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Objectives: Cochlear implantation criteria include subjects with residual
low-frequency hearing. To minimize implantation trauma and to avoid
unwanted interactions of electric- and acoustic stimuli, it is often recom-
mended to stop cochlear implantation before the cochlear implant (Cl)
reaches the cochlear partition with residual hearing, as determined by an
audiogram. For this purpose, the implant can be used to record acousti-
cally evoked signals during implantation, including cochlear compound
action potentials (CAP), cochlear microphonics (CMs), and summating
potentials (SPs). The former two have previously been used to monitor
residual hearing in clinical settings.

Design: In the present study we investigated the use of intracochlear,
bipolar SP recordings to determine the exact cochlear position of the
contacts of implanted Cls in guinea pig cochleae (n = 13). Polarity rever-
sals of SPs were used as a functional marker of intracochlear position.
Micro computed tomography (uCT) imaging and a modified Greenwood
function were used to determine the cochleotopic positions of the con-
tacts in the cochlea. These anatomical reconstructions were used to vali-
date the SP-based position estimates.

Results: The precision of the SP-based position estimation was on
average within = 0.37 octaves and was not impaired by moderate hear-
ing loss caused by noise exposure after implantation. It is important
to note that acute hearing impairment did not reduce the precision of
the method. The cochleotopic position of Cl accounted for ~70% of the
variability of SP polarity reversals. Outliers in the dataset were associ-
ated with lateral Cl positions. Last, we propose a simplified method to
avoid implantation in functioning parts of the cochlea by approaching a
predefined frequency region using bipolar SP recordings through a Cl.

Conclusions: Bipolar SP recordings provide reliable information on elec-
trode position in the cochlea. The position estimate remains reliable after
moderate hearing loss. The technique presented here could be applied
during Cl surgery to monitor the CI approach to a predefined frequency
region.
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preservation, Summating potential.
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INTRODUCTION

In recent years cochlear implant (CI) surgery has been
performed on increasing numbers of implantation candidates
with preserved low-frequency hearing (Von Ilberg et al. 2011;
Miranda et al. 2014). In CI users a combination of electric and
acoustic stimulation (EAS) has proven beneficial for speech
understanding and pitch perception (Driscoll et al. 2016;
Pillsbury et al. 2018; Schaefer et al. 2021). A prerequisite is the
preservation of residual hearing. This can be supported by indi-
vidualized surgical planning adapted to cochlear size (Pietsch
et al. 2017; Schurzig et al. 2021), individualized CI electrodes
(Downing 2018; Nagy et al. 2018; Iso-Mustajirvi et al. 2020;
Dhanasingh & Hochmair 2021), pharmacological neuroprotec-
tion during surgery (Tan et al. 2020), improved soft surgical
techniques (Lenarz et al. 2019; Lenarz et al. 2020; Yoshimura et
al. 2020), intraoperative, intra- and extra-cochlear monitoring
of cochlear signals by electrocochleography (ECochG; Dalbert
etal. 2015; Giardina et al. 2019; Haumann et al. 2019; Lorens et
al. 2019; Dalbert et al. 2021) or a combination of these methods
(Reiss 2020). Intraoperative ECochG is of particular interest as
it provides real-time feedback on the insertion progress (Harris
et al. 2017) with information on imminent insertion trauma
(Mandala et al. 2012; Bester et al. 2020). It may also correlate
with overall cochlear health (Campbell et al. 2016; Haumann et
al. 2019; Canfarotta et al. 2021; Dalbert et al. 2020). Provided
sufficient residual hearing, ECochG can additionally be used to
assess the electrode position in the cochlea (Helmstaedter et al.
2018; Koka et al. 2018; Sijgers et al. 2021).

The ECochG signal is a superposition of multiple signals:
(i) the auditory nerve neurophonic potential and (ii) the com-
pound action potential (CAP), both originating from the audi-
tory nerve; (iii) cochlear microphonic (CM) potential, and (iv)
the summating potential (SP), generated by inner and outer
hair cells and contributions by the auditory nerve (Johnstone &
Johnstone 1966; Dallos 1973; van Emst et al. 1995; Sellick et
al. 2003; Forgues et al. 2014; Pappa et al. 2019). The contribu-
tions of each of these components to the overall ECochG signal
depend on stimulus frequency, stimulus intensity, and recording
position. The whole ECochG signal and especially the CM are
the focus of numerous studies in the last decade due to the prom-
inent frequency following characteristics at low-stimulation fre-
quencies. The CM is dominated by the transducer currents of
outer hair cells with contributions from inner hair cells (Forgues
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et al. 2014; Kamerer et al. 2016). In clinical cases, the CM is
often the main contributor to the ECochG response. Changes
in the signal during surgery might predict hearing preservation
after cochlear implantation (Adunka et al. 2016; Dalbert et al.
2016; Harris et al. 2017; Haumann et al. 2019). Nevertheless,
the relation between intraoperative findings and postoperative
hearing outcomes is still inconclusive: Preservation of intra-
operative potentials does not necessarily ensure postoperative
hearing preservation (Haumann et al. 2019; Dalbert et al. 2020).
While different criteria and definitions for electrophysiological
trauma have been proposed (Giardina et al. 2019), there is no
consensus on a unified approach. The results vary, and the rea-
sons include, for example, the exact scalar location of the CI
and varying implantation depth. Such biasing factors are not
well understood (O’Connell et al. 2016; O’Connell et al. 2017;
Sijgers et al. 2021; Dalbert et al. 2021). Because the CM shows
complex variations in amplitude throughout the normal hearing
cochlea (Helmstaedter et al. 2018) and the CAP does not pro-
vide reliable cochlear location information (Eggermont 1976;
Brown & Patuzzi 2010), in the present study we focused on SPs.
The SP can be reliably recorded in human cochleae, including
in CI candidates (Pappa et al. 2019), even though it appears to
be rather small in many cases.

While hearing preservation in deep implantation has been
previously demonstrated (Yoshimura et al. 2020), an overlap
between electric and acoustic stimulation may affect speech
recognition by masking effects between the acoustic and elec-
tric stimulation (Kriiger et al. 2017; Imsiecke et al. 2020).
Knowledge about the intracochlear electrode position could pro-
vide valuable information for adjusting the implantation depth,
for example, by avoiding implantation into the hearing part of
the cochlea through partial insertion (Lenarz et al. 2019). This
could both prevent loss of residual hearing and minimize mask-
ing effects between electric and acoustic stimuli.

We have previously suggested the SP as a potential marker
of intracochlear electrode position (Helmstaedter et al. 2018).
The SP is a direct current component of the ECochG signal
(Dalbert et al. 2021), mainly generated by inner and outer hair
cells, with contribution of a sustained potential from the audi-
tory nerve (van Emst et al. 1995; Sellick et al. 2003; Forgues et
al. 2014; Pappa et al. 2019). The SP is characterized by a sharp
frequency tuning (Dallos 1973; Cheatham & Dallos 1984).

Here we present an improved bipolar ECochG record-
ing technique to assess the cochlear location of the recording
electrode. We validate it using (i) micro computed tomography
(uCT) imaging and (ii) hearing-impaired ears. For this purpose
we recorded the bipolar, intracochlear ECochG from five con-
tact pairs of a custom-made six-contact CI in hearing guinea
pigs. After implantation with preserved normal hearing, record-
ings with different electrode pairs were performed under tonal
acoustic stimulation. The CI was kept in place for intracochlear
and extracochlear recordings before and after noise exposure. A
bipolar recording configuration was used to better localize the
generators of SPs. A bipolar configuration provides signals free
from far fields and allows a more exact, unbiased assessment
of the local excitation in the cochlea compared with monopolar
recordings (Helmstaedter et al. 2018). We hypothesized a polar-
ity reversal of the SP occurring when the spatial position of the
signal generators shifted relative to the position of the recording
electrodes. The stimulation frequency at which the polarity of
the SP reversed for a given recording position was defined as

“turning frequency” (Ft). The results show that it corresponds
to the cochlear location of the recording electrodes defined by
puCTs.

To assess the robustness of the method with respect to hear-
ing loss, an acute noise trauma (likely a mixture of temporary
and permanent threshold shifts (Eggermont 2017)) was induced
and the assessments of Ft were repeated. The results suggest
that the method can be used also in cochleae with hearing loss.
We finally suggest a procedure of SP tracking relative to a
predefined frequency range in a clinical setting that assists in
avoiding penetration of the CI into cochlear partitions that are
of clinical relevance for EAS.

MATERIALS AND METHODS

Animals Model and Ethics

We used 10 male Hartley (Crl:HA) guinea pigs from Charles
River Laboratories International Inc. (Ecully/France) with mean
weight of 411g + 43g (340-750g). All experimental proce-
dures were in accordance with the German and European Union
guidelines for animal welfare (ETS 123, Directive 2010/63/EU),
and were approved by the German state authority (Lower Saxony
state office for consumer protection and food safety, LAVES;
approval No. 14/1514) and were monitored by the institute’s
animal welfare officer. Included in this study were 13 cochleae
(7 left and 6 right) of 7 animals, of which pCT datasets were
acquired post-mortem. At the beginning of the procedure, the
auditory status of the animals was screened with auditory brain-
stem response (ABR) measurements. All animals had a normal
hearing threshold defined as click-evoked ABR-thresholds equal
to or below 35 dB peak equivalent SPL (peSPL).

Study Design

We monitored the cochlear function by extra-cochlear CAP
recordings in 13 cochleae before and after cochleostomy and
CI insertion. Subsequently, we recorded ECochG in a bipo-
lar recording configuration from neighboring contacts of the
implant for a total of 61 intracochlear recording positions (9
full CI insertions and 4 shallow CI insertions of 5 contacts).
The implant was kept in place throughout the experiments. The
amplitude of the SP for frequencies between 2kHz and 32 kHz
at multiple supra-threshold sound levels was analyzed for all
recording positions and the stimulation frequency at which
the SP polarity reversed (Ft) for the given electrode contact
was identified. Subsequently, a cochlear trauma was induced
by noise exposure at high sound levels. All electrophysiologi-
cal recordings were repeated afterward. For validation of the
results, in all 13 cochleae, the CI position was assessed using
post-mortem puCT imaging. The tonotopic positions of the CI
contacts, as well as the positions of the midpoints between con-
tacts, were reconstructed according to the formula introduced
by Tsuji and Liberman (1997). The Ft as an electrophysiological
measure of the tonotopic recording position was compared with
the reconstructed midpoint frequencies from pCTs. A sche-
matic overview of all interventions and measurements can be
found in Figure 1A.

Anesthesia and Monitoring
Anesthesia was induced by intramuscular injection of 50 mg/
kg body weight ketamine (CP Pharma, Burgdorf, Germany) and
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Fig. 1. Intra- and extra-cochlear recordings were combined to access the summating potential (SP) locally while monitoring cochlear function globally by com-
pound action potential (CAP) recordings. A, Workflow diagram of all interventions and measurements during the experiments. B, Exemplary surgical view on
the basal cochlear turn. A retroauricular fenestration in the tympanic bulla gives access to the cochlear base. A cochlear implant (Cl) for intracochlear electro
cochleography (ECochG) recordings was inserted through a cochleostomy below the round window edge. A silver ball electrode was placed on the lateral
wall of the cochlear base close to the cochleostomy for CAP recordings. C, We used custom made guinea pig Cls (MedEl, Insbruck, Austria) with 6 contacts
(700 pm spacing) of the depicted type. The distance between the centers of the most basal and the most apical contact was 3.5 mm. The implants were 5mm
long from tip to insertion marker (yellow arrowhead). D, The ECochG was filtered to separate the compound action potential (CAP), the cochlear microphonic
(CM) signal, and the summation potential (SP). The SP amplitude was determined for further analysis. The dashed line marks the stimulus onset and the black

line at the bottom indicates the stimulus duration.

10mg/kg xylazine (WDT, Garbsen, Germany). 0.1 mg/kg atro-
pine sulfate (B. Braun Melsungen AG, Melsungen, Germany)
was additionally applied with anesthetics to reduce bronchial
secretion. For maintenance of anesthesia, 25 to 30% of the ini-
tial dose without atropine sulfate was applied as required. Vital
signs of the animal were monitored continuously. Corneal and
paw withdrawal reflexes were tested regularly throughout the
procedure to ensure an adequate depth of anesthesia. Heart rate
was monitored by EKG (Otoconsult, Frankfurt a.M., Germany).
Body core temperature was measured via rectal probe and main-
tained at approximately 38°C using a feedback-controlled heat-
ing pad (TC-1000 Temperature Controller, CWE Inc., Ardmore,

USA). At the beginning of the surgery, a tracheotomy was per-
formed. Artificial ventilation was applied using a rodent venti-
lator (Rodent Ventilator 7025, Ugo Basile, Comerio, Italy). The
respiratory rate was set between 40 and 60 breaths per minute
and the end-tidal CO, concentration was continuously moni-
tored (Normocap CO, & O, Monitor, Datex, Helsinki, Finland).

Surgical Procedure

All the subsequent procedures and measurements were
carried out in a sound-proof, anechoic chamber. The head of
the anesthetized animal was secured in a customized rodent
head holder that allowed adjustment along three axes. After
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administration of local anesthetics (2% Lidocaine) onto the
skin, the pinna was resected. The postero-lateral surface of the
tympanic bulla was exposed by dissection of the overlying soft
tissue. Under microscopic control (Carl Zeiss OPMI-1, Carl
Zeiss, Goettingen, Germany) the bulla was opened with a hol-
low needle and the lateral wall was carefully removed until the
middle ear and the round window niche were exposed. Then a
silver ball electrode was placed on the outer wall of the basal
cochlear turn (Fig. 1B) with a micromanipulator. A cochleos-
tomy was drilled in the basal turn of the cochlea, centered at
approximately 0.5 mm below and latero-caudal from the round
window (Fig. 1B) using a 0.6mm diamond burr. A moderate
drilling speed (4000rpm) was chosen to avoid noise trauma.
The CI was then inserted through the cochleostomy either until
five contacts were inserted or until first resistance was felt (full
insertion). After insertion, the silastic carrier of the CI was fixed
to the bony wall of the bulla using tissue adhesive (Histoacryl;
B. Braun Melsungen AG). At the end of the experiment, the
animals were euthanized under deep anesthesia by intra-cardiac
infusion of 2mL sodium pentobarbital (Release, WDT eG,
Garbsen, Germany), and the heads were fixed in 3.5 to 3.7%
buffered formaldehyde solution for post mortem uCT scans.

Cochlear Implant

Custom-designed guinea pig CIs with a diameter of 500 um
tapering to 300 um at the tip (Med-El Inc., Innsbruck, Austria)
was used in this study. Each CI had six platinum contacts spaced
by 700 um center to center. A black insertion marker positioned
approximately 1 mm behind the basal contact served as an ori-
entation during insertion (Fig. 1C).

Auditory Brainstem Response Recordings

To screen the animals’ hearing status, click-evoked ABRs
were recorded from three transcutaneous silver wire elec-
trodes before the surgery. The active electrode was inserted
at vertex, the reference electrode posterior to the tested ear,
and the ground electrode in the neck. An audiometric head-
phone speaker (DT48, Beyerdynamic, Heilbronn, Germany)
was placed approximately 3 cm from the ipsilateral ear (near
free-field condition). Acoustic stimuli were generated digitally
by a stimulation and data acquisition software (AudiologyLab,
Otoconsult), and responses were acquired by a two-channel
recording setup (Otoconsult). Stimulus generation was con-
trolled by a 96-channel digital I/O card (PCle-6509 DIO,
National Instruments, Austin, TX, USA). Stimulations were
50-us condensation clicks of increasing intensity from 0 to 80
dB peSPL (5 dB steps). Response signals were amplified by
100 dB (x10°) and filtered between 200 Hz and 5kHz (sixth-
order Butterworth filter, 12 dB/octave) and recorded through
a 32-channel MIO card (PCI-6259, National Instruments) at a
sampling rate of 100kHz. The signals were averaged over 100
repetitions. Normal hearing was defined as click-evoked ABR-
threshold 35 dB peSPL or lower.

Extracochlear CAP Recordings

CAPs were recorded through the silver ball electrode at the
outer cochlear wall to assess audiograms before cochleostomy,
after cochleostomy, after CI implantation, and after induction of
noise trauma. The same recording setup as for ABR recordings
was used. The loudspeaker was calibrated for the stimulation

range using a Y4-inch condenser microphone (type 4939, Briiel
& Kjaer, Nerum, Denmark) connected to a preamplifier (type
2670, Briiel&Kjaer) and a conditioning amplifier (type 2690,
Nexus conditioning amplifier, Briiel & Kjaer). The signals were
recorded through an MIO card at a sampling rate of 100kHz. A
custom-made PVC stimulation cone was attached to the loud-
speaker and the microphone was placed in front of the cone for
recording and storing a calibration curve of the speaker output.
During the recordings, the loudspeaker with the attached stimu-
lation cone was placed on the exposed cartilaginous external
meatus, comprising a quasi-closed field condition. All acoustic
stimuli were generated digitally as described for ABR record-
ings. The stimulation frequencies were adjusted to the hear-
ing range of the animal model. For extracochlear recordings,
pure tone bursts with a duration of 5ms and rise/fall times of
2.5ms were presented at a frequency range of 1 to 32kHz (four
steps per octave) in alternating phase over an intensity range of
0 to 90 dB SPL (10 dB steps). The stimuli were presented in
randomized order with 10 repetitions per stimulus and phase.
The CAP signals were recorded at a sampling rate of 100kHz,
amplified by 80 dB (x10%) and filtered between 5 Hz and 5kHz
(sixth-order Butterworth filter, 12 dB/octave). The recorded sig-
nals were processed offline to acquire a CAP audiogram.

Intracochlear ECochG Recordings through CI

Bipolar ECochGs were recorded sequentially from pairs of
neighboring CI contacts using a custom connector and the setup
described earlier for ABR and CAP recordings. On the two
available recording channels, the signals of two pairs of contacts
(e.g., 1-2 and 5-6) were recorded simultaneously. The apical
channel of each pair (lower channel number on the CI) served as
the recording electrode and the basal channel as the reference.
The acoustic stimuli were pure tones of 30 ms duration and 5 ms
rise/fall times, in a frequency range of 1kHz to 32kHz (four
steps per octave) and intensities of 0 to 80 dB SPL (10 dB steps).
Stimuli were presented in alternating phase with 10 repetitions
per stimulus and phase. The response signals were recorded
at a sampling rate of 100kHz, amplified by 40 dB (x10?%), and
high-pass filtered at 2 Hz (sixth-order Butterworth filter, 12 dB/
octave). The recorded signals were processed offline to extract
and analyze the SP of the ECochG (Fig. 1D).

Noise Exposure

Threshold shifts at cochleotopic positions were induced by
exposure to band-filtered noise. The noise bands of 8 to 12kHz
(n=9) and 14 to 18kHz (n = 4) were chosen to cause threshold
shifts at the basal (low frequency) or apical (high frequency)
end of the inserted CI. The anesthetized animals were exposed
for 1 hour to noise bands at an average of 110 dB SPL with
the CI in place. The noise stimuli were generated in an open-
source digital audio editor (Audacity' version 2.1.1). The filters
had a roll-off of 36 dB per octave. Ramps with 10s rise/fall
times were added to avoid impulse responses. Signals were veri-
fied for constant output levels before and after exposure using
a calibrated Bruel & Kjaer % inch microphone in closed field
conditions.

'Audacity(R) software is copyright (c) 1999-2016 Audacity Team. [Web
site: http://audacityteam.org/. It is free software distributed under the terms
of the GNU General Public License.] The name Audacity(R) is a registered
trademark of Dominic Mazzoni.


http://audacityteam.org/

122 BAUMHOFF ET AL./ EAR & HEARING, VOL. 44, NO. 1, 118-134

Micro Computed Tomography and 3-Dimensional
Reconstruction

Postmortem imaging was performed on 13 implanted
cochleae with a high-resolution peripheral quantitative com-
puted tomography (uCT, Xtreme CT II, SCANCO Medical AG,
Briittisellen, Switzerland) set at 68 kVp, 1470 pA, 100 W, and
voxel size of 17 um. The DICOM images were processed using
a scientific visualization platform (Amira, Version 6.0—Version
6.5, FEI Visualization Sciences Group, Bordeaux, France) for
3-dimensional reconstruction and analysis.

All implanted cochleae were registered onto pCT images of a
macerated, intact left template cochlea. The reference length of
the basilar membrane was constructed by tracing the midpoint
between osseous spiral lamina and spiral ligament in the high-
contrast template (Fig. 2A, osl-edge). The CI electrodes were
traced using Amira’s filament module for linear tracing between
contacts (Fig. 2B, C). From the respective data, the midpoints
of neighboring contacts were calculated (Fig. 2D). The spatial

left insertion
B right insertion

coordinates of the midpoints were used to calculate the relative
distance of each contact to the approximate end of the basilar
membrane (bm, apical end of the osl-edge). The distance from
the apex was expressed as percent of total length. From this the
Greenwood position frequency was calculated by the adjusted
equation for the guinea pig (Tsuji & Liberman 1997) as follows:

F =0.132 x 106 (1)

where F is the frequency (kHz) and x is the relative distance
to apex. A comparison between our positional data, the original
Greenwood function (Greenwood 1990), and the adjusted Tsuji
and Liberman function are provided as supplement (See Figure
1 in Supplemental Digital Content 1, http://links.lww.com/
EANDH/B38). To account for the direction of CI insertion, we
inverted the values to express the intra-cochlear CI position as
“distance from base” in contrast with the “distance from apex”
used by Greenwood, Tsuji, and Liberman.

contac:[ _ ;
+ mid point .............. .......
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o
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Fig. 2. Validation of the functional data using anatomical cochlear reconstruction. A, First, the length of the cochlea was estimated along the edge of the
osseous spiral lamina (osl) in micro computed tomographic (uCT) images of a non-implanted left template cochlea. B, Second, an implanted study case was
registered onto the template cochlea. Image stacks of right cochleae were mirrored before registration. Markers were placed onto the Cl contacts (c1, c2,...,
c6). C, For all 13 study cases the contact positions (not shown) and insertion paths were three dimensionally related to the template osl length. The insertion
depths and angles were then determined. D, To obtain an estimate of the bipolar recording positions (n = 61), the midpoints between neighboring contacts
were calculated. For a full insertion this reconstruction resulted in 5 midpoint positions. The corresponding frequency information was calculated according
to the reconstructions by Tsuji and Liberman (1997). Cl indicates cochlear implant; et, Eustachian tube; Iw, lateral wall of the basal turn; mo, modiolus; osl,

osseous spiral lamina; rw, round window.
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Data Analysis

The recorded signals were processed offline with cus-
tom-made Matlab routines (The MathWorks Inc., Natick,
Massachusetts, US) to separate the response components.
Extracochlear CAPs were derived offline by filtering between
0.2kHz and 2kHz. The peak-to-peak amplitude of the first
negative and positive components of the CAP (N —P ) was com-
puted within the first 5 ms after stimulation onset. A background
correction was applied, based on the peak-to-peak amplitude of
a 10-ms time window before stimulation. The calculations were
performed for all stimulation frequencies and intensities. CAP
threshold was defined as the lowest intensity at which the CAP
N, to P, amplitude was more than 3 SDs above the background
level.

To analyze the SP, first-order polynomic smoothing
(Savitzky-Golay smoothing filter, fifth-order) with a 5-ms win-
dow was applied to the recorded ECochGs. The maximal SP
amplitude was determined in a time window of 3ms to 15ms
after stimulus onset at all investigated frequencies and intensi-
ties. After plotting the SP amplitude over stimulation frequency,
we were able to identify a common pattern of changing polarity
in SP amplitude from negative in lower frequencies to positive
in higher frequencies. We defined turning frequency (Ft) as the
frequency at which the SP amplitude changed from negative to
positive. The anatomic frequency estimate was used to verify
the method.

The CAP thresholds before cochleostomy, after cochle-
ostomy, after CI insertion, and after noise trauma were tested
with a two-way repeated-measures analysis of variances with

Bonferroni posttest correction and #-tests. The results were
expressed as mean = SE of the mean (SEM) or SD as noted
for each case. In all cases, p values below 0.05, or equivalent
Bonferroni corrections, were considered significant.

RESULTS

In the present experiments, implantation was performed
through a cochleostomy. Due to the location of the round win-
dow in guinea pigs, implantation through a cochleostomy is the
least traumatic approach. The cochleostomy itself did not intro-
duce a significant shift in CAP thresholds (Fig. 3). Thresholds
below 30 dB were observed between 5.7kHz and 13.5kHz, as
expected for normal-hearing guinea pigs (Fig. 3). The lowest
thresholds after drilling the cochleostomy ranged from 0 dB
SPL to 30 dB SPL with an average of 17.7 (£10.1) dB SPL.
The mean threshold between 2kHz and 16kHz was 35.7 (£7.8)
dB SPL (details in Table 1). After CI insertion thresholds were
slightly elevated between 5.7kHz and 9.5kHz (Fig. 3), result-
ing in a significant threshold shift of 5.7 (£8.0) dB (paired
t-test, single-sided, p = 0.012, ¢t = —2.6). The average maximal
threshold shift across all 13 cases was 26.2 (£10.4) dB. After the
implantation-related threshold shift, the most sensitive region of
the audiogram was at 11.3kHz to 16kHz with average thresh-
olds below 40 dB SPL. The implantation-related hearing loss at
the tip of the implant was less pronounced for partial insertions
(5 CI contacts; n = 4; Fig. 3; Table 1).

The correlation between insertion depth and threshold shifts
has been reported earlier, for a total of 24 insertions of which
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Fig. 3. Extra-cochlear CAP audiograms were recorded in all 13 cases during the experiments. The dark gray line refers to the hearing status after cochleostomy.
The status before cochleostomy (n = 18) is indicated by a dashed black line and light gray shading. The lowest thresholds (average thresholds: 20 dB SPL — 30
dB SPL) were found between 5.7 kHz and 13.5 kHz. After the Cl insertion, a mild but significant hearing loss could be observed between 5.7 kHz and 11.3 kHz
(red line). Partial insertions in 4 cases (5 contacts inserted) led to less hearing loss (red dashed line, see also Table 1). After noise exposure (green line) the hear-
ing loss was apparent at frequencies from 8kHz to 26.9kHz. In 4 cases with high-frequency noise exposure (see Materials and Methods), the largest hearing
loss was restricted to 19.0kHz - 22.6 kHz (green dashed line, see also Table 1). Shaded areas indicate + SEM.
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TABLE 1. Hearing thresholds in all animals, are ordered by Cl insertion depths

Animal Cochlear NTrange Contacts Min.thres. Coch. mean Insert. shiftin Noise shiftin Depth from Insert. LMF
code side (kHz) inserted (dB SPL) (dB SPL) mean (dB) mean (kHz) base (%) angle (°) (kHz)
03K15 Left 8-12 5 10 32.3 23 20.8 30 111 10.7
03115 Left 14-18 5 10 29.2 1.5 14.6 30 134 9.8
20J15 Left 8-12 5 30 38.5 6.2 18.5 32 149 9.2
15J15 Left 8-12 5 30 43.1 6.9 25.4 32 159 8.9
15415 Right 8-12 6 20 41.5 4.6 13.8 34 186 7.8
29415 Left 8-12 6 10 36.2 15.4 27.5 34 198 7.6
13J15 Right 14-18 6 10 254 23 17.7 36 208 6.9
29415 Right 8-12 6 10 26.9 7.7 30.0 36 214 6.9
13J15 Left 14-18 6 30 49.2 -5.4 20.0 36 223 6.9
05K15 Right 8-12 6 20 38.5 3.8 20.8 36 227 6.9
20J15 Right 8-12 6 0 25.4 8.5 30.8 39 242 6.1
05K15 Left 8-12 6 20 32.3 25.4 36.9 40 263 5.5
03115 Right 14-18 6 30 45.4 -4.6 6.2 42 270 4.8
Mean values (SD) 17.7 (x10.1) 35.7 (x7.8) 5.7 (+8.0) 21.8(+8.2) 352 (x3.7) 198.8 (+49.1) 7.5 (x1.7)

The pure tone mean threshold was calculated from 13 stimulation frequencies between 2kHz and 16kHz. (C1: basal contact; coch.: cochlostomy; insert.: insertion; LMF: lowest midpoint

frequency; NT: noise trauma; min. thres: minimum threshold).

the 13 cases studied here were a subset (Andrade et al. 2020).
Noise exposure with band-restricted noise of either 8kHz to
12kHz or 14kHz to 18 kHz (see Table 1 for details) extended
the implantation-induced hearing loss with a significant ele-
vation of thresholds up to 26.9kHz in all 13 cases. For cases
exposed to the high-frequency noise (n = 4; Fig. 3; Table 1 for
details), the damage was most pronounced at 19.0kHz and
22.9kHz. The total average threshold shift of 21.8 (+8.2) dB
was significantly above the post-insertion audiogram (paired
t-test, upper-tailed, p < 0.001, # = —11.3). The maximal thresh-
old shift was 50.8 dB (£15.0 dB). Thus, the method of partial
deafening was successful.

Intracochlear Recordings

At a fixed bipolar recording position, that is, the mid-
point between neighboring CI contacts, the polarity of the SP
depended on the stimulation frequency (Fig. 4A). The bipolar
recording configuration (the more apical electrode referenced
to the more basal electrode) typically led to negative SP polar-
ity for acoustic stimuli at low frequencies and to positive SP
polarity for high stimulation frequencies. The zero-crossing was
defined as the “turning frequency” (Ft; comp. Helmstaedter et
al. 2018). The Ft was recording-position-dependent (Fig. 4B). It
was high for basal recording positions and low for apical record-
ing positions. A “tilting” of the Ft along the intensity axis was
apparent in the grand mean of all cases and all recording posi-
tions (Fig. 4C). The difference between the Fts at low stimula-
tion levels compared with high stimulation levels was moderate
(0.30+0.30 octaves). In individual examples (Fig. 4B) as well
as in the grand mean (Fig. 4C), the negative SPs at low stimu-
lation frequencies had large amplitudes even for soft stimuli,
while the positive SPs at low stimulation levels were usually
close to background level. This influenced the identification of
the Ft at sound levels close to the response threshold (typically
at 20-30 dB SPL).

To account for individual differences in the audiogram before
and after noise exposure, we compared stimulation levels rela-
tive to the level above the individual threshold. The individual
threshold was defined by the minimum CAP threshold (HLs).

The Fts at 10 dB HL differed significantly (n = 46 pairs, paired
t-test, two-tailed, p <0.001, r=—8.57) from the Fts at 40 dB HL,
shifting the Ft to lower frequencies at higher sound levels. The
hearing loss induced by noise exposure did not lead to a signifi-
cant change in the Ft (Fig. SA; two-tailed t-tests, all p = 0.21).

Correlation between Ft and Anatomical Position
Estimates

The electrophysiologically determined Ft aligned well with
the anatomical estimation of the recording position, both before
and after noise exposure (Fig. SB). The majority (66%) of all
Ft datapoints (n = 154 in five-sound levels, see above) deviated
less than 0.5 octaves from the anatomical estimate. Considering
a slope of approximately 2.6mm/octave for the adjusted
Greenwood function along the cochlear partition covered by
the CI, this amounts to a distance of 1.3mm (roughly 7% of
cochlear length). As expected, only a fraction of Fts could be
determined with stimulation levels close to the threshold: The
inset in Figure 5B illustrates the proportions of data points with
pre- and post-noise-exposure data. The highest proportion was
found for 30 dB HL (Fig. 5B, inset). At 30 dB HL, the correla-
tion between anatomical estimate and electrophysiological Ft
was high, both pre noise-exposure (R? = 0.72; y = 1.04x) and
post noise-exposure (R> = 0.67; y = 1.01x). In both cases, the
variance in cochlear position thus accounted for approximately
70% of the variability in Ft.

Interdependence Between Intracochlear CI Position,
Insertion Trauma, and Ft Reliability

The spatial correlation between Ft (at 30 dB HL) and ana-
tomical estimate is visualized in Figure 5C along the rostrocau-
dal and mediolateral axes of the basal cochlear turn. Recording
positions of three CI insertions were located at an extreme lat-
eral (abmodiolar) position compared with the majority of data
points (Fig. 6A). In a separate analysis, these outliers were com-
pared with three control insertions close to the average insertion
path. The maximal insertion angles of the two groups were com-
parable (outliers: 198°, 223°, and 263°; controls: 214°; 242°,
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Fig. 4. The amplitude and polarity of the SP depended on the stimulation frequency and the intracochlear recording position. A, At a given recording position
(bipolar c2/3) and stimulation SPL (50 dB SPL, ~30 dB HL) the polarity and amplitude of the SP (black line) depended on the stimulation frequency (inset
top right) from high (top panel) to low (bottom panel). From 16 kHz to 11.3 kHz the amplitude decreased and for 9.5 kHz and 8 kHz increased again. The SP
polarity switched from positive for high stimulation frequencies to negative for low stimulation frequencies. At 11.3 kHz, near the SP turning frequency (Ft),
the amplitude was close to background level. The raw ECochG is depicted by the gray trace in the background. B, SP amplitudes reveal positive SP for high
frequencies and negative SP for low frequencies, consistent across all recording cochlear positions (top right in each panel) except the basal-most (c5/6, 16%
insertion depth from base) where only negative SP were observed for frequencies below 22.6 kHz. The SP amplitudes depicted in (A) are marked with aster-
isks. C, The grand mean of the pooled data of frequency-SPL dependence of normalized SP amplitudes (relative to maximum SP amplitude). Polarity reversal
is consistent across stimulation levels. The insets at the lower right in each panel depict the insertion points included in the mean. Inset percentages are the

average insertion depths.

and 270°). For the outliers, up to three contacts were positioned
near the lateral wall (the basalmost contacts) and outside of the
SDs of average insertions. In contrast, all contacts of the con-
trols were within one SD of average insertions. A comparison
of the extra-cochlear CAP data between the two groups revealed
tendency for a more pronounced threshold shift for the outliers

compared with the controls that persisted after noise exposure
(Fig. 6B). This suggests that the abmodiolar insertion of the
implant in this study may have affected the cochlear mechanics
or induced more cochlear trauma.

The mean deviation from the global average threshold
shift between 4.8kHz and 11.3kHz was 13.6 dB for outliers
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Fig. 5. The Ft remained stable after noise-exposure. A, Pre- and post-noise-exposure data correlated at sound levels between threshold and 40 dB HL. More
than 75% of data points fall within + 0.5 octaves from the ideal correlation (mean + 0.37 | SD 0.29 oct). B, Both pre-noise-exposure and post-noise-exposure
data correlate with the anatomical frequency estimates (Tsuji & Liberman 1997). A histogram of all data points and their difference between electrophysiologi-
cally determined and anatomically determined frequency positions is shown as an inset (see also comparison in Figure 2 in Supplemental Digital Content
1, http://links.lww.com/EANDH/B38). At a stimulation level of 30 dB HL the available percentage of Fts (pre-noise: 98%; post-noise: 72%) is high and their
deviation from the anatomical frequency estimate (pre-noise: 0.32+0.31 octaves; post-noise: 0.31+0.35 octaves) is low (compare 40 dB HL pre | post data
availability: 95% | 89%; deviation: 0.43+0.47 oct. | 0.39+0.43 oct.). C, The 30 dB HL data from panels (A) and (B) depicted as a combination of anatomically
estimated, pre-noise-exposure, and post-noise-exposure frequency values in frontal and lateral 2D projections of the basal cochlear turn. The zero position
serves as a reference point in the 2D projections. It was manually set to the center of the modiolus in the dorsoventral and mediolateral direction and near to
the entry point of the internal meatus in the rostrocaudal direction (data points pre|post: A|B thr: n = 22|18; 10 dB HL: n = 47|26; 20 dB HL: 55/37; 30dB HL:
60]44; 40 dB HL: 58|54; C n = 61).

compared with 0.9 dB for controls. The difference was simi-
lar after noise exposure (outliers: 12.1 dB; controls 3.2 dB). In

dB). In two of the three outliers, the Ft deviated more strongly
from the anatomically estimated mid-point frequencies than the

contrast, average lowest thresholds between 2kHz and 32kHz
were within one SD of the global average (21.5+£9.9 dB SPL)
after insertion (outliers: 26.7 dB SPL; controls: 16.7 dB SPL)
and were comparable between both groups after noise exposure
(global average: 26.9+9.5 dB; outliers: 26.7 dB; controls 23.3

— equally deeply inserted — controls (Fig. 6C). Below 8 kHz the
Ft was consistently lower than the anatomical estimate before
noise exposure in both controls and outliers. After noise expo-
sure, the Fts of all three outliers deviated more strongly from the
anatomical estimate than any of the remaining cases (Fig. 6D).
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Fig. 6. A combination of electrophysiological measures and anatomically derived parameters can account for the deviations between the Fts and the anatomi-
cal midpoint frequencies in individual examples. A, The positions of three lateral CI positions (“outliers,” red) are compared with three examples with similar
insertion depths but more modiolar positions (“controls,” blue) in a frontal 2D projection. The average positions of the 6 CI contacts in all 13 cases are shown
as gray diamonds, the shaded ellipses refer to the SDs in the dorsoventral direction and mediolateral direction, respectively. B, A comparison of the threshold
shift relative to the CAP audiogram before insertion (Fig. 3) reveals more damage 4.8 kHz and 13.5kHz by the extreme insertions (dashed red line, average of 3;
controls: dashed blue line, average of 3). Dashed black line represents the average of all 13 cases. C, Deviations of Ft from anatomically-determined electrode
mid-point frequency before noise exposure. The cases are marked by the same color as in A and B. An apparent difference in the precision of Ft showed up
between the extreme and control groups. Above 8 kHz the Fts of controls (blue lines) did not deviate more than the average of all insertions, but the outliers did
(red lines). Two of the three outliers had large deviations between the anatomically estimated midpoint frequencies and the Fts before noise exposure. Below
8kHz the deviation of the Ft from the midpoint frequency consistently resulted in an underestimation of the tonotopic position by the electrophysiological mea-
sure in both controls and outliers. D, After noise exposure, the difference between extreme and controls was still observable. (black dots: isolated data points)

This could be consistent with some additional damage caused Pooled Data Position Estimation

by CI insertion. It is interesting to note that the three outliers in We subsequently pooled the data from all 61 recording positions
the data all stem from CI insertions that share similar features, of all animals and used them to predict changes in the Ft during CI
distinguishing them from the rest of the insertions. This might advancement. Here the midpoint position of the individual CI con-

account for some of the Ft variability in the dataset presented. tacts was used irrespective of which experiment it was derived from.
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The normalized SP amplitudes (see Fig. 4B) at a stimula-
tion sound level of 60 dB SPL were plotted against the rela-
tive distance of the recording position from the cochlear base
before noise exposure (Fig. 7, for sound levels between 30
and 80 dB SPL, see Figure 3 in Supplemental Digital Content
1, http://links.lww.com/EANDH/B38). Individual plots were
constructed for six different stimulation frequencies. The six
frequencies were chosen to include the stimulation frequency
with a tonotopic position apical of the most apical CI contact
(i.e., 4kHz) and the frequency with tonotopic position esti-
mated basal of the most basal contact (i.e., 22.62kHz). As a
general pattern, the SP amplitudes were negative at record-
ing positions basally to a given stimulation frequency and
changed polarity close to the respective tonotopic position.
This resulted in a frequency-dependent polarity inversion posi-
tion analog to the position-dependent Ft. When the recording
positions were remote from the excitation maximum, the SP
amplitudes were small (10-20% distance at 4kHz; 30-40%
distance at 22.62kHz) and reached their respective peak
amplitude at about 10% distance from the turning position
(compare 8 kHz stimulation for maximal trough amplitude at
~21% and 16kHz stimulation for maximal peak amplitude at
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~30%). Between these points the amplitudes decreased and
the polarity reversed.

Based on these data we suggest the following procedure for
implantation (see Fig. 7: 8 kHz): First the high-frequency border
of the hearing range based on the individual subject’s audiogram
is determined. This defines the acoustic stimulation frequency.
Bipolarly recorded SP to this stimulus when recorded basally to
the corresponding tonotopic position will cause small, mostly
negative SPs. Further insertion of the CI will lead to more nega-
tive SPs before further insertion will lead to a reversal of SPs
polarity when the recording electrodes reach the active cochlear
place.

After noise exposure, the general pattern of SP amplitudes
over-insertion depths was still present despite a significant effect
on hearing loss (Fig. 8). Despite differences we did not observe
any significant difference between pre- and post noise- expo-
sure Ft values (tested 2 kHz—32kHz; paired two-tailed t-test,
uncorrected p = 0.76, t-statistics = —0.30, Pearson’s correlation
r = 0.6; average difference: 04+0.23 [normalized]). Trauma at
the base (partially) compromised responses at positions basally
from the 8kHz target position (Fig. 8). Considering that the
starting point for cochlear implantation in guinea pigs (16%

z ! = 1 - 1
E 0.8 | 4 kHz E 0.8 | 5.7 kHz § 0.8 | 8 kHz o
= 06 : o = 0.6 = 0.6 of ®
© ] ]
E 0.4 predicted position E 04 . E 0.4 ..'" °
2 2ol | £02 2| Lo |
] 1 -8 ¢ [} dapo.a5 4 [} O f5
3 -02 i 03290 T 0.2 BREOD & T .0.2 8; i o
= -04 ® % -0.4 Og@ @ % -0.4 o
g -06 £ -0.6 0o £ -0.6 oOO
® 0.8 S 038 S 0.8 X0
o o o
n -1 . . . . o -1 ! ! ; ; N - . COr ;
0 _10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
distance from base [%)] distance from base [%] distance from base [%)]
z 1 5 1 5 1 :
@ 0.8 11.3 kHz @ 0.8 16 kHz @ 0.8| 22.6 kHz
= 06 o o = 06 o = 06
E 04 s € 04 R i. E 04 o7
© 0.2 e © 0.2 c wfls © 02 \,15 e
c ‘e ® c ; < -
s 0 s O paSte | ¢ o N,
502 AR g -0.2 : g-02
£ .04 a%% £ 04 % o £ .04
£-06 S £ -0.6 o £ -0.6
(1] © ©
S .08 B F-08 508
(7, - - - . . »n -1 . . . . n -1 : - - .
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

distance from base [%]

distance from base [%]

distance from base [%]

Fig. 7. Combining the recording data from all intracochlear recording positions from all implantations before noise exposure provided positional data between
16 and 40% distance from base (apex: 100% distance). These data allowed for the emulation of a hypothetical surgical approach, assuming a pure tone pre-
sented at a fixed frequency (insert at top of each panel) and a given sound level (60 dB SPL, data for 30 dB SPL — 80 dB SPL seen in Figure 3 in Supplemental
Digital Content 1, http://links.lww.com/EANDH/B38). The frequency of the stimulus has an excitatory maximum at a given intracochlear depth (red marker,
predicted from Tsuji & Liberman, 1997). The implant is hypothetically inserted toward the position of the maximum response. When the position of the Cl was
remote from the stimulation target, the SP amplitude was small and mostly negative. When the recording position approached the target, the SP amplitude first
became more negative. Further approach to the target position made the SP again less negative. Passing the target position with the recording position led to
an abrupt SP turning with positive amplitudes apical to the target. (Filed circles: positive SP amplitude, open circles: negative SP amplitude; red line: predicted
position of stimulus frequency; solid black line: polynomial regression, regression coefficient shown in plots; dashed black line: average in 5% bins from 15
to 40% insertion; gray shading: SD for 5% bins, recording positions per panel: n = 61).
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Fig. 8. Repeating the emulation of the Cl insertion after noise exposure gave similar results as before noise exposure with SP turning at the target frequency. The
overall reduced cochlear responsiveness at frequencies above 8 kHz (compare Fig. 3) led to a less pronounced SP response pattern at higher frequencies. This
is especially apparent for a stimulation frequency of 11.31kHz (compare Fig. 6B). (Filed circles: positive SP amplitude, open circles: negative SP amplitude;
Red line: predicted tonotopic mid-point position of stimulus; dashed black line: average in 5% bins from 15 to 40% insertion; gray shading: SD for 5% bins).

insertion depth) is far basal from the 8 kHz target position, the
recorded SP values allow an estimation of the approach to the
target: values first decrease during insertion to subsequently
increase again upon approaching the region corresponding to
the stimulus frequency. A polarity reversal finally signifies that
the implant has reached the tonotopic place of the stimulus.

Minimum Tracking as Simplified SP Monitoring
Application

The results suggest that polarity-change in SPs recorded
bipolarly will serve as a marker of intracochlear electrode posi-
tion. In a clinical setting with only limited low-frequency hear-
ing preserved, however, it may often not be feasible to insert
the CI deep enough to see the SP polarity reversal. On the basis
of the Ft prediction presented above, we suggest minimum
tracking as a potentially feasible clinical approach (Fig. 9). In
this approach, a series of intracochlear recordings along the
insertion path would allow limiting the insertion to that por-
tion of the cochlea that generates negative SP polarity. During
advancement of the CI, the SP amplitude recorded at each posi-
tion would be compared with the previously-recorded one. If
the SP amplitude stopped becoming more negative despite
advancement of the electrode over a critical distance, it would
indicate a close approach to the Ft position. In such case the CI
insertion would be terminated.

A suitable critical distance criterion would be 5% cochlear
length. This suggestion is based on the observation that the

distance between the SP minimum, basally to the turning point,
and the maximum, apically to the turning point, amounted to
approximately 10% of cochlear length.

The minimum-tracking method gave good results when
applied to post noise-exposure Ft predictions (data from Fig. 8)
with well discernible turning point (8§ kHz stimulation) and with
less clear data (11.3 kHz stimulation). In both exemplary cases,
the presumed endpoint of insertion would have been close to
the anatomically estimated midpoint (8 kHz: 2.5%; 11.3 kHz:
3%) as well as the turning point of the pooled data (8 kHz: ~1%;
11.3 kHz: ~2%).

DISCUSSION

The aim of the present study was to obtain a reliable marker
of positional information for the contact of the CI using intra-
cochlear ECochG. The data demonstrate that bipolar record-
ing of SP can assess the cochlear recording position using the
polarity reversal of SP: negative SPs were recorded basally from
the excited cochlear partition and positive SPs were recorded
apically to it. The acoustic stimulation frequency at which the
polarity reversed at a given recording position (Ft) provided reli-
able information on the cochlear position of the recording con-
tacts within +£0.37 octaves (SD 0.29 octaves). Approximately
70% of the variability of Ft was due to cochleotopic position
of the recording electrode. Some of the remaining variability
could be associated with lateral electrode position. We suggest a
minimum-tracking approach that illustrates a potential clinical



130

predicted position

cooo
ON PO
<

Og P
oOOalo
(RS

SoS
o RN

8 kHz 7\

0 10 20 30 40 50
distance from base [%)]

-0.8

SP amplitude [normalized]

[
-

BAUMHOFF ET AL./ EAR & HEARING, VOL. 44, NO. 1, 118-134

predicted position

cooo
oNPrD®

&0 °

SO0
o RN

11.3 kHz
10 20 30 40 50
distance from base [%]

SP amplitude [normalized]

o
L oo

o

Fig. 9. A potential approach for the clinical use of the SP would be a minimum-tracking method, exemplified above for two frequency examples. The post-
noise-exposure data from Figure 8 for 8kHz and 11.3 kHz (both at 60 dB SPL) were condensed to discrete data points by assigning the median SP amplitude
to each distance with more than one amplitude value. In case of data with high SP amplitude fluctuations, the tracking of the overall minimum amplitude
throughout insertion might serve to approximate the Ft-position without inserting far beyond that point. During insertion, the overall minimum amplitude (blue
line) is calculated from all recorded SP amplitudes (open diamonds) recorded over the previous positions. Insertion was halted (black “x”) when the minimum
would not change over a pre-defined insertion range (here: 5% cochlear length based on the common distance between SP amplitude minimum and maxi-
mum). In the Ft predictions shown here, this simplified approach would have led to an insertion stop within 1 to 2% cochlear distance of the pooled turning
point (8 kHz: ~33%; 11.3 kHz: ~27%) and 2.5 to 3% from the anatomical mid-point estimate (8 kHz: ~32%; 11.3 kHz: ~26%).

approach to utilizing bipolar intracochlear SP recordings to gain
information on the CI electrode position relative to a predefined
frequency or frequency range.

Methodological Limitations

The frequency range investigated in this study was adjusted
to the hearing range of the animal model and the cochlear parti-
tion accessible to a CI insertion in the guinea pig cochlea, which
differs from a typical CI subject. We hypothesize that the prin-
ciples underlying the presented results are the same for lower
frequencies in human subjects, given the presence of recordable
SPs.

Hearing thresholds of the animals after cochleostomy (Fig. 3)
were well comparable to normal hearing albino and pigmented
guinea pigs (ABR: Huetz et al. 2014; CAP: Conlee et al. 1989;
Behavior: Heffner et al. 1971). This demonstrates that cochlear
implantation is possible without significant cochlear trauma.

Helmstaedter et al. (2018) showed that in normal-hearing
guinea pigs the amplitude of SP in response to a range of frequen-
cies and intensities is correlated with the intracochlear position
of the CI electrode in monopolar recordings. While CMs could
also convey some positional information, CM-derived position
information was not reliable in Helmstaedter et al. CMs and
CAPs could rather serve as markers for the physiological state
of the cochlea (or cochlear health). In fact, CMs have previously
been successfully used as a marker of cochlear trauma during
cochlear implantation (Adunka et al. 2010; Adunka et al. 2016;
Giardina et al. 2019).

With the bipolar recording configuration used in the present
study, the Ft were much better discernible than in the previous
study (Helmstaedter et al. 2018). In the present results, the posi-
tion-dependent polarity reversal of the SP (Ft) was present from
threshold to levels up to 80 dB SPL. We did observe a shift of
Fts to lower frequencies with increasing sound levels (Fig. 4C).
The shift was moderate (0.30+0.30 octaves) and corresponded
to an expected downward shift in the cochlear excitation with
increasing sound level (Johnstone et al. 1986; Ruggero et al.
1997), further supporting the usefulness of the method.

While hearing impairment led to reduced SP amplitudes,
discernible SPs still provided positional information similar to

cochleae without damage. This suggests that moderate hear-
ing loss (Fig. 3) did not significantly bias the outcome of the
method. In fact, the sound level of 60 dB SPL may not have
been sufficient for supra-threshold stimulation above 8 kHz after
noise exposure (compare Fig. 3). This further corresponds to
the clinical situation with high-frequency hearing loss. Indeed,
clinical studies show that responses to an acoustic stimulus are
absent at the base and present at the apex (Lenarz 2017; Dazert
et al. 2020). Nonetheless, the impact of more extensive hearing
loss remains to be studied in the future.

The validation of the present results showed a precision of the
positional information within +0.37 octaves, corresponding to
approximately 0.95mm in the guinea pig cochlea (Greenwood
1990). Given that the recording contacts of the animal CI have
a spacing of 0.7 mm, this is in the range of the measuring points
along the cochlea. Thus the positional precision of the method
corresponds to the spacing of the measurement contacts. Using
an implant with narrower spacing of contacts would likely
increase the precision.

Due to the restricted implantation depths (~270°) and the
hearing range of the guinea pig, we could not determine how
well the SP would be suited as position marker for frequen-
cies below 1 kHz, where human EAS candidates typically show
residual hearing. Furthermore, in the present study, we used Cls
placed at a constant location and responses were recorded with
different electrode contacts along with the array. In the clini-
cal condition, the implant will be advanced and the measure-
ment will be performed by the same (apical) electrode contacts.
We decided on the present method so that we can validate the
results and assess their precision using pCT performed after the
recordings were completed. The two approaches further differ
in the biasing factor of the displaced volume of the perilymph -
which was constant in the present experiments but will increase
with advancing implantation in the clinical setting. Therefore
a follow-up clinical study (already initiated at our clinics) will
have to provide insights into the effect of these factors.

Physiological Interpretation
The present study observed only limited implantation
trauma, comparable to the results of previous studies from
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our laboratory with shorter CIs (Sato et al. 2016). Elevation
of CAP thresholds between 5.7kHz and 9.5kHz with full
insertion of CI shows that deep insertion of CI can affect the
hearing. This has been shown in a separate study using the
insertion data from cases further analyzed in the present study
(Andrade et al. 2020). It is interesting that this threshold eleva-
tion was not observed along the whole length of the electrode,
but was rather limited to frequencies below 11.3kHz. While
the insertion of the implant led to a threshold deterioration at
frequencies below 11.3kHz, it was less pronounced than in
a previous study (Helmstaedter et al. 2018). A separate anal-
ysis of four cases in which only five contacts were inserted
revealed better hearing protection with near-normal thresh-
olds, comparable to post-insertion IC thresholds reported in
Sato et al. (2016) using shorter CIs. This demonstrates that
implantation up to the point of perceptible resistance, as often
is in clinical practice, may lead to cochlear trauma (Andrade
et al. 2020). The present study additionally introduced hearing
impairment by exposure to band-pass noise. Noise exposure
with a noise band at either § kHz to 12kHz (N = 10) or 14kHz
to 18kHz (N = 8) resulted in significant threshold elevation
at frequencies slightly higher than the noise. Threshold shifts
in frequencies higher than the applied acoustic stimulus have
been similarly described before and are known to be caused by
cochlear nonlinearities (Cody & Johnstone 1981; Puel et al.
1998; Robles & Ruggero 2001). Taken together, the data thus
demonstrate the expected effects of high-level bandpass noise
on hearing thresholds and, with careful cochlear implantation,
a limited implantation trauma.

SP as a Marker of CI Position

We used SPs as markers of intracochlear position. SPs
originate mainly from hair cells (Dallos 1973; Johnstone &
Johnstone 1966; Forgues et al. 2014; Pappa et al. 2019) and
thus may provide positional information in the cochlea for pure-
tone stimulation. We found that the tonotopic intracochlear
recording position is marked by a polarity reversal of the SP in
bipolar recordings at stimulation frequency defined as turning
frequency or Ft. The individual contributions of outer and inner
hair cells and neural components to SPs have not been fully
resolved yet (Pappa et al. 2019). The SP amplitude depends on
the preservation of both inner and outer hair cells (Durrant et al.
1998); however, it remains unclear how many hair cells have to
be preserved to generate a recordable SP. Here we used band-
filtered noise at a level of 110 dB SPL for 30 minutes to induce
a high-frequency noise trauma. The subsequent threshold shift
was likely caused by both excitotoxic synaptic damage and
damage to outer hair cells, while keeping inner hair cells largely
intact (Puel et al. 1998). Thus the stability of the SP polarity
reversal after noise exposure (pre/post deviation: £ 0.37 octaves
| SD 0.29 oct) might be due to the preserved hair cell function.
It is interesting that sometimes even in deaf subjects electroco-
chleographic signals can be recorded (Tejani et al. 2021). Such
findings could result from hair cells that are not contacted by the
primary afferents.

The method presented here tends to result in Fts basal to
the actual intracochlear frequency position (Figs. 7 and 8),
especially for low stimulation frequencies and high SPLs (See
Figure 3 in Supplemental Digital Content 1, http://links.lww.
com/EANDH/B38). This could be a consequence of the het-
erogenous contribution of THCs and OHCs to the SP (Cody

& Russell 1987). The precision of the recordings could be
improved, for example, by reducing the distance between the
recording electrodes or by using an adjusted SP response func-
tion that balances such an effect.

At low frequencies, the SP is thought to comprise an asym-
metry in CM positive and negative excursion (Cody & Russell
1985). SPs were also recorded in humans for frequencies below
1 kHz (Ferraro et al. 1994; Ferraro 2010; Riggs etal. 2017; Pappa
et al. 2019; Dalbert et al. 2020; Eyvazi et al. 2020). Therefore,
we think that bipolar, intracochlear ECochG recordings of the
SP during CI surgery could be a promising approach to localize
the recording contact relative to the stimulated portion of the
cochlea even in subjects with only low-frequency hearing. A
complicating factor in the clinical setting is the recording equip-
ment because often the signal conditioning (particularly the fil-
ter settings) is not specified and some level of high-pass filtering
is involved in commercial systems to stabilize the recording.
However, when SP can be recorded, the present study demon-
strates that it provides precise information on the position of
the recording electrodes. Human CIs usually have contact spac-
ings wider than the 0.7mm of the animal implant used in this
study (e.g., 2.1 mm spacing in a MED-EL Flex28). In such case
adding one more narrowly spaced contact pair at the implant
tip would enable bipolar monitoring of the SP with improved
precision.

The position of the electrode was assessed using polarity
reversal of SP. Large differences in bipolar-recorded signals
(shown by polarity reversals) correspond to places with non-
zero second derivatives over location and thus places with high-
current source densities (Ranck 1975; Rattay 1987). These
further correspond to the location where charges enter or exit
the perilymph. Indeed, the Ft correlated well with positions
corresponding to the frequency representation of the given
stimulus, projected on the pCT scans using the Greenwood
function modified for the guinea pig (Tsuji & Liberman 1997).
Such validation was also successful in hearing-impaired
cochleae (with hearing loss up to ~40 dB). The precision of
the SP-estimated cochlear place was high (mean: 0.95mm),
given the size and distance of the recording contacts (see
Materials and Methods). It is interesting that a downward shift
of the turning frequency was observed with increasing level
— an observation well corresponding to the downward shift
of the most exciting cochlear region with increasing stimulus
level (Johnstone et al. 1986; Ruggero et al. 1997). Thus, all the
properties of the recorded signals meet physiological expecta-
tions. Variation of cochlear place contributed to ~70% of the
variability of Ft. This value is high for biological signals. The
modiolar-abmodiolar location of the implant (Fig. 5) likely
contributed to the remaining variability. The relative rigidity
of the animal CI due to narrow contact spacing might have
contributed to trauma during insertion along the lateral wall.
Local immobilization of the BM by a laterally inserted CI
(Kiefer et al. 2006) could have contributed to the hearing loss
(Fig. 6). Human atraumatic lateral-wall-electrodes are longer,
the spacing between contacts is larger and the resulting total
flexibility is higher than in the present animal CIs. Thus, the
effects observed as “outliers” in the present data, related to the
lateral electrode position, will likely be different in the human
lateral wall electrodes. Overall; however, the results illustrate
the applicability of the suggested method to determine the
intracochlear contact position.
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Moderate hearing loss did not reduce the precision of our
method. The stimulation level relative to the auditory threshold
mainly impacted the data availability, that is, close to the thresh-
old, SPs could not always be recorded, yet where obtained, the
recorded data carried a high degree of positional information
(Fig. 5A, B). The lack of extreme deviations from the anatomi-
cal estimate close to auditory threshold is likely due to a more
localized excitation at the organ of the Corti close to the thresh-
old. At higher SPL the SPs could be more reliably recorded,
and the precision of Ft was sufficient for the present purposes,
even though the spread of the data slightly increased. For clini-
cal translation, the positional precision is likely highest close to
threshold levels, but the signal yield was highest at 30 dB above
the hearing threshold, where the methods still provided reli-
able positional estimates. However, slight intensity-dependent
shifts of the most excited cochlear position need to be taken into
account. A variation of acoustic chirps (Elberling et al. 2007;
Adel et al. 2020) could further increase SP amplitudes and the
signal yield and thus improve the outcomes in hearing-impaired
individuals.

Clinical Relevance

Here we used multiple stimulation frequencies and SPLs
to identify the recording electrode position within the cochlea.
This approach is time-consuming and therefore not feasible in
a clinical setting. The pooled Ft data (Figs. 7-9) demonstrate
that stimulating at a fixed frequency and SPL will also provide
reliable positional information. Here we suggest a minimum-
tracking method that might be applicable in a clinical setting
(Fig. 9). In the pre-operative examination, the frequency of
the high-frequency border of residual hearing (based on the
patient’s audiogram) will define the stimulation frequency. A
frequency or frequency band of this range will subsequently be
used for acoustic stimulation during CI insertion. Increasingly
negative amplitudes of the SP before the polarity reversal in
a bipolar configuration will indicate an approach to the stimu-
lation frequency region. This approach is less time-consuming
and prevents an intrusion of the apical electrode into the intact
part of the cochlea. We added a flowchart of the proposed clini-
cal approach Figure 4 in Supplemental Digital Content 1, http://
links.Iww.com/EANDH/B38. While it remains to be studied
how well this minimum-tracking would work on actual inser-
tion data with usually small SPs, the present results illustrate
that it has translational potential.

CONCLUSIONS

The present study provides evidence that SPs represent a
reliable marker for the intracochlear position of the record-
ing electrodes. Using bipolar recording configuration, SP
polarity reversals identify the cochlear position well. We
suggest a potential minimum-tracking method to make use
of the positional information gained from the SP during CI
implantation.
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