearing several months after
surgery (Roland et al. 2016, 2018; Scheperle et al.
2017). Total loss is defined as no audiometric re-
sponses from 125–8000 Hz. Regardless of electrode
manufacturer and length, a partial loss up to 30 dB
immediately and/or several months after surgery is
expected in 30–40 % of patients. This loss, however,
does not preclude use of acoustic amplification
(Lenarz et al. 2013; Van Abel et al. 2015; Scheperle
et al. 2017; Pillsbury et al. 2018; Roland Jr et al. 2018).

Initial loss of hearing is attributed to structural
trauma to the cochlea (e.g. Adunka et al. 2010).
However, the pathophysiology of “delayed-onset”
hearing loss is unknown, though there are several
theories. For example, changes in intracochlear
electrode impedances may reflect changes in the
cochlear tissue environment (Choi et al. 2017;
Scheperle et al. 2017) such as a fibrotic reaction to
the electrode array (O'Leary et al. 2013; Tanaka et al.
2014; Quesnel et al. 2016; Foggia et al. 2019). The
lateral wall placement of some hearing preservation
arrays may cause trauma to the stria vascularis,
compromis ing cochlear blood supply and
endocochlear potential, and resulting in high-
frequency hearing loss where the electrode resides.
However, stria damage is not associated with delayed
low-frequency hearing loss (Tanaka et al. 2014; Reiss
et al. 2015). Histological analysis indicates stable hair
cell/spiral ganglion neuron counts at all frequency
regions for implanted ears and non-implanted con-
trols (O'Leary et al. 2013; Tanaka et al. 2014; Reiss
et al. 2015; Quesnel et al. 2016). This suggests
alternative mechanisms such as compromised
endocochlear potential (Tanaka et al. 2014; Reiss
et al. 2015), changes in cochlear mechanics due to
intracochlear fibrosis (Choi and Oghalai 2005), or
other structural pathologies not visibly detected. The
stable hair cell/neural counts are also consistent with
our previous report of stable electrically evoked
compound action potentials (ECAPs) before and after
loss of acoustic hearing (Scheperle et al. 2017). ECAPs
are a direct measure of neural activity in response to
electrical stimulation, bypassing the hair cells and
synapse. The stable hair cell/neural counts and stable
ECAPs are consistent with the hypothesis of cochlear
neuropathy/synaptopathy following CI (Kopelovich
et al. 2015; Li et al. 2020).

Our lab has used electrocochleography (ECoG) as
an objective electrophysiological tool to monitor
peripheral auditory function over time in Hybrid CI
users (Abbas et al. 2017; Kim et al. 2018; Tejani et al.
2019; see Eggermont 2017 for review on ECoG). The
electrocochleogram consists of hair cell and neural
potentials. The cochlear microphonic (CM) is a hair

cell response that mimics the stimulus. The com-
pound action potential (CAP) is a neural response
occurring at the stimulus onset and offset, while the
auditory nerve neurophonic (ANN) is a sustained
phase-locked neural response. The summating poten-
tial (SP) presents as a baseline shift and may contain
both hair cell and neural contributions (Pappa et al.
2019). CM and ANN response thresholds and ampli-
tudes are stable for Hybrid CI users with stable
hearing, while declines in response thresholds corre-
late with declines in audiometric hearing, validating
ECoG as a longitudinal objective marker of peripheral
auditory function (Abbas et al. 2017; Kim et al. 2018;
Tejani et al. 2019). Our previous report also showed
one Hybrid CI user who had reduced, but still
present, CM responses at 14 months after surgery,
despite total loss of audiometric acoustic hearing
(subject L22R of Abbas et al. 2017).

The purpose of this study was to determine the
presence/absence of CM and ANN responses in L24
Hybrid CI users who demonstrated total loss of
residual acoustic hearing. If these Hybrid CI users
also show residual hair cell function (CM) but no
neural function (ANN) (as in subject L22R), this may
provide insight into the pathophysiology of delayed-
onset hearing loss and inform future medical thera-
pies.

METHODS

Subjects

Data from seven L24 Hybrid CI users were obtained
retrospectively from previous studies in our lab
(Abbas et al. 2017; Kim et al. 2018; Tejani et al.
2019) or were collected prospectively. The L24 Hybrid
CI is a 22-electrode array that has a shallow insertion
depth (16 mm) and is approved by the Food and Drug
Administration for hearing preservation (Lenarz et al.
2013; Roland et al. 2016, 2018). These seven study
participants were part of a larger cohort implanted by
authors BJG and MRH at University of Iowa Hospitals
and Clinics using hearing preservation protocols.
Hybrid candidacy guidelines included pre-operative
audiometric thresholds ≤ 60 dB HL at 125–500 Hz
and a high-frequency pure-tone average (PTA, 2000–
4000 Hz) ≥ 75 dB HL in the ear to be implanted.
These subjects were selected from our entire cohort
as they initially had low-frequency hearing preserved
in the implanted ear post-operatively, but later
experienced total loss of acoustic hearing (audiomet-
ric thresholds 9 115 dB HL at all frequencies 125–
8000 Hz). Additionally, they had ECoG testing done
before and after loss of acoustic hearing. The time
point of total hearing loss averaged at 9.15 ± 5.03
months after activation of the CI. Table 1 indicates
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subject demographics, including age, pre-operative
low-frequency PTA, and time point of total hearing
loss. This study was approved by the University of Iowa
Institutional Review Board. All subjects signed an
informed consent form.

Electrocochleography Recordings

Low-frequency tone bursts were presented to the
implanted ear via an insert earphone using both
condensation and rarefaction polarities. Stimuli fre-
quencies were 250, 500, 750, and 1000 Hz presented
at a 10-Hz stimulation rate. Presentation levels varied
from below behavioral detection threshold to the
maximal comfort level. An adaptation of the Neural
Response Telemetry (NRT) system contained within
Custom Sound EP was utilized to record responses
from the most apical electrode in the electrode array.
While the NRT system is normally used to record
electrically evoked auditory potentials, the software was
adapted to trigger an external acoustic stimulus
generator. The trigger pulse synchronized the onset
of stimulus generation with the onset of the recording
of the intracochlear acoustic response. For more
details regarding the software adaptation, see Abbas
et al. (2017), Kim et al. (2018), and Tejani et al.
(2019).

In all cases, a control recording was performed to
rule out transducer-related stimulus artifacts. To
obtain this recording, the stimulus was played at a

high intensity, but the insert earphone was removed
from the subject’s ear canal, with the transducer
remaining on the subject’s shoulder. The recorded
response should only reflect system noise floor and
artifacts related to switching on the internal NRT
recording amplifier. If there was also a transducer-
related stimulus artifact, the control recording wave-
form would look like a CM or ANN response. There
was no evidence of transducer-related stimulus arti-
facts in the control recording waveforms.

Recordings were repeated at several time points
after activation of the CI. These time points typically
coincided with their clinical checkup appointments,
and included 0.5, 1, 3, 6, and 12 months, as well as
annually after 12 months. Exact time points varied
based on study participants’ availability. Participants
were also seen for interim appointments if they
experienced a loss of acoustic hearing. Additionally,
while recordings were attempted for all stimulus
frequencies, we initially focused on 500 Hz due to
time/equipment limitations early in the experimental
protocol. For recent recordings, we were able to
record responses to all four stimulus frequencies
(250, 500, 750, and 1000 Hz).

Electrocochleography Analysis

Each ECoG recording consisted of an average of 100–
400 sweeps. Responses to condensation and rarefac-
tion stimuli were subtracted from one another to
emphasize the CM and added to emphasize the ANN
(Aran and Charlet de Sauvage 1976; Henry 1995;
Lichtenhan et al. 2013). Recognizing that the differ-
ence and summation technique does not result in a
pure separation of CM and ANN (Forgues et al. 2014;
Abbas et al. 2017), we refer to the difference
potentials as CM/DIF and the summed potentials as
ANN/SUM for the remainder of this report.

Figure 1 shows an exemplar waveform from subject
L81R tested at 0.5 months after activation of her CI.
The left panel shows the individual rarefaction and
condensation polarities in response to a 500-Hz
stimulus presented at 108 dB SPL. The middle and
right panels show the CM/DIF and ANN/SUM
potentials. Note that the CM/DIF oscillates at the
stimulus frequency while the ANN/SUM oscillates at
twice the stimulus frequency. ECoG amplitudes were
quantified as the difference in amplitude of the
trough and following peak of the time waveform over
one cycle (black circles in middle and right panels;
corresponding amplitudes shown in the upper-right-
hand corner of each panel). The cycle that was
chosen was located in the middle, steady-state, portion
of the response waveform. We chose the middle
portion of the response waveform to avoid any
onset/offset response that could confound the true

TABLE 1

Subject demographics, including age, pre-operative low-
frequency PTA, and time point of total hearing loss

Subject
ID

Gender Pre-
opera-
tive

pure-
tone
average
(125–
500 Hz)
(dB HL)

Date of
initial
activa-
tion

Age at
initial
activa-
tion
(years)

Onset of total
hearing loss
(months
after initial
activation)

L22R F 27 8/5/
2014

48 12.49

L32R F 22 5/24/
2014

60 15.89

L54R F 40 9/23/
2016

75 11.18

L55R M 50 9/13/
2015

74 2.84

L62L M 50 3/2/
2017

71 3.46

L66R M 40 5/17/
2017

77 12.16

L81R F 27 7/11/
2018

68 6

Subject Demographics
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CM/ANN amplitude (e.g., Fontenot et al. 2019).
Amplitudes were considered present if they were
above the recording noise floor. The noise floor was
obtained from the previously described control re-
cordings. The noise floor was 1.73 μV, which repre-
sents an average of noise floors across all seven
subjects (standard deviation = 0.70 μV).

RESULTS

While all subjects had preserved CM/DIF and ANN/
SUM responses following cochlear implantation, we
found total loss of ANN/SUM potentials in all seven
patients following total hearing loss. Figure 2 shows
the CM/DIF and ANN/SUM potentials for all subjects
in response to a 500-Hz stimulus before and after total
loss of hearing. Despite the higher stimulus levels
used after hearing loss (105–115 dB SPL), there is no
ANN/SUM response after hearing loss while the CM/
DIF response is still present, albeit at a reduced
amplitude. As the previously performed control
recordings contained no stimulus-related artifacts,
the experimental ECoG responses were judged to be
valid and not compromised by stimulus artifacts.

Figure 3 shows a summary of longitudinal ECoG
data collected from subject L32R. The left panel
shows serial audiograms obtained between 2 weeks
and 4 years after activation of her CI. The middle and
right panels show CM/DIF and ANN/SUM amplitude
growth functions, respectively, in response to 250, 500,
750, and 1000 Hz stimuli. These growth functions
were obtained at the same time as audiometric testing
and show growth of CM/DIF and ANN/SUM re-
sponses as the stimulation level increases.

As shown on the left panel of Fig. 3, L32R had
successful preservation of low-frequency hearing for
the first 10 months of CI use. A few months
afterwards, she experienced a substantial decline in
hearing. Steroids were prescribed, resulting in some

transient improvement in her 500 Hz audiometric
threshold between 16 and 17 months. Ultimately,
steroids were not successful in maintaining her
hearing, and at 20 months after CI, her audiogram
indicated a profound hearing loss at all frequencies
(audiogram not shown in the figure). At 48 months,
her audiogram continued to confirm a profound
hearing loss. Focusing on the 500 Hz ECoG amplitude
growth data, CM/DIF and ANN/SUM responses
collected prior to loss of hearing (0.5, 3, 6, and 10
months) show relatively stable amplitudes. At 16 and
17 months, higher stimulation levels were required to
evoke CM/DIF and ANN/SUM potentials, consistent
with her partial loss of acoustic hearing. In addition,
note that at 17 months, there is a transient improve-
ment in her 500 Hz ECoG amplitudes compared to
her 16-month appointment, reflective of the transient
improvement in her 500-Hz audiometric threshold.
Specifically, there was no ANN/SUM response at 16
months, while at 17 months, a response was present.
ECoG testing was not completed at her 20-month
post-activation visit, but at 48 months, despite the total
loss of acoustic hearing, CM/DIF potentials were
recordable with amplitudes of 10–20 μV (well above
the noise floor, albeit still reduced compared to pre-
hearing loss amplitudes), while ANN/SUM potentials
were not.

As another example, Fig. 4 shows longitudinal
audiograms, CM/DIF, and ANN/SUM amplitude
growth functions for subject L22R. At 12 months,
she experienced significant hearing loss, which led to
a partial reduction in 500 Hz CM/DIF responses and
a complete reduction in 500 Hz ANN/SUM re-
sponses. Steroids partially reversed her hearing loss,
and at 12.1 months, she showed improved audiomet-
ric thresholds, CM/DIF responses, and ANN/SUM
responses. However, she experienced total loss of
acoustic hearing shortly afterwards. Despite the com-
plete loss of acoustic hearing, CM/DIF responses at
amplitudes of 10 μV were still present at 60 months

FIG. 1. The left panel shows responses to a 500-Hz stimulus
presented in rarefaction and condensation polarities. The middle and
right panels show the resulting CM/DIF and ANN/SUM responses,
with their corresponding amplitudes indicated in the upper-right-

hand corner of each panel. The locations of the trough and peak
used to determine the amplitude are indicated by the filled black
circles
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after CI activation, while there was no evidence of
ANN/SUM responses.

Data for five other patients who also had total loss
of acoustic hearing are shown as Figs. 5, 6, 7, 8, and 9.
In all cases, CM/DIF and ANN/SUM responses were
present before loss of acoustic hearing. Similarly, after
total loss of acoustic hearing, CM/DIF responses were
present, but at reduced amplitudes, while ANN/SUM
responses were absent.

Figure 10 summarizes audiometric and ECoG data
collected for 500 Hz stimulation for all subjects, as the
greatest amount of data was available at this frequen-
cy. Specifically, we focus on data collected at one time
point before and one time point after total loss of
hearing, as specified by the table in the upper-left-
hand corner of Fig. 10. Figure 10A shows the total loss
of audiometric hearing at 500 Hz. Figure 10B and C
show CM/DIF amplitude growth functions before and
after hearing loss. After total loss of hearing, it is clear
that CM/DIF responses are still present, but at
substantially reduced amplitudes (≤ 10 μV) and that
higher stimulation levels are required to evoke the
CM/DIF responses. Figure 10D and E show the
presence and absence of ANN/SUM responses before

and after hearing loss, respectively, for all seven
subjects.

The results presented in Fig. 10 suggest both CM/
DIF and ANN/SUM response are reduced after total
loss of hearing. More specifically, in no cases were
ANN/SUM responses present after total loss of
hearing. One caveat is that for a given stimulus level,
the resulting ANN/SUM responses are smaller than
CM/DIF responses and closer to the noise floor
(Forgues et al. 2014; Abbas et al. 2017; Koka et al.
2017; Kim et al. 2018; Tejani et al. 2019). Thus, the
noise floor may obscure any true residual ANN/SUM
responses after total loss of acoustic hearing.

To address this concern, we extracted ECoG
data from 51 L24 Hybrid CI users in our research
database to build a model and form a prediction
of the ANN/SUM amplitudes given a set of CM/
DIF amplitudes. We reasoned that since the ANN/
SUM grows with the CM/DIF as the stimulus level
increases (e.g., Figs. 3, 4, 5, 6, 7, 8, 9, and 10), we
can model the growth of the ANN/SUM based on
the growth of the CM/DIF. Based on this model,
we then formed a prediction interval of the
expected ANN/SUM amplitude given the CM/DIF

FIG. 2. The left two columns show CM/DIF responses to a 500-Hz
stimulus prior to and after total loss of acoustic hearing. The right two
columns show the ANN/SUM responses prior to and after total loss
of acoustic hearing. Each row represents one subject. Response
amplitudes are indicated in the upper-right corner of each panel. Test

session in months and stimulation levels in dB SPL are indicated in
the upper-left corner of each panel. The locations of the trough and
peak used to determine the amplitude are indicated by the filled
black circles. There was no evidence of an ANN/SUM response after
hearing loss, despite the higher stimulation levels used
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amplitudes in our seven subjects after total loss of
acoustic hearing.

All 51 subjects used to build the model had
measurable acoustic hearing, as well as measurable
CM/DIF and ANN/SUM potentials. The subject set
did not include the seven subjects of the current
study. Figure 11 exemplifies how one subject was used
to build the model. ECoG amplitude growth functions
were obtained (Fig. 11, left panel). Subsequently, the
CM/DIF and the corresponding ANN/SUM poten-
tials were plotted against one another (Fig. 11, right
panel). Cases of no responses (0 μV amplitudes) were
excluded to avoid the aforementioned noise floor
issue.

Figure 12 shows CM/DIF as well as the correspond-
ing ANN/SUM amplitudes for all 51 subjects. The
ANN/SUM amplitude increases with CM/DIF ampli-
tude, which was verified by a linear mixed-effects
regression model. The outcome variable was the
ANN/SUM amplitude, the fixed effect was the CM/
DIF amplitude, and a random intercept for subjects
was included to account for the repeated observations

per subject as well as a random slope for CM/DIF.
The model was fit using SAS v9.4 with REML estimates
provided. The linear mixed-effects model verified that
an increase in CM/DIF was significantly related to an
increase in ANN/SUM (beta = 0.215, t32 = 6.39, p G
0.0001).

As a validation measure, the CM/DIF amplitudes
before hearing loss (Fig. 10B) were used as inputs to the
linear mixed-effects model to form a prediction
interval of the expected ANN/SUM amplitude based
on the CM/DIF amplitude. Figure 13 shows the
predicted and measured ANN/SUM amplitudes be-
fore hearing loss based on the measured CM/DIF
amplitude before hearing loss. The filled data points
represent the ANN/SUM amplitude growth functions
(same data as Fig. 10D), while the open symbols
represent the predicted ANN/SUM ± 95 % prediction
interval. The predicted ANN/SUM amplitude in most
cases overlaps with the measured ANN/SUM ampli-
tude, indicating how well the model fits the new data.

Note that the prediction intervals tend to be wider
for the larger ANN/SUM amplitudes, due to the

FIG. 3. Longitudinal audiograms and ECoG amplitude growth
functions for subject L32R. The left panel shows serial audiograms
from the pre-operative period to 48 months after activation of the CI
(NR indicates no response at the limits of the audiometer). The
middle and right columns show CM/DIF and ANN/SUM amplitude
growth functions for the corresponding time points. The solid line at

1.73 μV represents the noise floor. Each row represents a different
frequency from 250 to 1000 Hz. Note that before loss of hearing,
CM/DIF and ANN/SUM responses were present. After loss of
hearing, only CM/DIF responses were present, but at reduced
amplitudes, while ANN/SUM amplitudes were absent
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FIG. 4. Longitudinal audiograms and ECoG amplitude growth functions for subject L22R up to 60 months after activation of the CI. Details of
the figure are otherwise the same as those of Fig. 3

FIG. 5. Longitudinal audiograms and ECoG amplitude growth functions for subject L54R up to 12 months after activation of the CI. Details of
the figure are otherwise the same as those of Fig. 3
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FIG. 6. Longitudinal audiograms and ECoG amplitude growth functions for subject L55R up to 6 months after activation of the CI. Details of the
figure are otherwise the same as those of Fig. 3

FIG. 7. Longitudinal audiograms and ECoG amplitude growth functions for subject L62L up to 24 months after activation of the CI. Details of
the figure are otherwise the same as those of Fig. 3
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FIG. 8. Longitudinal audiograms and ECoG amplitude growth functions for subject L66R up to 22 months after activation of the CI. Details of
the figure are otherwise the same as those of Fig. 3

FIG. 9. Longitudinal audiograms and ECoG amplitude growth functions for subject L81R up to 6 months after activation of the CI. Details of the
figure are otherwise the same as those of Fig. 3
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nature of the original dataset used to build the model.
Most CM/DIF and ANN/SUM amplitudes are below
20 μV in the original dataset (Fig. 12). However, there
are several cases where CM/DIF amplitudes are much
higher than 20 μV while the corresponding ANN/
SUM amplitudes do not appreciably increase,
resulting in a wider prediction interval.

The CM/DIF amplitudes after hearing loss (Fig. 10C)
were used as inputs to the linear mixed-effects model
to form a prediction interval of the expected ANN/

SUM amplitude based on the CM/DIF amplitude
(Fig. 14). As previously shown in Fig. 10E, there were
no recordable ANN/SUM responses after total loss of
hearing. However, based on the CM/DIF amplitudes
recorded after loss of hearing, the model predicted
ANN/SUM amplitudes of 4–5 μV, which is well above
the noise floor. While the 95 % prediction intervals do
indicate smaller amplitudes below the noise floor
(which normally would lead to the 0 μV responses
shown in Fig. 10E), it is more likely that amplitudes

FIG. 10. Summary of audiometric thresholds and ECoG amplitude
growth functions for 500 Hz for all subjects at one time before and
one time after hearing loss, as shown in the table. Panel A:
audiometric threshold at 500 Hz before and after hearing loss. NR
signifies no response. B and C: CM/DIF amplitude growth functions
before and after total hearing loss. After total loss of hearing, growth

functions shift to the right, indicating that higher levels were needed
to evoke a CM/DIF response. Panels D and E: ANN/SUM amplitude
growth functions before and after total hearing loss. After total loss of
hearing, no ANN/SUM responses could be recorded. The black line
at 1.73 μV in panels B–E indicates the noise floor

FIG. 11. (Left) Exemplar CM/DIF and ANN/SUM amplitude growth functions in response to a 500-Hz tone burst. (Right) The same data, but
with the CM/DIF and the corresponding ANN/SUM plotted against one another
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FIG. 12. CM/DIF amplitudes and the corresponding ANN/SUM amplitudes plotted against one another for all 51 subjects

FIG. 13. Predicted and measured ANN/SUM potentials before loss of acoustic hearing. Bars represent the 95 % prediction interval. The
horizontal line at 1.73 μV indicates the noise floor
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should have been above the recording noise floor and
therefore present even after total loss of acoustic
hearing. Thus, we argue that the noise floor likely did
not obscure any true ANN/SUM response after total
loss of acoustic hearing.

DISCUSSION

We previously demonstrated that both CM/DIF and
ANN/SUM responses decline with partial loss of
audiometric hearing (Abbas et al. 2017; Kim et al.
2018). The current study extends our previous find-
ings by emphasizing L24 Hybrid CI users with
complete loss of residual hearing. When considering
recent studies by Fitzpatrick and colleagues, the
current results suggest a synaptic issue (Choudhury
et al. 2012; Fitzpatrick et al. 2014; Formeister et al.
2015; Fontenot et al. 2019). Fitzpatrick and colleagues
reported intraoperative ECoG measures using a
recording electrode placed on the round window
prior to cochlear implantation in hundreds of pa-
tients. Patients with large CM responses also had
measurable ANN responses and/or compound action
potentials, reflecting a healthier population of hair
cells that could support transmission of information
to auditory nerve fibers. Conversely, a small CM
reflected a “disconnection” between hair cells and
nerve fibers, leading to no audiometric hearing. They
reasoned this disconnection could explain why CM
thresholds are lower (better) then behavioral thresh-
olds for several patients in their studies. Their results
are consistent with the small CMs and no ANNs in our
subjects after hearing loss (Figs. 2, 3, 4, 5, 6, 7, 8, and
9). The “disconnection” theory of synaptic involve-

ment implies that despite some viable hair cell
function, there is compromised encoding of auditory
stimulation to the auditory nerve, leading to lack of
audiometric hearing in our subjects.

Since audiometric thresholds are strongly correlat-
ed with CM and ANN thresholds (Abbas et al. 2017;
Koka et al. 2017; Kim et al. 2018), the elevation in
thresholds for all three measures is likely affected by a
common mechanism. This mechanism is likely unre-
lated to hair cell or spiral ganglion neural pathology,
as hair cell, neural, pre-synaptic ribbon counts, and
post-synaptic receptor counts, are stable after loss of
acoustic hearing O'Leary et al. 2013; Tanaka et al.
2014; Reiss et al. 2015; Quesnel et al. 2016). In
contrast, Eshraghi et al. (2013) observed outer hair
cell loss, but their protocol involved extensive
electrode-induced cochlear trauma such that dramat-
ic shifts in both low- and high-frequency hearing were
observed. Similarly, ECAP measures reflect the re-
sponse of the auditory nerve to electrical stimulation
and could serve as a proxy of neural health. We
previously showed that ECAPs remained unchanged
before and after hearing loss in EAS CI patients
(Scheperle et al. 2017). Many of these patients had
partial loss of acoustic hearing, while the current
study focused on total loss. Unfortunately, the retro-
spective nature of the current study, as well as limited
subject availability, did not allow for proper compar-
isons of ECAPs before and after hearing loss. Only
subjects L32R, L55R, and L81R have ECAP data
before and after hearing loss. ECAP amplitudes and
thresholds for L32R and L55R were stable after total
loss of acoustic hearing while L81R presented with
reduced ECAP amplitudes and stable ECAP thresh-
olds at the apical electrodes. L32R and L55R ECAP

FIG. 14. Predicted ANN/SUM potentials after loss of acoustic hearing for all subjects. Bars represent the 95 % prediction interval. The
horizontal line at 1.73 μV indicates the noise floor
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results are consistent with our previous report
(Scheperle et al. 2017) and seem to rule out a neural
involvement. As a caveat, the L24 electrode array is
inserted to a 220- to 270-degree depth (Briggs et al.
2006; Lenarz et al. 2006; Driscoll et al. 2011),
corresponding to the 1500–2000 Hz place in the
cochlea (Stakhovskaya et al. 2007). Thus, ECAP
measures reflect neural activity from the cochlear
base and cannot definitively rule out neural involve-
ment at the cochlear apex where low-frequency
hearing loss occurs. However, histological studies have
shown stable neural counts in cochlear regions both
adjacent and apical to the electrode in cases of
delayed hearing loss (O'Leary et al. 2013; Tanaka
et al. 2014; Reiss et al. 2015; Quesnel et al. 2016).

A recent theory of delayed hearing loss involves an
interaction of tissue response and cochlear mechanics
(Foggia et al. 2019); this theory could account for the
reduced ECoG responses. A tissue response consisting
of fibrosis/osteoneogenesis has been observed at the
cochleostomy site (Tanaka et al. 2014) and the lower
basal turn where the electrode resides (O'Leary et al.
2013; Quesnel et al. 2016), but not in the apical turns
(O'Leary et al. 2013; Quesnel et al. 2016). In their
guinea pig model, O'Leary et al. (2013) showed that
fibrosis and osteoneogenesis were both correlated
with Auditory Brainstem Response (ABR) threshold
shifts at 8 kHz, a region apical relative to the electrode
array. These correlations were weaker or nonsignifi-
cant at frequency regions where the electrode resided
(16, 24, 32 kHz) and a region very apical (2 kHz). On
the contrary, Tanaka et al. (2014) did not see
correlations between fibrosis and low/high-frequency
ABR thresholds shifts (1, 6, 16 kHz) in their guinea
pig model. However, in addition to their smaller
sample size, their tissue measures were done at the
cochleostomy site rather than the electrode region.
Despite the lack of a tissue response at the apical turn
in both human and animal CI models (O'Leary et al.
2013; Tanaka et al. 2014; Quesnel et al. 2016),
computational simulations suggest that the tissue
response at the basal turn may compromise cochlear
mechanics and account for apical low-frequency
hearing loss (Choi and Oghalai 2005). This loss of
cochlear mechanics could account for the reduced
ECoG amplitudes, manifesting itself as reduced hair
cell function and synaptic input and leading to loss of
audiometric hearing.

The presence of fibrosis could account for elevated
electrode impedances in EAS patients with loss of
hearing seen in our clinic (Scheperle et al. 2017) and
elsewhere (Choi et al. 2017). Electrode impedance
reflects the intracochlear environment and the
electrode/electrolyte interface (Dymond 1976;
Tykocinski et al. 2005). Subjects L22R, L32R, and
L81R demonstrated elevated electrode impedances at

the time of their sudden hearing loss, and were
prescribed prednisone to reduce possible inflamma-
tory responses associated with sudden hearing loss
(Rauch et al. 2011). L22R and L32R demonstrated
temporary improvements in audiometric hearing
(Figs. 2 and 3), and while L81R did not see
improvements in audiometric hearing, she experi-
enced a temporary reduction in electrode imped-
ances. L81R was also explanted due to device failure
(presumably soft failure) and reimplanted with a full-
length 20-mm electrode array. During the revision
surgery, her surgeon (author MRH) noted extensive
fibrosis/ossification in the scala tympani, forcing him
to leave several electrodes extracochlear. These ob-
servations are consistent with histological data
(O'Leary et al. 2013; Tanaka et al. 2014; Quesnel
et al. 2016), and computational modeling (Choi and
Oghalai 2005), suggesting compromised cochlear
mechanics due to intracochlear fibrosis. We are
currently conducting complex impedance measures
and analyses that could provide further insight into
intracochlear fibrotic reactions in our EAS population
(Yang et al. 2019).

Based on their histological measures, Reiss and
colleagues (Tanaka et al. 2014; Reiss et al. 2015)
suggested trauma to the lateral wall and stria
vascularis contributes to loss of hearing in the high-
frequency cochlear regions occupied by the electrode
array. This theory cannot be addressed directly in our
human CI patients. Additionally, clinically speaking,
the high-frequency hearing present preoperatively in
our EAS patients is generally too severe to provide
functional use.

There are a few caveats regarding the ANN data.
While the lack of ANN responses may partly be due to a
noise floor issue, our statistical modeling suggests that
noise floor is likely not a major confound (Figs. 12, 13,
and 14). Secondly, summation of rarefaction and
condensation responses does not completely eliminate
CM and isolate ANN responses, as ANN responses are
likely contaminated by some CM responses, especially at
stimulation levels greater than 30–40 dB re: CM
response thresholds (Forgues et al. 2014). Lastly, neural
responses are susceptible to adaptation (Mouney et al.
1978). We previously showed that both CM/DIF and
ANN/SUM potentials were susceptible to adaptation,
though the ANN/SUM was more susceptible than the
CM/DIF (Abbas et al. 2017). Thus, ANNs collected prior
to hearing loss in the current study may be contaminat-
ed by some hair cell contributions, particularly at high
stimulus levels. These caveats also apply to the data from
the 51 subjects used in the model and can affect
modeling results. However, the contamination of the
ANN by the CM seems more problematic at high
stimulus levels relative to the CM threshold (Forgues
et al. 2014). For most subjects, we are not able to
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stimulate at such high levels without loudness discom-
fort issues, thus the contamination, while present, may
not be as problematic.

A fast Fourier transform (FFT) is generally used to
transpose the time domain ECoG waveform data into
the frequency domain, which allows identification of the
peak amplitude at the fundamental frequency of the
stimulus and subsequent harmonics (e.g., Koka et al.
2017; Fontenot et al. 2019; Tejani et al. 2019). This is a
more precise method of quantifying the strength of the
CM and ANN responses. ECoG amplitudes were
measured in the time domain for the current study
because the current study was partly a retrospective
review of data from Kim et al. (2018), where a short
recording buffer prevented high-resolution FFT analy-
sis. For other patients seen under protocols developed
by Abbas et al. (2017) and Tejani et al. (2019), longer
recording buffers allowed for high-resolution FFT
analysis but were still analyzed in the time waveform to
maintain consistency with Kim et al. (2018). However, in
the subjects that we could measure FFT responses, the
presence or absence of FFT responses was consistent
with the results based on peak measures reported here.
Additionally, since neural responses are susceptible to
adaptation, one can pick peaks from a single cycle of the
unadapted portion of the time waveform (e.g., subject
L32R, Fig. 2).

Minimizing hearing loss and cochlear trauma is the
ideal outcome of CI surgeries. When patients experi-
ence partial/total loss of acoustic hearing, sound
processors are reprogrammed to provide electrical
stimulation of low-frequency bands in addition to
high-frequency bands. However, compressing more
frequency information into a shorter electrode array
compared to a longer conventional electrode array
potentially decreases speech recognition (Başkent
and Shannon 2004, 2005) due to disruptions in
tonotopic matching (Landsberger et al. 2015). De-
spite the compressed frequency information, Hybrid
CI patients with profound/total loss of acoustic
hearing still show significant improvements in speech
understanding compared to pre-operative status,
though greater speech recognition benefits are seen
with better hearing preservation (Gantz et al. 2016;
Roland et al. 2016; Dunn et al. 2020). Thus, investi-
gating the possible causes of post-implant cochlear
trauma and/or hearing loss remains an important
topic in the CI literature to optimize EAS success.

The current study further demonstrates clinical
utility of ECoG in investigating hair cell and neural
function in EAS CI users. The reduced CM responses
in addition to the lack of ANN responses, in conjunc-
tion with previous electrophysiological (Scheperle
et al. 2017; Fontenot et al. 2019) and histological data
(O'Leary et al. 2013; Tanaka et al. 2014; Quesnel et al.
2016), support reduced synaptic input due to a

reduction in hair cell function. The exact pathophys-
iology is a multifaceted issue (e.g., fibrosis, bone
growth, stria trauma, synaptopathy), but if causes of
post-implant hearing loss can be identified, it will
guide future audiological and/or medical interven-
tions.
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