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Objectives: The primary objective of this study was to establish the
reproducibility of cochlear microphonic (CM) recordings obtained
from a cochlear implant (Cl) electrode contact during and immediately
after insertion. This was achieved by evaluating the insertion angle and
calculating the position of the apical electrode contact during insertion,
using postoperative cone beam computed tomography (CBCT). The
secondary objective was to create individualized patient maps of elec-
trode contacts located within acoustically sensitive regions by correlat-
ing the CM amplitude to the electrode position determined using CBCT.

Methods: CMs were recorded from a Cl electrode contact during and
immediately after insertion in 12 patients (n=14 ears). Intraoperative
recordings were made for a 0.5kHz tone burst stimulus and were
recorded from the apical electrode contact. Postinsertion recordings were
made from the odd-numbered electrode contacts (1-15) along the array,
using a range of stimulus frequencies (from 0.125 to 2kHz). The time
point at which each electrode contact passed through the round window
was noted throughout the insertion, and the CM amplitude at this point
was correlated to postoperative CBCT. This correlation was then used to
estimate the CM amplitude at particular points within the cochlea, which
was in turn compared with the amplitudes recorded from each electrode
postoperatively to assess the reproducibility of the recordings.

Results: Significant correlation was shown between intraoperative inser-
tion and postinsertion angles at two amplitude events (maximum ampli-
tude: 29° mean absolute error, r=0.77, p=0.006; 10% of maximum
amplitude: 52° mean absolute error, r=0.85, p=0.002).

Conclusion: We have developed a novel method to demonstrate the
reproducibility of the CM responses recorded from a Cl electrode during
insertion. By correlating the CM amplitude with the postoperative CBCT,
we have also been able to create individualized maps of CM responses,
categorizing the cochlea into acoustically responsive and unresponsive
regions. If the electrode contacts within the acoustically sensitive regions
are shown to be associated with improved loudness discrimination, it
could have implications for optimal electrode mapping and placement.

'St. Thomas’ Hearing Implant Centre, Guy’s and St. Thomas’ NHS
Foundation Trust, London, United Kingdom; *Department of Radiology,
Guy’s and St. Thomas’ NHS Foundation Trust, London, United Kingdom;
3School of Biomedical Engineering & Imaging Sciences Clinical Academic
Group, King’s College London, London, United Kingdom; *Advanced
Bionics GmbH, European Research Centre, Hannover, Germany; and
Centre for Craniofacial and Regenerative Biology, King’s College London,
London, United Kingdom.

Supplemental digital content is available for this article. Direct URL cita-
tions appear in the printed text and are provided in the HTML and text of
this article on the journal’s Web site (www.ear-hearing.com).

Copyright © 2021 The Authors. Ear & Hearing is published on behalf of
the American Auditory Society, by Wolters Kluwer Health, Inc. This is an
open-access article distributed under the terms of the Creative Commons
Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND),
where it is permissible to download and share the work provided it is prop-
erly cited. The work cannot be changed in any way or used commercially
without permission from the journal.

Key words: Cochlear Implant, Cochlear Microphonic, Cone Beam CT,
Electrocochleography.

Abbreviations: ECochG = Electrocochleography; CM = Cochlear Micro-
phonic; SP = Summating Potential; ANN = Auditory Nerve Neurophonic;
CAP = Compound Action Potential; Cl = Cochlear Implant; CBCT = Cone
Beam Computer Tomography; PAth = Predicted audiometric threshold
from ECochG; DF = Degrees of Freedom; AB = Advanced Bionics; NICE
= National Institute for Health and Care Excellence; PTA = Pure Tone
Audiometry; SD = Standard Deviation.

(Ear & Hearing 2021;42;1263-1275)

INTRODUCTION

Electrocochleography

Electrocochleography (ECochG) is the measurement of
electrical potentials generated by the cochlea in response to an
auditory stimulus. There are four parts to the classical ECochG
response: cochlear microphonic (CM), summating potential,
auditory nerve neurophonic (ANN), and compound action
potential (Snyder and Schreiner 1984; Henry 1995; Choudhury
et al. 2012; Eggermont 2019).

ECochG can inform us of the combined function of outer
and inner hair cells along with their tonotopic location and
the successful transduction of their movements into neural
impulses. Perhaps the best-known examples of clinical utiliza-
tion of ECochG are the evaluation of the summating potential/
AP ratio in Meniere’s disease (Conlon and Gibson 2000) and
the measurement of CM portion of the ECochG response for
determination of the sensory or neural nature of a hearing loss
(Santarelli and Arslan 2002).

Electrocochleography and Cochlear Implants

The changes in electrical potential responsible for the CM
response are detectable “far-field” beyond the tonotopic location
of the stimulating frequency due to volume conduction, which
combines the effects of tissue conductivity, dipole direction, and
spatial distance. As the recording electrode approaches the main
site of the CM generation, it becomes “near-field” and these effects
diminish significantly, resulting in an increase in signal amplitude
(Rutkove 2007). Because of this, although cochlear implant (CI)
recipients have far poorer hair cell function than individuals with
normal hearing, the recorded response from a CI in situ is often
orders of magnitude larger than from the mastoid or round win-
dow (RW) promontory (Dalbert et al. 2015). This means that, if
present, the signal requires little averaging to resolve from the
noise, even though a speech processor has a higher noise floor
than a dedicated electrophysiology machine. Thus, the CM can
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be gathered quickly, easily, reproducibly, and in real time (Harris
etal. 2017). The ability to record CMs from in situ CI electrodes
in humans was piloted relatively recently (Campbell et al. 2016)
and has been developed over the last few years.

Although the great majority of CI recipients have com-
promised hair cell function (Rance et al. 1999), measuring
CMs in these patients may still provide useful information. It
has been demonstrated in a number of studies that the CM is
related to measurable hearing at the stimulus frequency used, or,
more generally, to speech perception derived from the residual
cochlear function (Laureano et al. 1995; Santarelli et al. 2006;
Fitzpatrick et al. 2014; Koka et al. 2017). It is therefore plau-
sible that monitoring the CM could provide information on
cochlear function in real time (Campbell et al. 2016).

One potential use for this is during electrode insertion in CI
surgery; several groups (Harris et al. 2017; Bester et al. 2017),
including our center, are currently investigating the use of the
CM amplitude as a form of intraoperative feedback during elec-
trode insertion to improve hearing preservation rates. A second
use for measuring CMs is their ability to predict hearing thresh-
olds due to correlation with cochlear function (Koka et al. 2017).
If the frequency-specific CM responses prove to correlate well
with pure tone audiometry (PTA) thresholds, they could then
be utilized for CI mapping in electroacoustic stimulation (EAS)
cases.

Finally, it is likely, from what we understand of the interde-
pendency of the hearing pathway, that the preservation of hair
cells in particular regions of the cochlea is related to preservation
of other cell types such as supporting and neuronal populations
(Terayama et al. 1977; Webster and Webster 1981; Nayagam et
al. 2011). Therefore, if the hearing pathway is intact at a particu-
lar frequency, for example, when there is a clearly measurable
pure tone threshold and a detectable CM in a patient who has
historically been well aided, then it is possible that spiral gan-
glion neuronal preservation would also be greater in these regions
(Leake et al. 1999; Dodson and Mohuiddin 2000; O’Neil et al.
2011). There is evidence that neuronal preservation does influ-
ence CI outcome (Eppsteiner et al. 2012; Seyyedi et al. 2014;
Tropitzch et al. 2019). Thus, if it were possible to know which
regions of the cochlea still contained enough hair cells to gener-
ate a CM, it might be possible to use this information to individu-
alize and optimize mapping for electrode contacts falling within
this region.

The first step in assessing this would be to confidently estab-
lish the reproducibility of CMs generated intraoperatively and
to be able to ascertain where the apical recording electrode is
located in the cochlea at any point in time during the insertion.
In this article, we describe a novel method to establish the reli-
ability of intraoperative CM recordings and to correlate them to
specific locations within individual cochleae, using postopera-
tive cone beam computed tomography (CBCT).

MATERIALS AND METHODS

A longitudinal observational feasibility study was carried
out at St. Thomas’ Hearing Implant Centre, London, United
Kingdom. Approvals were obtained from the South East Coast
Surrey NHS Research Ethics Committee (IRAS: 214480).
Guy’s and St. Thomas’ research and development department
acted as study sponsors. The study is registered on the clinical-
trials.gov website (NCT03848338).

Inclusion Criteria

Participants were recruited from patients who were due to
undergo cochlear implantation with one or more Advanced
Bionics (AB) CIs at St. Thomas’ Hearing Implant Centre,
London, United Kingdom. The inclusion criteria were as
follows:

- Eligible for CI according to the National Institute for
Health and Care Excellence (NICE) guidelines

- Recordable hearing at 0.5kHz on PTA, preferably <80 dB HL

- Normal cochleae and cochlear nerves on preoperative MRI

- Able to provide fully informed consent for study
participation

- No contraindications to following a routine clinical reha-
bilitation plan

Equipment

Audiometry was carried out using calibrated Astera audiom-
eters and TDH-39 headphones. ECochG measurements were
made using either the AB “Black Box 2 device or the AB “Active
Insertion Monitoring (AIM) Tablet.” Both used a CPI3 program-
ming module to connect to a Naida Q90 speech processor and
UHP 3D headpiece with a maximum strength magnet to receive
and process the ECochG signal. To generate the auditory stimuli,
both devices used a Behringer USB Soundcard connected to an
Etymotics 3A insert, which generated tone bursts of up to 110
dB SPL at half-octaves from 0.125 to 4kHz. This output was
checked using a 2 cc coupler (See Figure in Supplemental Digital
Content 2, http:/links.lww.com/EANDH/A772), but no calibra-
tion of these signals was performed on a patient by patient basis.

Surgical Protocol

Before surgery, the ear to be implanted was cleared of wax
and washed out with Povidone-iodine or chlorohexidine before
an Etymotics 3A tip was inserted. Once it was securely posi-
tioned, the pinna was carefully folded forward and secured with

Fig. 1. Securing the earphone insert before placement of the surgical drapes,
the black arrow denotes the acoustic tube coming from the in situ ear insert.
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Ioban drape (3M), and skin preparation and draping of the sur-
gical site were completed in a standard manner (Fig. 1).

All surgeries were performed using a transmastoid/poste-
rior tympanotomy approach, “soft surgery” techniques and RW
electrode array insertion. Once the receiver-stimulator package
was secured within a periosteal pocket over a bony recess, the
external processor covered in a sterile sleeve was electromag-
netically coupled to the internal device through the surgical
drapes.

A slow insertion of the electrode array was performed for
every case (approximately 3 min), with the operating surgeon
calling out as each electrode contact passed through the RW.
These points were noted on the CM trace, such that the distance
of the apical electrode contact inside the cochlea could be cor-
related with time and thus CM amplitude (Fig. 2). No audible or
any other feedback on the ECochG signal was provided to the
surgeon during the insertion so as not to influence the surgical
behavior, and the standard practice of aiming for full insertion
wherever possible was observed.

Postoperative Protocol

All patients received at least one dose of intravenous dexa-
methasone intraoperatively (standard dose 6.6mg in adult
cases), but there was a marked variability in the steroid ther-
apy regime otherwise, including direct application to the RW
membrane, 1-2 further doses of intravenous dexamethasone
and 3-day course of oral prednisolone (30 mg once daily).

CBCT was performed in all those who tolerated the proce-
dure, usually within 24 hours of surgery and always before
device activation (around 4 weeks after surgery). ECochG
and PTA were performed twice within the first 3 months,
typically at switch-on or at week 1 postactivation, and then
at 6 weeks or 3 months postactivation. The ECochG mea-
surements made at these follow-up appointments after device
activation are referred to as “postoperative recordings” in the
rest of this article.

Electrocochleography Measurements

CM measurements during electrode array insertion (referred
to as “intraoperative recordings”) were recorded using 50ms
duration 110 dB SPL 0.5kHz acoustic stimuli, including
S5ms onset and offset ramps. Presentations were paired such
that the phase of successive stimuli was inversed (rarefaction
and condensation). Response recording was synchronized to
stimulus delivery to maintain the known phase relationship.
The recorded signal was converted into a 9-bit (8 plus sign)
digital signal in the implant before being wirelessly transmitted
using the back-telemetry pathway used to record impedances
and electrically evoked compound action potentials. For a 500
Hz stimulus, approximately 8 complete positive and negative
stimulus pairs were delivered per second with the full waveform
being recorded to a javascript object notation file format.

To determine the CM signal, successive stimuli recordings
of the opposing phase were subtracted from each other. A fast-
Fourier transform was then applied to convert the signal from the
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Fig. 2. Example cochlear microphonic amplitude trace during array insertion, including notation of electrodes as they enter the round window (black dots).
lllustrated above are (left) estimation of apical electrode position during insertion and (right) determination of electrodes whose final position is within the
cochlear microphonic responsive region (green). Also noted on this trace are events (A) the max CM amplitude and (B) when the CM >10% of max amplitude,
which were used for CBCT correlation analysis. CBCT indicates cone beam computed tomography; CM, cochlear microphonic.
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time to the frequency domain, and the amplitude at the stimulus
frequency was plotted over time to create the intraoperative trace.
The noise floor of the signal was estimated using the mean of a
range of frequency bins adjacent to the stimulus frequency bin.
Of note, when the term “CM?” is used in this article, we thus refer
to the microphonic or difference (CM/DIF) amplitude recorded
at the fundamental stimulus frequency. It should also be borne
in mind that, while the measurement recorded is dominated by
part of the CM, the ANN when present will also contribute to, or
subtract from, the recorded signal depending on phase.

During the intraoperative recording, the software was con-
figured to average recordings up to a maximum of 40 repetitions
or until a signal-to-noise ratio of 24 dB was achieved. An SNR
of 3:1 was taken as the limit of detection for a valid CM.

Once insertion was complete and the implant cable coiled
securely within the mastoid cavity, a battery of further record-
ings were made (referred to as “postinsertion” recordings),
which consisted of electrode sweeps (recording for one stimu-
lus frequency from each odd-numbered electrode contact) and
a frequency sweep (recording from the apical electrode con-
tact across all audiometric frequencies) to generate a predicted
audiogram. The formula used by the software to generate the
predicted hearing threshold (PAth) was:

C
PAth= S -20x 10g10(0.25)

where S is the stimulus level in dB SPL and C is the CM
amplitude. The software used a single stimulus level from
which to plot a linear regression. The stimulus frequencies used
were between 0.125 and 2kHz at semi-octave intervals. All
postinsertion measurements used the same stimulus set-up and
intensity (110 dB SPL).

Fig. 3. Double oblique coronal reformatted image through the basal turn
with a 2 mm average slab reconstruction designed to demonstrate the entire
electrode array. The open black arrow indicates the mid modiolar point and
the angle is shown between the round window (where the reference elec-
trode is located) and the distal electrode contact (added to 360° to calculate
the electrode array angular insertion).

The exact ECochG testing regime evolved throughout the
pilot as we acquired an understanding of which measurements
would be most useful at which times.

Cone Beam CT Analysis

Every CBCT scan was analyzed by a neuroradiologist of
19 years’ consultant experience. The final insertion angle of
the apical electrode contact was estimated to the nearest 5°
(Fig. 3) and scala tympani retention assessed over the length
of the array, as per the standard practice at our center (Fig. 4A,
B).

For intraoperative measurements (i.e., during electrode
array insertion), the position of the apical electrode contact,
expressed as angular insertion from the RW, was calculated to
the nearest degree for selected CM event markers at 0.5 kHz,
namely the peak amplitude (A) and when the CM exceeded
10% of the peak amplitude (B). However, we acknowledge
that the precision of this measurement is likely to be in the
order of 10°. To make this calculation, the distance between
the apical electrode contact and the electrode contact passing
through the RW at the time of the CM event was determined
from the known electrode array dimensions and spacing
between electrode contacts (Table 2). This distance was then
superimposed on the CBCT of the final electrode array posi-
tion and the presumed angular insertion of the apical elec-
trode contact at the time of the CM event was calculated from
the RW (Fig. 5).

For postinsertion measurements, the final insertion angle of
the electrode contacts corresponding to the 2 CM event markers
A and B (A=peak amplitude and B=>10% peak amplitude)
were calculated to the nearest 10° for each frequency (0.125-
2kHz) where a clear response was recorded.

Hearing Preservation Analysis

The hearing preservation rates were determined at device
activation, using the Skarzynski formula (Skarzynski et al.
2013). Comparison between actual hearing preservation and
the preservation predicted by the intraoperative CM traces was
based on the A, B, and C trace classification system described
by Harris et al. 2017 (A: increasing and maintained CM =sug-
gested hearing preservation, B: initially increasing and then
a decrease in CM and C: CM fluctuating throughout=1loss of
residual hearing). This classification system was modified by
permitting traces where there was a moderate (<50%) drop in
CM amplitude toward the end of the insertion to be included
into the A category, similarly to the type 2 and type 3 traces
described in Koka et al. (2018).

Statistical Analysis

Descriptive statistics were used for demographic, hear-
ing preservation, and PTA vs. ECochG threshold data. For the
insertion angle correlation analysis, a Pearson correlation coef-
ficient (r) was calculated using the absolute error in degrees
between the intraoperative and postinsertion variables of both
the max CM amplitude and >10% max CM amplitude points,
which indicates strength of the association between these two
variables (with 0 being no correlation, and 1 or —1 being perfect
positive or negative correlation, respectively). Since the  value
itself does not indicate the significance of a correlation, this was



SOULBY ET AL / EAR & HEARING, VOL. 42, NO. 5, 12631275

1267

Fig. 4. A, Axial CBCT image of the Slim-J electrode array. Note the array is located within the scala tympani (posteriorly within the inferior segments of the
middle and basal turns as indicated by the black arcs). B, Oblique sagittal reformatted image in the mid modiolar axis. The electrode contacts are demonstrated
within the inferior segment of the basal turn (open black arrow), the superior segment of the basal turn (filled black arrow), and the inferior segment of the
middle turn (black arrow filled with white). CBCT indicates cone beam computed tomography.

assessed by converting the Pearson correlation coefficient into a
t-statistic using the following formula:

rvn—2
2

t=
1-r

where 7 is the correlation coefficient and 7 is the sample size.
The correlation t-statistic was then checked for significance
against the t-table for a two-tailed distribution with degrees of
freedom (df)=n-2 and reported as a p value, evaluating whether
or not the r value is significantly different from zero for the
given sample size.

RESULTS

A total of 12 patients were recruited into the study and
underwent intraoperative ECochG recording. This included
10 unilaterally implanted adults and two bilaterally implanted
children (n=14 ears, female:male=28:4). The mean age at the

time of implantation was 56 years (range=2-82). The data
from an additional three participants who only underwent post-
operative ECochG at audiology follow-up were also included
in the postoperative PTA to ECochG correlation data. The
range of etiologies and duration of deafness for all cases are
shown in Table 1. All patients were implanted with the Slim-J
Ultra 3D array, and full insertion was achieved up to the blue
marker in all ears. There were no surgical complications in any
of the cases.

A CM was successfully recorded in 13 out of 14 ears (93%).
The 0.5kHz intraoperative CM and postinsertion electrode
sweep traces for each participant along with their preoperative,
postoperative, and ECochG predicted audiograms are given in
Figures in Supplemental Digital Content 1, http://links.lww.
com/EANDH/AT771.

CBCT was performed for 12 out of 14 ears (86%), as one
bilaterally implanted child was too young to comply with an
awake scan. Full insertion of all active electrode contacts was
confirmed in every case, with a mean angular insertion depth of

TABLE 1. Study participant demographic information, hearing loss etiology, testing status, and Cl array code for Figure 10 and

Supplemental Digital Content 1, http://links.lww.com/EANDH/A771

Age Gender Etiology Intraoperative ECochG  Postoperative CBCT  Electrode
4 F Childhood acquired progressive SNHL unknown cause Y&Y Y&Y 1(R) & 2(L)
77 F Adulthood acquired progressive SNHL unknown cause Y Y 3
74 F Adulthood acquired progressive SNHL unknown cause Y Y 4
76 F Adulthood acquired progressive SNHL unknown cause Y Y 5
2 M Congenital profound—LVAS Y&Y N &N 6(L) & 7(R)
69 M Adulthood acquired progressive SNHL and chronic otitis externa Y Y 8
81 F Adulthood acquired progressive SNHL unknown cause Y Y 9
58 F Adulthood acquired progressive SNHL unknown cause Y Y 10
81 M Adulthood acquired progressive SNHL unknown cause Y Y 11
50 M Adulthood acquired progressive SNHL unknown cause Y Y 12
32 F Childhood acquired progressive SNHL unknown cause Y Y 13
64 F Childhood acquired progressive SNHL unknown cause Y Y 14
68 M Adulthood acquired progressive SNHL unknown cause N N/A 15
27 M Congenital profound —LVAS N N/A 16
69 M Adulthood acquired progressive SNHL unknown cause N N/A 17
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TABLE 2. Distances in mm of each electrode contact from
absolute tip of the Advanced Bionics Slim-J electrode array

Electrode Distance from tip (mm)
1st (most apical) 0.5
2nd 1.8
3 3.1
4t 4.4
5t 5.7
6t 7
7t 8.3
8t 9.6
ot 10.9
10t 12.3
11t 13.5
12t 14.8
131 16.1
14t 17.4
15t 18.7
16th (most basal) 20
Blue marker/Ref 23

431° (median=420, range=345-510). The electrode array was
found to be located entirely within the scala tympani compart-
ment in every ear that had postoperative imaging.

Figure 6 illustrates correlation between the measured and
the ECochG predicted postoperative PTA thresholds at 4 key
frequencies (0.25, 0.5, 1, and 2kHz) measured at the same time
point postoperatively, using the scatter plot method described
by Koka et al. 2017. Figure 7 plots this same data to show the
distribution of dB HL error between measured and predicted
postoperative thresholds for each frequency (0.25 kHz: —2.4 dB
HL+13.4 SD, 0.5 kHz: 6.6 dB HL+11.5 SD, 1 kHz: 10.1 dB
HL+8.1 SD, 2 kHz: 17 dB HL+8.9 SD).

During data collection, it was noted that the predicted
behavioral thresholds for 0.25 and 0.5kHz were considerably
underestimated in the two cases where the newer plastic dome
was used to deliver the sound stimulus. Further investigation
revealed that there was significant loss of stimulus intensity
at 0.25 (-11 dB SPL) and 0.5kHz (-4 dB SPL), when using
the plastic dome compared with the Etymotics 3A foam tip.
Due to the concern with the stimulus intensity, the 0.25 and
0.5kHz postoperative responses obtained with the plastic dome
from these two patients were excluded from the final analysis.
The use of the plastic dome was subsequently abandoned and
the study reverted to the use of the foam tip. As this technical
concern did not affect the higher stimulus frequencies (1 and
2kHz), or the pattern and location of response on CBCT cor-
relation, the data from these two patients were retained for the
rest of the analysis.

With these data points excluded (plotted in red, Figs. 6
and 7), the 2 SD range (within which we would expect to find
95% of the population assuming a normal distribution) for the
frequencies which would potentially be used for the acoustic
amplification in an EAS device (0.25, 0.5, and 1 kHz) was £24
dB HL (solid lines Fig. 6). The dotted lines in Figure 6 repre-
sent the theoretical 2 SD range, which would be required for
ECochG predicted thresholds to be confidently used in lieu of
behavioral responses with no significant detriment in accuracy.
Of note, currently only 50% of these responses were within this
theoretical 10 dB HL 2 SD range.

Fig. 5. Double oblique coronal reformatted image through the basal turn
with a 2mm average slab reconstruction designed to demonstrate the
entire electrode array. A CM event was detected when electrode 11 passed
through the round window. The final position of electrode 11 is indicated
by the open black arrow. The intra-cochlear portion of the electrode array
at the time of the CM event is delineated with a white line. The estimated
location of the apical electrode at the time of the CM event is indicated
by the white circle (as determined by counting the appropriate number of
interspace gaps along the course of the electrode array at its final position).
The black arc indicates the 1.3mm inter-contact gap and the white arc
indicates the 3 mm gap between the reference electrode and the most basal
electrode contact (16), both of which are required to calculate the position
of the apical electrode at the time of the CM event. CM indicates cochlear
microphonic.

The hearing preservation outcomes at activation using the
Skarzynski formula (Skarzynski et al. 2013) were as follows:
25% full preservation, 50% partial preservation, 8.3% minimal
preservation, and 16.7% no preservation. Although the sample
numbers were too small for statistical analysis, using the modi-
fied classification system as described earlier it was observed
that only 7 out of 13 successful ECochG recordings correctly
predicted the hearing preservation outcome. In 5 out of the
6 incorrect predictions, the CM trace had predicted hearing
preservation, but by the time of device activation, the residual
hearing had deteriorated. In the remaining one case where no
recordable CM response was obtained, there was partial preser-
vation of residual hearing.

Using the method described of estimating the position of the
apical electrode contact within the cochlea, expressed as angu-
lar depth based on the records of each electrode contact passing
through the RW and the postoperative CBCT, significant corre-
lation was found between intraoperative and postinsertion CM
amplitudes at the two distinct CM event markers (maximum
CM amplitude=29° mean absolute error, »=0.77, p=0.006;
>10% of maximum CM amplitude=52° mean absolute error,
r=0.85, p=0.002). Figure 9 illustrates this correlation on a
schematic cochlea for the >10% peak CM amplitude data.
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Correlation of Intraoperative vs. Postinsertion CM Amplitude Insertion Angles
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relation of the insertion angles where >10% of the intraoperative and postinsertion cochlear microphonic peak amplitudes were reached (circles). The dotted
line represents a theoretical 1:1 insertion angle correlation.
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Fig. 9. lllustration on a schematic cochlea of the insertion angles where the intraoperative and postinsertion CM recordings reached >10% of peak amplitude.
Roman numeral points correspond to electrode numbers in Table 1. CM indicates cochlear microphonic.
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Fig. 10. A, CBCT showing electrode contact 1 being located in the mid-
dle turn of the cochlea directly above and in close absolute proximity to
electrode contact 13 in the basal turn. B, CM amplitudes during a 0.5 kHz
electrode sweep immediately postinsertion. The CM amplitude peaks at
electrode 1 before falling to the noise floor at electrode 5. A secondary
broader lower amplitude peak is centered on electrode 13. CBCT indicates
cone beam computed tomography; CM, cochlear microphonic.

The 0.5kHz CM amplitude was observed to peak towards
the apex in all cases, both intraoperatively (mean 400°, median
413°, range 320°-505°) and postinsertion (mean 390°, median
376°, range 303°-510°). For the two patients, in whom signifi-
cant postinsertion “electrode sweep” CMs were observed using
0.75-2kHz stimuli, these were tonotopically distributed with
peak responses moving to more basal electrodes for higher
stimulus frequencies (Supplemental Digital Content 1, http://
links.lww.com/EANDH/A771 for their multifrequency “elec-
trode sweep” responses, ears 5 and 10).

In the process of correlating each individual’s ECochG record-
ing to their CBCT, a potential example of cross-turn ECochG
recording was identified. In this case, the electrode contact 1,
from which the peak CM amplitude was recorded during the
0.5kHz postinsertion sweep, was found on CBCT to be located
spatially adjacent to the much more basal electrode contact 13,
which was the apex of a lower amplitude secondary CM peak
(Fig. 10A, B). However, this combination of findings was not
observed in the rest of the study cohort and it was therefore not
possible to ascertain whether or not it was a true phenomenon.

Finally, an individual cochlear map of CM responses at
electrode contact positions was created for each participant. A
traffic light system was implemented to minimize the effect of
confounding off-frequency and far-field hair cell stimulation

(Fig. 11). The intraoperative 0.5kHz CM data and the electrode
sweeps taken postinsertion at higher frequencies were used in
combination to identify regions with a clear CM (electrode con-
tacts with green markers). Electrode contacts in a region with
no CM were denoted in red. Those in yellow were situated in
areas of the cochlea where a low-amplitude CM was detected
with a 0.5kHz stimulus (<10% eventual max amplitude), but
there was no CM observed with higher stimulus frequencies, in
other words, presumed to be far-field CM detection.

DISCUSSION

Intraoperative Hearing Preservation

Although it was not one of the primary aims of this par-
ticular feasibility study, our center have been collecting data on
ECochG and hearing preservation. Our observation to date sug-
gests a poor correlation between the intraoperative CM traces
and hearing preservation at device activation. In 5 out of the 6
“incorrect” ECochG hearing preservation predictions, the intra-
operative CM amplitude was maintained throughout but there
was partial or total hearing loss by switch-on. This postopera-
tive deterioration in hearing thresholds, presumably caused by
inflammatory processes related to surgically manipulating the
cochlea, may be one of the limiting factors in the ability of CM
to predict successful hearing preservation. In the other case of
no recordable CM but partial hearing preservation, the residual
hair cell population may have been insufficient to generate a
recordable intraoperative CM (preoperative PTA threshold at
500 Hz=90 dB HL). A lack of correlation between intraopera-
tive ECochG thresholds and postoperative behavioral thresh-
olds has been previously observed (O’Connell et al. 2017).

One possible explanation for the poor correlation between
CM recordings and hearing preservation in our cohort is the fact
that all study participants had relatively poor hearing preopera-
tively. There is some evidence that it is more difficult to preserve
residual hearing in this population (Wanna et al. 2018). There is
also ongoing work to improve the robustness of the measure for
the purpose of hearing preservation, for example incorporating
the change in phase of the CM response, factoring in a gradual
drop in amplitude toward the end of the insertion for a 0.5kHz
stimulus and making recordings from multiple frequencies
simultaneously (Saoji et al. 2019). Nevertheless, it remains to
be seen whether it is feasible to act on that feedback, or if dam-
age has already been done by the time a change in amplitude
is seen. Previous work on animal models has shown irrevers-
ible drops in CM amplitude to be associated with visible basilar
membrane trauma, while in some cases of reversible change
in CM amplitude no such damage was seen histologically
(DeMason et al. 2012), suggesting that acting on CM amplitude
feedback in time may be technically possible.

Correlation With Audiometry

Our findings with regard to audiometric correlation were
slightly poorer than those reported in other studies (Koka et al.
2017; Attias et al. 2020), but it is acknowledged that the stim-
ulus level was not calibrated postoperatively for each patient
in our study. Nonetheless, at 0.5 and 1kHz, more than 80%
of predicted thresholds were within 15 dB HL and more than
95% within 20 dB HL (Figs. 6 and 7). If the test/retest error
of PTA were to be used as the gold standard for correlation,


http://links.lww.com/EANDH/A771
http://links.lww.com/EANDH/A771

1272

SOULBY ET AL / EAR & HEARING, VOL. 42, NO. 5, 1263-1275

Patient specific electrode array maps of CM sensitive cochlear regions

@ =In CM Region (>10% max CM intraoperative or 1 - 2kHz present postinsertion)

o = Low amplitude CM (1-10% of max CM intraoperative and no 1- 2 kHz postinsertion)

® = Qutside CM Region (CM absent intraoperative and postinsertion at all stimuli frequencies)

Fig. 11. Patient specific electrode array maps showing electrodes within regions with a cochlear microphonic detected (green), no cochlear microphonic
detected (red), or a low-amplitude (<10% peak amplitude) intraoperative cochlear microphonic in response to 0.5 kHz when no higher frequency postinsertion
cochlear microphonic was present (yellow). The rationale for this traffic light system is that the “yellow” responses are more likely to be a “far-field” detection
of the 0.5 kHz microphonic and thus not representative of functional hair cells at that position in the cochlea.

the ECochG predicted thresholds would need be within 5 dB at
any frequency for almost all cases (>95%) in adults, and within
10 dB for infants due to the additional challenges associated
with testing this age group. Therefore, further improvement
from the currently observed 24 dB HL 2 SD range is required
before ECochG predicted thresholds could be used with confi-
dence to fit EAS CI devices. On the other hand, it should also
be acknowledged that there is likely to be a limit to how well
CM responses can be correlated to behavioral responses. For
example, it has been posited that in cochleae with significant
hearing loss it may be relatively common for there to be popula-
tions of functional hair cells, which are disconnected from spi-
ral ganglion neurons (Fontenot et al. 2019).

In our study cohort, the two mid frequencies (0.5 and 1 kHz)
appeared to be more accurate than those on either end of the fre-
quency range. This may have been exacerbated by a change in
the type of insert tip used in the ear canal as a result of moving
from the “Black Box” to the “AIM” device for recording. It is
widely recognized that it is very difficult to retain low-frequency
stimulation in an ear canal with anything but the most occlusive
of moulds (Dillon 1991). Preliminary real ear measurements
showed that, even under optimal conditions, the gain with the
new tip was reduced compared with the older foam tip by 15
dB at 0.125, 10 dB at 0.25, and 5 dB at 0.5kHz (See Figure in
Supplemental Digital Content 2, http://links.lww.com/EANDH/
A772). Additionally, the gain was reduced further if the dome
was not optimally positioned, which did not seem to affect
the foam tip. This reduced stimulus level would explain why
the threshold calculation algorithm used was underestimating

residual hearing at these frequencies, with the sound pressure
level at the tympanic membrane being lower than assumed by
the algorithm; as discussed previously, it was not possible to
calibrate intraoperatively to compensate for this. Both patients
for whom the new tip was used postoperatively showed large
deviations in error to the other data in the low frequencies (red
markers Figs. 6 and 7).

For 2kHz, it is worth noting that our real ear measure-
ments (Figure in Supplemental Digital Content 2, http://links.
Iww.com/EANDH/A772) showed the dB SPL at the ear drum
for this stimulus frequency was approximately 10 dB higher
than anticipated, suggesting that the stimulus delivery was not
accounting for the real ear resonance, thus making the 2kHz
stimuli objectively louder than the other frequencies at which
the natural ear canal resonance has much more limited effect.
This error would likely vary on a patient-to-patient basis, but
it might explain some of the observed overestimation in pre-
dicted hearing thresholds at this frequency and emphasizes the
importance of stimulus calibration as an avenue for improving
ECochG to PTA correlation. Additionally, the microphonic
response for 2kHz is being generated at a more basal position
in the cochlea compared with the apical recording electrode
contact (Greenwood 1990), leaving room for the introduction
of additional error in the formula used to predict behavioral
thresholds.

One strategy that could rectify this issue would be to record
from a more basal electrode closer to where the 2kHz CM is
likely to be generated. The validity of this was difficult to
test comprehensively in our cohort, since, in most cases, the
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overestimation stemmed from a recordable CM at 2 kHz but with
an absent PTA response at this frequency. Thus, although these
responses disappeared when recording from a more basal elec-
trode and at a slightly lower stimulus intensity (100 dB SPL), it is
difficult to ascertain whether this was due to genuinely improved
correlation with PTA or general ineffectiveness of this method in
recording the CM; this approach will therefore need to be trialed
in patients who have some residual hearing at 2kHz.

Finally, the current standard algorithm for hearing prediction
takes the amplitude of the CM generated by up to 110 dB SPL
and performs a single point linear regression to estimate the
loudness required to generate a threshold CM. A more accurate
method would likely be to record the CM amplitude at several
loudness levels (i.e., 110, 100, and 90 dB SPL) to plot a line
of best fit to threshold (Kriiger et al. 2020). This approach and
its potential to improve the audiometric correlation is currently
under investigation at our center. In general, CM measurements
from CI in situ appear to be a promising method for accurately
estimating residual hearing at device activation. With these pro-
posed developments in methodology, predictive accuracy of
<10 dB HL per frequency in more than 95% of cases could be
achievable in the future, making it a useful clinical tool for fit-
ting EAS devices.

Test-retest Correlation of Cochlear Microphonic With
Cochlear Position Using CBCT

Since there is currently no imaging technique that can visu-
alize the electrode array moving through the cochlea in real time
with sufficient resolution, we have developed a novel approach
to estimate the position of the apical electrode contact, based
on each electrode contact passing through the RW and postop-
erative CBCT. Although we are confident, from the quality of
CBCT at our center and the experience we have with this imag-
ing modality, that we can assess the angular depth of insertion
to the nearest 5°, our approach has one confound of assuming
that the final position of the electrode array seen on postop-
erative CBCT is identical to its trajectory during insertion. It is
hoped that it will be possible in the future to develop a method
to visualize of the electrode array real time or, at least, to “track”
its route more accurately; however, the current approach has
already provided us with an ability to check for correlation with
electrode function.

The correlation of the CM between the intraoperative and
postinsertion measurements appeared to be robust. In only one
case (See Figs. 8 and 9) was there significant disagreement
between the two on the location where the CM began to increase
in amplitude. It was noted, however, that for this participant
the CM itself was of low amplitude throughout (See Figure in
Supplemental Digital Content 1, http://links.lww.com/EANDH/
A771), which may explain the discrepancy.

In several cases the intraoperative CM reached peak ampli-
tude before the end of the insertion then diminishing slightly.
In cases where this pattern occurred intraoperatively we also
observed in the 0.5kHz postinsertion electrode sweeps that
electrode contact 3 had a higher CM amplitude than electrode
contact 1. This reproducibility in the site of the maximal CM
amplitude between intraoperative and postinsertion measure-
ments appears to suggest that the 0.5kHz CM peak occurring
before full insertion intraoperatively and then decreasing is not
due to the array somehow impinging on the basilar membrane

or otherwise permanently altering its movement; if this were the
case we would not expect the postinsertion recordings to also
show a similar pattern of peak CM amplitude once the elec-
trode had been moved further on. A previous study (Riggs et al.
2019) similarly observed that the apical electrode CM ampli-
tude at full insertion was similar to the amplitude at the first
blue marker (between electrodes 5 and 6), which could also sug-
gest that the 500 Hz CM amplitude was peaking somewhere in
between these two points.

There are two other plausible hypotheses for these observed
decreases. The most intuitive is that the apical electrode con-
tact has gone past the tonotopic site of signal generation for
0.5kHz. Previous work modeling and mapping the organ of
Corti (Greenwood 1990; Stakhovskaya et al. 2007) suggests
this should be unlikely for an electrode with a 23 mm inser-
tion depth. However, it should be borne in mind that these stud-
ies used a predictive model and studied a limited sample size
respectively, neither of which provide certainty that they have
captured the variance of the population fully. Furthermore, what
effect, if any, profound hearing losses of various etiologies and
their associated loss of functional and supporting cells in the
cochlea might have on the basilar membrane tuning curve is
not known.

Another, and possibly a more likely, explanation which has
also recently been proposed by Giardina et al. 2019 is that this
decrease is an interference effect of more basal hair cells being
stimulated and detected out of phase to the actual 0.5kHz sig-
nal generator site, resulting in a destructive interference pattern.
These artifacts, which create characteristic double amplitude
CM peaks centered close to a phase shift in the response, have
previously been observed in animal studies (Kohlloffel 1970).
In these animal studies, a mathematical model using realistic
estimates for the tuning curve and phase functions of the guinea
pig basilar membrane seemed able to correctly predict the mor-
phology of these CM patterns. Our regular observation of these
characteristic double peak responses would support this hypoth-
esis, as would our failure to observe such patterns in any cases
where residual hearing, and thus likely basal hair cells capable
of being stimulated out of phase, was absent at all higher fre-
quencies (>0.5kHz). Regardless of the exact underlying mecha-
nism, this uncertainty as to why the CM may decrease at certain
points of the recording needs to be understood before we can
use the traces to guide surgical practice with confidence.

Cochlear Microphonic Maps

It is well established that maintenance of the hearing path-
way by appropriate stimulation prevents, or at least slows,
spiral ganglion atrophic degeneration (Leake et al. 1999). It
seems reasonable, therefore, to hypothesize that a region of
the cochlea which has functioning hair cells and produces a
measurable CM is more likely to have coincident functioning
spiral ganglion neurons in the vicinity. Supporting this notion,
Fontenot et al. 2019 recently demonstrated correlation between
the summed amplitude of CM responses recorded from the RW
across several frequencies prior to electrode insertion and CI
speech perception outcomes. There is also some evidence that
ClIs function better with a more robust neural population in the
vicinity (Seyyedi et al. 2014). In view of these findings, it would
seem a logical next step to explore whether electrode contacts
that lie within regions of the cochlea from which a CM was
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recorded have more favorable psychoacoustic properties for the
encoding of sound information.

In order to be able to test this hypothesis, our first step has
been to create individual maps of each participant’s CM corre-
lated to their cochlea and determine which contacts along the
electrode array are within a region where a microphonic was
detected using a traffic light system (Fig. 10). Using this system
it was possible to differentiate between contacts at which we were
relatively confident a near field CM was detected (green) and
those we were not (yellow). For contacts marked yellow assump-
tion was made that the low level 0.5 kHz CM was being detected
in a far-field manner from the characteristically sensitive region
for this frequency. This is because, if it were instead caused by
off-frequency stimulation of the basal hair cells in the region of
these yellow marked contacts, it should have been possible to
record CMs in response to higher frequency stimuli from them.

Characterizing Tonotopic Cochlea Microphonic
Responses

As discussed previously, there is currently much that is not
completely understood regarding the importance of the phase
of the CM response and the change of its phase over time. In
addition, the relationship between moderate changes in CM
amplitude and the true site of signal generation in the cochlea
has yet to be satisfactorily elucidated. Our study has observed
in two cases gross tonotopicity of the microphonic responses
when using a range of stimulus frequencies, which, in addi-
tion to observation of suspected cross-turn effects, is strongly
suggestive of localized CM detection. Being able to determine
more reliably exactly where the signal generator lies based on
observed CM amplitude patterns and/or phase changes might
enable us to utilize this tonotopic information to improve place
pitch correlation, or predict, and thus help alleviate, inter-elec-
trode interference.

Limitations of the Study

The authors acknowledge that our study has a number of
limitations. Firstly, the sample size is relatively small; however,
due to the strength of the correlation (effect size), a post hoc
power analysis suggested the statistical significance analysis
performed was suitably powered. Secondly, as was previously
mentioned regarding CBCT correlation, the final position of the
electrode observed on postoperative imaging may not exactly
match the path the electrode has taken during insertion. Thirdly,
there are a number of areas in which our protocol for ECochG
audiometric threshold estimation could be improved, such as
calibration of the stimuli using a real ear measurement, using
several steps in intensity to calculate the linear regression, and
recording CM amplitudes from electrodes likely to be closest to
the characteristic frequency location for the stimulus frequency
being used.

Finally, from a theoretical standpoint the greatest limi-
tation continues to be the incomplete understanding of the
ECochG signal itself when recorded from a moving elec-
trode within the cochlea, in terms of which component is
the most robust, reliable, repeatable, and clinically relevant.
For example, it is not yet clear if interference patterns are a
significant confounding factor, if the CM phase information
can be reliably used, or how changes in CM amplitude relate

to hearing preservation or cochlear function. Furthermore,
it is possible that technical advances in ECochG recording
and signal processing may show other components, such as
the ANN, to be more useful in the context of CI surgery and
rehabilitation.

CONCLUSION

Here we have described a novel method to demonstrate for
the first time the reproducibility of the CM responses recorded
from a CI electrode during insertion. By correlating the CM
amplitude with each participant’s postoperative CBCT, we have
also been able to create individualized maps of CM responses,
categorizing their cochleae into acoustically responsive and unre-
sponsive regions. We now plan to conduct psychoacoustic testing
on these patients, namely an intensity difference limen test, in
order to establish whether or not the electrode contacts within
these acoustically sensitive regions demonstrate improved loud-
ness discrimination, which could have implications for optimal
electrode mapping and placement.
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