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Does the audiogram shape
influence the intracochlear
recording of
Electrocochleography during and
after cochlear implantation?

Sabine Haumann'?*, Max E. Timm?, Andreas Blichner?,
Thomas Lenarz*? and Rolf B. Salcher'?

!Department of Otorhinolaryngology, Hannover Medical School, Hanover, Germany, ?Cluster of
Excellence "Hearing4all’, Hanover, Germany

During cochlear implant (Cl) surgery, it is desirable to perform intraoperative
measurements such as Electrocochleography (ECochG) to monitor the inner ear
function and thereby to support the preservation of residual hearing. However,
a significant challenge arises as the recording location of intracochlear ECochG
via the Cl electrode changes during electrode insertion. This study aimed to
investigate the relationships between intracochlear ECochG recordings, the
position of the recording contact within the cochlea relative to its anatomy, and
the implications for frequency and residual hearing preservation. Intraoperative
ECochG recordings were conducted using the Cl electrode (MED-EL) during
the insertion of hearing preservation electrodes and after the insertion process.
Recordings were continuously conducted using the most apical electrode (contact
1) during insertion. After insertion, the recordings were performed on all different
electrode contacts. The electrode location in the cochlea during insertion was
estimated using mathematical models and preoperative clinical imaging, while
the postoperative electrode position was determined using postoperative clinical
imaging. The study involved 10 adult CI recipients. In those with good low-
frequency hearing, an increase in signal amplitude was observed, with the highest
amplitudes closest to the stimulation frequency generators, and no phase change
was observed. Conversely, patients with flat hearing loss exhibited a second peak
with an opposite phase in the medial area of the cochlea. This study is the first to
suggest that the pattern of the preoperative audiogram may influence the ECochG
outcomes measured intraoperatively. Specifically, the ECochG responses during
insertion appeared to behave as expected with good low-frequency hearing, while
with flat hearing loss there appear to be further effects. These findings indicate
that this approach can provide valuable information for the interpretation of
intracochlearly recorded ECochG signals.
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Introduction

For the past several years, patients with significant residual
hearing have been recommended cochlear implantation (CI) surgery
with hearing preservation techniques if satisfactory speech
understanding cannot be achieved with a conventional hearing aid.
This concept primarily aims to provide these patients with a
combination of acoustic and electrical hearing (James et al., 2005;
Gantz et al., 2005; Baumgartner et al., 2007; Lenarz et al., 2009; Helbig
etal., 2011; Von Ilberg et al., 2011; Incerti et al., 2013; Biichner et al.,
2017; Roland et al.,, 2018; Gantz et al., 2018). For this purpose,
monitoring of the cochlear function during CI electrode insertion is
desirable to support the preservation of residual hearing.

An electrophysiologic method that has been increasingly used for
monitoring the functional status of the cochlea during electrode
insertion is electrocochleography (ECochG); for reviews, see, for
example Kim (2020), Barnes et al. (2021), Kim (2024). In this method,
the acoustically evoked electrical activities in the inner ear can
be recorded intraoperatively during the insertion of the electrode.

The recorded ECochG signal comprises several components
generated by the hair cells, basilar membrane, and auditory nerve,
which are described thoroughly in the literature, e.g., Eggermont
(1974), Snyder and Schreiner (1984), Forgues et al. (2014), Buechner
et al. (2022), Haumann et al. (2024). Most studies concentrate on
cochlear microphonics (CMs) and auditory nerve neurophonics
(ANNs). These components are difficult to separate and are often
referred to as ongoing responses (ORs). These components best reflect
the status of the hair cells and the auditory nerve in the low
frequencies, which is the range where most CI candidates have
significant residual hearing.

The acoustic stimulus for ECochG is usually delivered via an insert
earphone placed in the outer ear canal. The response signal can
be recorded using either extracochlear or intracochlear
recording electrodes.

Many research groups have found some correlations between
extracochlear recordings made at or near the promontory wall and the
preservation of residual preservation (Radeloff et al., 2012; Fitzpatrick
etal., 2014; Adunka et al., 2016; Dalbert et al., 2016; Dalbert et al., 2018)
or with postoperative speech perception (Abbas et al., 2017; Walia et al.,
2022). However, there has been a mixed picture of the overall benefit
relative to the effort required for extracochlear recording (Haumann
et al.,, 2024). As such, intracochlear measurements have become routine
for cochlear monitoring. Here, the signal can be recorded via the CI
electrode, and all CI manufacturers now offer routine implementations
(Dalbert et al., 2021; Buechner et al., 2022; O’Leary et al., 2023; Saoji
et al., 2023; Sijgers et al., 2023; Greisiger et al., 2024; Haumann et al.,
2024; Panario et al., 2024; Walia et al., 2024).

Potentials recorded with intracochlear electrodes are larger and
are presumably more sensitive because the signal is recorded much
closer to the generator than with extracochlear measurements. The
main drawback of this approach is that the recording site moves
during insertion, so several factors besides trauma to the cochlea
contribute to the temporal dynamics of the signal, such as the
changing distance between the recording electrode and the generator
of the response. In addition, temporary blockages of the basilar
membrane can reduce the signal amplitude.

Currently, several research groups are investigating the dynamics
of the recorded signal during CI electrode insertion and their
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relationship to the preservation of residual hearing. Ideally, the signal
recorded with the most apical electrode should continuously increase
during insertion as the generator’s characteristic frequency range,
which depends on the stimulation frequency used, is approached.
Depending on the electrode length, the electrode can be inserted
beyond this characteristic frequency range, which should result in an
amplitude drop on the most apical contacts. To analyze this, Saoi et al.
stimulated with different frequencies during insertion to investigate
the amplitude behavior when characteristic frequency ranges of
generators are crossed in any case (Saoji et al., 2019; Saoji et al., 2023).
They observed the expected amplitude drop under these conditions.

Haumann et al. differentiated whether a drop in amplitude during
insertion could be explained by a change in the electrode position or by
trauma to the cochlea based on the postoperative imaging and modeling
of the exact location of the characteristic frequency region. After insertion,
ECochG was measured again via various CI contacts (Haumann et al.,
2024). Other research groups hypothesized that a drop in the first half of
insertion is more likely due to transient events such as temporary contact
of the array with the basilar membrane, and a drop in the second half of
insertion is more consistent with trauma and subsequent residual hearing
loss (Koka et al., 2018; Sijgers et al., 2021).

Other groups have examined the phase and latency of the signal
along with the amplitude. The hypothesis is that a drop in amplitude
accompanied by a phase shift is not critical since the signal’s phase also
changes when the electrode is advanced. Conversely, an amplitude
drop without an accompanying phase change would suggest the
presence of cochlear trauma. It was found that the latter correlated
quite strongly with residual hearing loss (Buechner et al., 2022). Other
research groups have also suggested including phase, latency, and
neuronal components in the interpretation of these signals (Koka
et al,, 2018; Giardina et al., 2019; Sijgers et al., 2021). Greisiger et al.
combined the recording of intracochlear ECochG with fluoroscopy
and analyzed the behavior of the recorded signal together with the
microscopy video and the postoperative CT scan (Greisiger et al.,
2024). The main aim was to identify critical steps during CI electrode
insertion, and they postulated that the combination of fluoroscopy
and ECochG provides helpful information in this regard.

Another research group measured ECochG on several contacts
after electrode insertion and calculated the individual components
from the signal. In a large patient group, they observed that CMs and
SPs, in particular, explain a moderate part of the variance in later,
residual hearing and Cl-aided speech understanding (Panario
etal., 2024).

In summary, intracochlear ECochG appears to have utility for
monitoring residual hearing preservation, but there are still some
unanswered questions about the behavior of the measured signal and
subsequent residual hearing preservation.

In this study, intracochlear ECochG was measured in ten adult
patients during and after CI insertion, and, together with pre- and
postoperative imaging, the relation to subsequent residual hearing
preservation was examined. Particular attention was paid to the course
of the preoperative hearing threshold, as a corresponding influence was
indicated in an earlier study (Haumann et al., 2024). In the present
study, more measurement points could be recorded due to the
continuous measurement during insertion and the recording at 12
electrodes after insertion. This allows for a more precise evaluation than
in the prior study. In addition, the phase of the signal and the course of
the CI electrode impedances were analyzed in the present study.
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Methods and materials

In this work, a monocentric, prospective study is presented. The
study was approved by the local ethics committee (approval number
10007_BO_S_2021) and is in accordance with the ethical standards
of the Declaration of Helsinki. Ten patients undergoing CI surgery
underwent intraoperative intracochlear (IC) ECochG during and
after electrode insertion using a research tool provided by the implant
manufacturer (MED-EL, Innsbruck, Austria). The recordings were
performed continuously during electrode insertion using the most
apical CI electrode contact for recording (C1) with a stimulation
frequency of 500 Hz. After intraoperative insertion, recordings were
performed at all CI electrode contacts using a stimulation frequency
of 500 Hz. Relationships were investigated between intraoperative
electrophysiologic recordings, the location of the electrode within the
cochlea, and the pre- and postoperative pure tone audiogram (PTA)
thresholds on audiograms.

Preoperative evaluation

The preoperative CI candidate evaluation at our clinic follows a
standardized protocol (Haumann et al., 2019). This protocol includes
both subjective and objective audiometric evaluations, clinical imaging
such as CT and fMRI scans, and other relevant examinations. Patients
select an implant system based on their preferences. The appropriate
electrode length was chosen by considering residual hearing and the
length of the cochlea (Wiirfel et al.,, 2014; Timm et al., 2018).

Pure tone audiometry (PTA) was performed with an AD2117
audiometer from Audio-DATA GmbH (Duvensee, Germany),
calibrated to hearing level (HL). Air conduction testing was performed
using HDA300 headphones from Sennheiser Electronic GmbH
(Wedemark, Germany), and bone conduction testing was performed
with a KLH96 bone transducer from Westra Elektroakustik GmbH
(Meitingen, Germany).

Intracochlear ECochG recordings using the
Cl electrode

Measurement setup

For IC recordings, different MED-EL (Innsbruck, Austria) FLEX
electrode arrays were used with the clinical CI measurement setup for
MED-EL implants (MAX-Box, coil, and laptop) and the
manufacturer’s research software (MAESTRO 9.0.3, MED-EL). The
acoustic stimulation was delivered via a Dataman 531 Arbitrary
Waveform Generator (Dataman, Maiden Newton, United Kingdom)
triggered by the MAESTRO Software. Stimulation was delivered using
insert earphones (ER-3C 50 Ohm, Etymotic, Fort Worth, Texas, USA)
with a sterile foam plug placed in the outer ear canal.

A 500 Hz Hamming windowed pure tone burst of 8 ms duration
was used for stimulation. The stimulation level was calibrated to
hearing level (HL) and set intraoperatively to 110 dB. The polarity of
the stimulus was set to condensation.

The following parameters were chosen for the recordings: An
8.1 ms recording window was used to capture the complete wave for
better signal processing analysis. There was a 2 ms measurement delay
and no trigger delay. The measurement was carried out for continuous
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recordings until the electrode was inserted and the cable was fixed.
There were n = 130 iterations for sequential recordings, which were
averaged for each recording electrode, yielding a total recording time
of 4.5 min for all 12 electrodes.

Intra- and postoperative procedures

The CI implantation was performed according to our standards
(Lenarz et al, 2022). The CI electrode insertion was performed
manually or robot-assisted with RobOtol® (Collin Medical, Bagneux,
France). During the CI electrode insertion, IC potentials were
recorded continuously using the most apical electrode contact (Cl).
The insertion progress, measured by the number of electrodes
inserted, was determined visually from the video recording. Partial
insertion was sometimes used (Lenarz et al., 2019), so the final
number of inserted electrodes was not always 12. Partial insertion
aims to preserve residual hearing by mimicking a short electrode,
while in the event of later degeneration of the residual hearing, the
electrode can be fully inserted, and the patient can receive electrical
stimulation over the full frequency range.

After insertion, a sequential recording was performed using all
electrode contacts separately. The final position of the electrode was
evaluated per clinical routine via cone beam CT scan, intraoperatively
or one day postoperatively. The location of the electrode within the
cochlea was determined using the pre- and postoperative images, and
the characteristic frequency region was estimated as described by
Haumann et al. (2024). In short, the cochlear lateral wall (LW) was
tracked using OsiriX MD (Pixmeo SARL, Switzerland), yielding the
3D spiral shape of the cochlea. The full reconstruction of the scala
tympani (ST) was performed by combining the 3D shape of the LW
with cross sections of the ST derived from micro CT imaging, as is
explained in detail in Schurzig et al. (2023). The path of the electrode
array inside the ST was estimated using the average distance between
LW and the electrode array, which depends on the array and the
insertion angle. The electrode array was virtually inserted so that the
specified number of electrodes were located inside the cochlea. The
final location of the array in the cochlea after insertion was segmented
from the postoperative imaging and registered to the LW using the
HelReg method (Schurzig et al., 2018), and the tonotopic frequencies
were allocated based on an organ of Corti frequency mapping
approach (Helpard et al., 2021).

The impedances of the intracochlear electrodes and the ground
path were recorded per clinical routine using the clinical CI
measurement setup by MED-EL. These were evaluated intraoperatively
after CI electrode insertion, at the test tone (1-3 days after surgery),
and at the first fitting, which took place 5 weeks after surgery.

Data analysis

PTA thresholds

The differences in the low-frequency air conduction thresholds
before surgery and at the first fitting appointment were tested for
significance at a 5% level with a paired-sample T-test, and the
correlation coeflicients were calculated using the respective MATLAB
functions. Hearing preservation for the different inserted electrode
depths (IED) was classified as similar to Suhling et al. (2016). The
audiometric pure tone low-frequency hearing threshold (PTA,,,) was
calculated as the mean of the air conduction thresholds at 250, 500,
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and 1000 Hz. If no response was observed at the highest stimulated
level, the response was set to 10 dB above the audiometer limit (105 dB
HL for 250 Hz, 110 dB HL for 500 Hz, and 110 dB HL for 1000 Hz).
The postoperative hearing preservation was classified into three levels
according to the pre- to postoperative PTA,,, shift: a shift of up to
15 dB, a shift between 15 dB and 30 dB, and a shift of more than 30 dB.

ECochG recordings

ECochG recordings were averaged from 100 repetitions of the same
stimulus. The averaged recordings were then band-pass filtered between
30 Hz and 10 kHz using a zero-phase, forward-backward second-order
Butterworth filter before analysis. Aside from this, no other processing
has been conducted. Since all recordings were the same length, the
frequency bandwidth for FFT estimation was also consistent. The noise
floor for each session was estimated to be the mean amplitudes of three
bins on the left and three bins on the right of the stimulus frequency. A
recording was considered a response if its amplitude was at least three
standard deviations above this noise floor. The entire insertion process
was considered one session for continuous recordings performed
during insertion. All recordings made under one task were considered
one session for sequential, post-insertion measurement.

Subject demographics

A total of 10 patients (seven male) with low-frequency residual
hearing participated in the study. The mean age was 56 years
(18-77 years). Implantation was performed on the right side in six
cases. All received a MED-EL Synchrony 2 implant with different
electrode lengths (Flex28 in nine cases and FlexSoft in one case) and
different IEDs. Their details are given in Table 1.

Results

Hearing preservation as measured by pure
tone audiometry

The audiograms of all 10 individuals are given in Figure 1. The
hearing preservation classification as measured by PTA is given in

TABLE 1 Details of the subjects and the implanted electrodes.

10.3389/fnins.2024.1530216

Table 2. Preoperative tympanograms for all 10 cases were
unremarkable, showing no evidence of middle ear fluid or
negative pressure.

Table 3 details the individual audiometric threshold shifts from
pre- to post-surgery. The differences in the low-frequency air
conduction thresholds before surgery andat the first fitting appointment
were significant, with a correlation coefficient of r = 0.74*.

Impedances of the Cl electrode contacts

The impedances of the CI electrode contacts are given in Figure 2.

Intracochlearly recorded ongoing
responses: example cases

Two example cases are given in detail in this section. For subject
1, Figure 3 shows the measurements recorded during electrode
insertion, and Figure 4 shows the measurements recorded after
electrode insertion. For subject 5, Figure 5 shows the measurements
recorded during electrode insertion, and Figure 6 shows the
measurements recorded after electrode insertion.

Intracochlearly recorded ongoing
responses: all data

The measurements for all patients during electrode insertion are
given in Figure 7, and those after insertion are given in Figure 8.

Discussion

In this study, intracochlear ECochG responses were recorded
intraoperatively during and after CI electrode insertion in 10 subjects.
The electrode position in the cochlea was estimated together with the
presumed frequency generator for each patient. Intraoperative
recordings were compared to pre- and postoperative PTA thresholds.
In an earlier study, intracochlear ECochG recordings were made at

ID Electrode Inserted electrode Age at Sex Side Duration of hearing @ Etiology
depth (mm) surgery (yrs) impairment (yrs)
S01 Flex28 20.9 51.8 f r 19 unknown/progressive
S02 Flex28 27.1 76.9 m 1 8 unknown/progressive
S03 Flex28 22.3 34.9 f 1 32 unknown/progressive
S04 Flex28 28.6 18.2 m r 16 unknown/progressive
S05 Flex28 25.6 67.4 m 1 30 sudden hearing loss/progressive
S06 Flex28 28.0 36.9 m 1 27 sudden hearing loss
S07 Flex28 26.9 61.3 m r 24 unknown
S08 Flex28 25.9 59.7 f r 7 sudden hearing loss/progressive
S09 Flex28 26.2 76.7 m r 71 unknown
S10 FlexSoft 26.7 72.2 m r 66 unknown/progressive
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FIGURE 1
Air conduction thresholds (AC, in warm coloring, with solid lines and circles) and bone conduction thresholds (BC, in cold coloring, with dashed lines
and crosses) for each patient at the preoperative, postoperative, and first fitting (FF) measurement time points. The Inserted Electrode Depth (IED, given
in mm) for each patient is also shown. For SO03 and S10, the preoperative data point at 750 Hz was interpolated visually. In S02, S06, and S09, there was
no measurable hearing 1-3 days postoperatively. In S04, there was no measurable hearing postoperatively or at the first fitting measurement time
point.

TABLE 2 Hearing preservation classified by low tone air conduction threshold shifts before surgery and at the first fitting appointment, usually 5 weeks
after surgery, similar to Suhling et al. (2016).

PTAlow, first fit — PTAlow, pre
A PTA,w <15dB 15dB < A PTA,. <30 dB A PTA,. > 30 dB

n=8 12.5% 37.5% 50%

The low-frequency PTA was calculated as the mean of the threshold at 250, 500, and 1000 Hz.

TABLE 3 Inserted electrode depth (IED), audiometric thresholds PTA ., before surgery and at FF, and hearing preservation group (HP group) classified
by audiometric threshold shifts according to Suhling et al. (2016).

ID IED (mm) PTA,w (dB HL) Preop transtymp ECochG PTA,. (dB HL) at first fitting appointment
before surgery threshold (dB nHL) and HP group
CM 2 kHz CAP click PTA,w (dB HL) 0.25-1 kHz HP group

S01 209 55.0 70 nr 63.3 0-15dB
S02 27.1 61.7 not possible (medical) 91.7 15-30 dB
S03 223 61.7 80 nr 1033 >30 dB
S04 28.6 65.0 90 nr 1183 >30 dB
S05 25.6 65.0 60 nr 71.7 0-15dB
506 28.0 75.0 60 60 1183 >30 dB
S07 269 80.0 80 nr 1183 >30 dB
S08 259 63.3 70 nr 80.0 15-30 dB
509 262 68.3 80 nr 98.3 15-30 dB
S10 26.7 71.7 declined by patient 106.7 >30 dB

nr - no responses.
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ECochG measurements performed during insertion in subject 1. Recordings were performed with contact 1. The left panel shows the data in the time
domain, with higher wave numbers corresponding to greater electrode insertion depths. The middle panel shows the amplitudes of the wave number
in terms of the FFT bin at 500 Hz. The red line represents the noise floor, and the amplitude markers are filled dots if the amplitude exceeds the noise
level and crosses if the amplitude is lower than the noise level. The colored dashed lines mark the number of inserted electrodes. On the right panel,
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FIGURE 4
Post-insertion ECochG measurements in subject 1. The left panel shows the data in the time domain, with the number on the right side indicating the
recording contact. The middle panel shows the amplitudes of the wave number in terms of the FFT bin at 500 Hz. The red line represents the noise
floor, and the amplitude markers are filled dots if the amplitude exceeds the noise level and crosses if the amplitude is lower than the noise level. The
wave number corresponds to the recording contact. On the right panel, the response phase is illustrated for the waves with amplitude exceeding the
noise level.

specific insertion steps during electrode insertion. After insertion and
6 months postoperatively, intracochlear ECochG was recorded at a
subset of electrode contacts distributed throughout the cochlea
(Haumann et al., 2024). In the present study, the resolution of the
recordings was improved, as the new study tool of MED-EL allows for
continuous recordings during CI electrode insertion. Moreover, all CI
electrode contacts were used for the recordings after insertion because
this measurement was faster than the former one.

Preservation of residual hearing in the low-frequency range with
air conduction was classified into three groups similar to Suhling et al.
(2016). At the first fitting week (usually 5 weeks after surgery), one
subject with an IED of <24 mm was classified within the best hearing
preservation group (0-15 dB), and one to the worst group (>30 dB).
For the eight subjects with an IED of >24 mm, one subject was
classified to the best group, three to the medium group (15-30 dB),
and four to the worst group (>30 dB). One of these subjects (S04) also
experienced a complete loss of residual hearing. These results are in
line with the findings of Suhling et al. (2016). With two subjects (S02
and S03), the CI electrode insertion was performed with robotic
assistance using RobOtol®. This method allows for extremely slow
insertion speeds, as it was previously assumed that slow insertion was
generally better for residual hearing preservation. This could not
be demonstrated in our data, which is also consistent with recent
findings on the behavior of the CI electrode in fluids with a similar
viscosity to perilymph (Frohlich et al., 2024; Frohlich et al., 2024).
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All intraoperative measurements have the disadvantage that they
can only be used to investigate processes that occur up to the end of
the CI surgery. It is known that implantation can also induce
postoperative processes such as inflammation (Seyyedi and Nadol,
2014), neo-ossification and fibrosis around the implant (Quesnel et al.,
2016), and apical degeneration of the stria (O'Malley et al., 2024).

Tan et al. (2024) observed that significant increases in CI electrode
impedance were associated with residual hearing loss, suggesting that
such impedance elevation could be due to postoperative inflammation.
This phenomenon was evident in our observations for subjects S04
and S06, both of whom belonged to the group with the poorest
preservation of residual hearing. These were also the two cases with
the deepest electrode insertions.

The ECochG measurement for subject S04 showed a notable
decrease in amplitude when the surgeon adjusted the grip on the
insertion forceps toward the end of the electrode placement (Figure 7).
Under typical circumstances, such a significant drop in amplitude
might suggest that no further stimulus responses would be recorded
post-insertion. Contrary to expectations, however, the ongoing
response (OR) amplitudes recorded after the insertion were actually
larger (Figure 8).

On the other hand, when the amplitude drop occurred during
insertion, the frequency generator was crossed according to the
calculations (see discussion point below). However, the residual
hearing was lost postoperatively in this subject and has not recovered.
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FIGURE 5
ECochG measurements performed during insertion in subject 5. Recordings were performed with contact 1. The left panel shows the data in the time
domain, with higher wave numbers corresponding to greater electrode insertion depths. The middle panel shows the amplitudes of the wave number
in terms of the FFT bin at 500 Hz. The red line represents the noise floor, and the amplitude markers are filled dots if the amplitude exceeds the noise
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Therefore, changing the grip of the insertion forceps could also have
triggered a postoperative degeneration process, which would
be reflected in the increased impedance of the CI electrode. Also, in
patient S06, good stimulus responses were measured at the end and
after the insertion.

No strong increase in impedances was observed in the other
patients. Thus, our study did not observe an increase in impedance
without residual hearing loss. For patients who experienced residual
hearing loss without an increase in impedance (S03, S07, and S10),
this could indicate that the residual hearing was already impacted
during the operation (rather than by postoperative inflammation). In
patient SO7 OR responses were detected at the beginning of the
insertion, although they were quite small. In the second half of the
insertion, these disappeared and recovered only marginally after
insertion, with the residual hearing deteriorating after surgery. This
finding is in line with the hypothesis that a drop in response
amplitudes during the second half of insertion could indicate trauma
and subsequent residual hearing loss (Koka et al., 2018; Sijgers et al.,
2021). In patient S03, no responses above the noise level were detected
by the automatic algorithm from the beginning of the measurement.
Visually, responses could be observed, but these were noisy and of
small amplitude. On this basis, it is possible that the residual hearing
of this patient was impaired quite at the beginning of the CI electrode
insertion. The amplitude behavior in patient S10 does not fully explain
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the deterioration in residual hearing, as the amplitude had fallen at the
end of the insertion. However, responses were still clearly detectable
and were also present postoperatively in a similar amplitude range to
during the insertion. In S02, an impedance increase in the basal area
of the cochlea was observed postoperatively, but this was lower than
in S04 and S06. The residual hearing had also deteriorated significantly
in this patient. However, the residual hearing, for example, in S10, also
deteriorated significantly by the first fitting without a strong
impedance increase. As such, the selectivity of this measure would
have to be checked on a larger group of patients. It is also possible that
the impedances increased between the test tone and the first fitting, so
further measurement time points may need to be scheduled here in
future studies.

Previous publications have already described some of the
uncertainties of ECochG recordings. For example, ORs can only
reflect the status of the inner ear, while the auditory pathway
includes more structures (Fitzpatrick et al., 2014; Campbell et al.,
2015; Haumann et al., 2019). The different times of the
measurements should also be taken into account. Intraoperative
measurements can only represent the status at the end of the
operation, while the first degenerative processes have already
occurred by the time of the postoperative hearing test.
Nevertheless, several studies show a good correlation between
intracochlearly recorded ORs and audiometric threshold when
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measured postoperatively on the same day (Campbell et al., 2015;
Dalbert et al., 2015; Koka et al., 2017; Haumann et al., 2019;
Kriiger et al., 2020; Buechner et al., 2022). It can, therefore,
be assumed that intracochlearly recorded ORs at the end of the
surgery reflect the status of residual hearing with clinically
acceptable accuracy.

One limitation of intracochlear OR recordings, compared to other
methods under investigation, is the uncertainty introduced by changes
in the recording location during CI electrode insertion. Currently, it
is not fully understood how the amplitude ideally should behave. In
theory, the amplitude should rise with ongoing insertion. An
amplitude drop can have various causes. For example, a transient drop
could be caused by the electrode mechanically blocking or dampening
the basilar membrane. Also, the recording electrode may be inserted
beyond the characteristic frequency region of the stimulus (Haumann
et al., 2019; Buechner et al., 2022; Saoji et al., 2023). In both cases,
residual hearing should not be affected.

In contrast, acute trauma to the cochlea should be accompanied
by a loss of residual hearing. In an earlier study, the location of the
electrode in the cochlea was calculated using clinical neuroimaging,
and the corresponding frequency was estimated to determine whether
the frequency generator had been passed by the recording electrode
(Haumann et al., 2024). However, when those experiments were
conducted, the clinical MED-EL software could only perform these
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measurements during discrete insertion steps, so the grid was
somewhat coarse. The post-insertion measurement, on the other
hand, is purely static, so by comparing the two measurements during
and after insertion, it can be distinguished with a certain degree of
reliability whether a signal drop is presumably an effect of the
changing distance to the generator or whether it could represent an
acute trauma. With the MED-EL research software used here,
measurements can be carried out continuously during the insertion,
and the static measurement post-insertion is also faster so that
measurements can be carried out on all 12 contacts.

Because more patients with deeper insertions were included in the
current study than in the earlier work, the frequency generator was
presumed to be crossed in almost all cases. According to the
calculation, the region was not reached in S01 and S09. With S03, the
region was presumably reached but not crossed.

In the earlier work, it was already noticeable that in patients where
the low-frequency residual hearing was normal or almost normal and
the hearing threshold dropped steeply toward the high frequencies,
the OR amplitude increased during the insertion or was at its highest
after the insertion near the estimated generator frequency. On the
contrary, in patients with an almost flat hearing threshold or at least
less residual hearing in the low-frequency range and more residual
hearing in the high-frequency range, the course of the OR amplitude
could not be assigned so clearly.
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ECochG recordings performed during insertion for all 10 subjects. Response amplitudes as a function of insertion time are shown in blue. As the
response amplitudes differed between subjects, different scales were chosen for the y-axes of each panel. These are indicated by the bars at the
bottom left of each panel. The orange stem plots at the top of each panel show the signal's phase. The scaling is indicated in the second y-axis to the
right. Phase data only show where the amplitude exceeded the noise level (the gray area within each panel). The recordings were performed with the
apical-most contact (C1), and the stimulation frequency was 500 Hz. The black annotations show the number of inserted contacts at various
representative locations, together with the model-based estimated frequency of the organ of Corti where contact 1 was currently located at that time
point. The estimated frequency was rounded to the nearest common frequency for audiometric testing.

This effect can be better investigated with continuous
measurements or a finer postoperative resolution, which is now
possible with the MED-EL tool. Notably, as observed in the data here
and in earlier publications, for subjects S01, S03, and S08, the OR
amplitude increases toward the estimated generator frequency and
peaks after the insertion. The residual low-frequency hearing is
normal or almost normal in these patients, and a steep drop-off occurs
toward the higher frequencies. Neither in the time course of the
insertion nor in the post-insertion measurements, when comparing
the recordings on the individual contacts, could a phase shift
be observed in these subjects. In contrast, OR amplitudes were found
in the medial region of the cochlea in subjects S02, S04, S05, S06, and
S09 both during and after insertion. The signal then dropped again to
form another peak at or near the expected frequency range. Subject
S07 had a second peak in the medial area during insertion, but the
signal dropped after insertion, so in the post-insertion recordings, no
peaks could be detected. Subject S10 had a peak in the medial region
during and after insertion, but there was only a very small peak in the
expected frequency range.

The preoperative low-frequency residual hearing was impaired in
all the subjects with an OR peak in the medial area, and the audiogram
curve was close to flat. There was a phase shift between the peaks in
the expected and medial regions of the cochlea of 180 degrees in most
of the mentioned subjects. In subject S09, there was also a large phase
shift, but here, it occurred between electrode contacts 2 and 3/4.
According to the hypothesis that a drop in the first half of insertion is
more likely to reflect transient events such as temporary blockage of
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the basilar membrane, and a drop in the second half of insertion is
more consistent with trauma and subsequent residual hearing loss
(Koka et al., 2018; Sijgers et al., 2021), the peak in the medial region
should not correspond to a trauma to the cochlea. In our data, there
was also no correlation with later hearing preservation.

The peak in the expected region in the described patients also missed
the estimated area. It is known that at high stimulation intensities, the
position of maximum stimulation of the basilar membrane is shifted
(Honrubia and Ward, 1968; Robles and Ruggero, 2001). This effect can
be an octave or even more. However, in the present study, stimulation was
performed at the same level, and in the patients with good low-frequency
residual hearing, the CF region was covered quite well. As such, this effect
cannot satisfactorily explain the differences in our data. What was
noticeable in patients with more flat hearing loss is that they probably had
more surviving hair cells distributed across the cochlea, while patients
with good low-frequency residual hearing and a steep drop-off in the
high-frequency range had significantly less residual hearing and,
therefore, probably fewer surviving hair cells in the medium or high-
frequency range. It is known that more hair cells contribute to ORs (or
their CM component) than just those in the area of the response generator
(Cheatham et al., 2011). It could also be possible that surviving hair cells
in the mid-range and high-frequency range contribute to the responses,
while in patients with a steep drop-off, hair cells contribute to the stimulus
responses mainly in the coarse range of the frequency generator. The
travel times of the traveling wave on the basilar membrane could explain
the differences in phase between the two peaks, and the interference
between both responses could explain the amplitude drop between them.
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However, based on this theory, one would expect the second peak to
be wider (as more hair cells should contribute to the response). This
would also need to be further investigated.

A limitation of this study is that stimulation was only performed
with a stimulation frequency of 500 Hz. At the time of this study,
stimulation could only be performed at one frequency during
insertion. Here, 500 Hz was chosen because many patients have good
residual hearing in this frequency range. However, the cochlea can
be stimulated much more broadly with a multi-frequency stimulus,
and significantly more precise information about the state of the
cochlea during electrode insertion could be expected. The new
software version from MED-EL allows multi-frequency stimulation
with chirps, which is currently being investigated in a new study.

Conclusion

Our study shows for the first time that the course of the
preoperative audiogram seems to influence the course of the ECochG
measured intraoperatively. In cases with a typical audiometric threshold
for electric-acoustic stimulation with good low-frequency residual
hearing, the OR amplitude rose during the insertion. OR amplitudes
during and after insertion for the subjects with less preoperative
low-frequency hearing showed a second peak in the medial area of the
cochlea, which went along with a strong phase shift. Thus, with good
low-frequency residual hearing, ECochG curves appear to behave as
expected during insertion. In contrast, for those with flat hearing loss
there appear to be further effects which need to be investigated in
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future studies. Based on our new data, we would like to confirm our
recommendation to match the position of the electrode in the cochlea
with the generator frequency again to rule out a crossing of the
generator frequency as the cause of the amplitude drop. Moreover, the
course of the preoperative audiogram should be included in the
interpretation of the measured amplitude curves.
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