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Objectives: The underlying state of cochlear and neural tissue function
is known to affect postoperative speech perception following cochlear
implantation. The ability to assess these tissues in patients can be per-
formed using intracochlear electrocochleography (IC ECochG). One
component of ECochG is the summating potential (SP) that appears to
be generated by multiple cochlear tissues. Its qualities may be able to
detect the presence of functional inner hair cells, but evidence for this is
limited in human cochleae. This study aimed to examine the IC SP char-
acteristics in cochlear implantation recipients, its relationship to preop-
erative speech perception and audiometric thresholds, and to other IC
ECochG components.

Design: This is a retrospective analysis of 113 patients’ IC ECochG
recordings across the array in response to a 500 Hz tone burst stimulus.
Responses to condensation and rarefaction stimuli were then subtracted
from one another to emphasize the cochlear microphonic and added to
one another to emphasize the SP, auditory nerve neurophonic, and com-
pound action potential. Patients were grouped based on their maximum
SP deflection being large and positive (+SP), large and negative (-SP),
or minimal (0 SP) to further investigate these relationships.

Results: Patients in the +SP group had better preoperative speech
perception (mean consonant-vowel-consonant phoneme score 46%)
compared to the -SP and 0 SP groups (consonant-vowel-consonant
phoneme scores 34% and 36%, respectively, difference to +SP: p <
0.05). Audiometric thresholds were lowest for +SP (mean pure-tone
average 50 dB HL), then -SP (65 dB HL), and highest for 0 SP patients
(70 dB HL), but there was not a statistical significance between +SP
and -SP groups (p > 0.1). There were also distinct differences between
SP groups in the qualities of their other ECochG components. These
included the +SP patients having larger cochlear microphonic maximum
amplitude, more apical SP peak electrode locations, and a more spatially
specific SP magnitude growth pattern across the array.

Conclusions: Patients with large positive SP deflection in IC ECochG
have preoperatively better speech perception and lower audiometric
thresholds than those without. Patterns in other ECochG components
suggest its positive deflection may be an indicator of cochlear function.
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Abbreviations: a.c. = alternating current; ANSD = auditory neuropa-
thy spectrum disorder; ANF = auditory nerve fiber/s; ANN = auditory
nerve neurophonic; BM = basilar membrane; CAP = compound action
potential; CF = characteristic frequency; Cl = cochlear implant; CM =
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INTRODUCTION

Intracochlear electrocochleography (IC ECochG) has the
capacity to interrogate the function of residual hair cell and
neural function in cochlear implant (CI) recipients. The state
of preoperative cochlear and neural health is known to affect
the audiological and speech perception outcomes of CI surgery
(Shearer & Hansen 2019). Most patients with severe-profound
sensorineural hearing loss have an unknown etiology of deaf-
ness (Blamey et al. 2013); even those with identified genetic
variants are incompletely understood both in their pathophysi-
ology and its association to ECochG response changes (Zhan
et al. 2021). By utilizing IC ECochG, we may be able to better
assess an individual’s baseline cochlear health at the time of
surgery. In turn, this could better inform our understanding of
cochlear pathophysiology.

To date, IC ECochG research has mostly focused upon its
utility to monitor for cochlear trauma during insertion with the
intent of hearing preservation (Bester et al. 2022; Kim 2020;
O’Leary et al. 2020; Trecca et al. 2020). Other applications
have been studied and shown its potential to objectively assess
underlying cochlear health: as a tool to define cochlear dead
regions with minimal residual hair cell function (Bester et al.
2017), diagnosing auditory nerve spectrum disorder (ANSD)
(Shearer et al. 2018), monitoring postoperative tissue changes
in the cochlea (Dalbert et al. 2015), and informing the phe-
notype of genetic causes of deafness (Zhan et al. 2021). Our
group has also shown that the travelling wave phenomena can
be observed by recording from electrodes at multiple sites
across the cochlea (Campbell et al. 2017). By using multiple
electrodes along the implant array, cochlear potentials can be
recorded along the cochlea from its basal to apical regions with
more granularity and anatomical specificity than extracochlear
(EC) recordings (Calloway et al. 2014; Campbell et al. 2015;
Koka et al. 2017; Helmstaedter et al. 2018). Therefore, exami-
nation of IC ECochG recording components, especially ones
that are focally generated, is likely to provide more accurate
information on underlying cochlear function.

We examined four major ECochG components in response
to a single-tone stimulus.
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Each component has contributions from multiple cochlear
tissues, but most have demonstrated dominant cellular genera-
tors: (1) the cochlear microphonic (CM), an alternating current
(a.c.) waveform produced primarily by transduction current
through the outer hair cell (OHC) stereocilia (Dallos 1972);
(2) the compound action potential (CAP) representing the syn-
chronous auditory nerve fibers (ANF) firing at the onset of a
stimulus (Eggermont 1976); (3) the auditory nerve neurophonic
(ANN), another a.c. waveform, a correlate of phase-locking in
ANF (Snyder & Schreiner 1984); and (4) the summating poten-
tial (SP), a sustained direct current (d.c.) deflection that follows
the stimulus envelope.

The composition and cellular generators of the SP have long
been contended. Some early work described three separate gen-
erators (OHC, inner hair cells [[HC], and ANF) of d.c. deflection
with different amplitude and polarity qualities (Goldstein 1954).
Others have contended solely OHC (Dallos & Cheatham 1976)
or primarily IHC generation (Zheng et al. 1997). There may also
be regional differences in the generation of the SP from basal to
apical tissue of the basilar membrane (BM) (Wang et al. 2016).
A recent animal study using combinations of neurotoxin (kai-
nic acid) and an OHC-targeted toxin (kanamycin) supports the
triple-generator theory (Pappa et al. 2019), with IHC the great-
est generator of a positive EC-recorded SP. However, this triple-
generator theory has not been demonstrated from IC ECochG
recordings. Assessing the SP from an intracochlear approach
should provide a closer connection between this ECochG
response and local physiological function.

The tone-burst SP is a dynamic waveform, its deflection and
amplitude affected by recording electrode location (Ferraro et
al. 1994) and stimulus characteristics (Kupperman 1966). When
ECochG responses to a single-tone stimulus are recorded at
multiple points along the cochlear duct length, the amplitude
of SP deflection changes and can even reverse deflection polar-
ity (Davis et al. 1958). The largest SP amplitudes are associ-
ated with recording positions corresponding to the position of
maximum amplitude of cochlear partition displacement, with
polarity reversal occurring on more basally-positioned elec-
trode recordings.

Our interest lies in examining the nature of the SP across
the whole implant array, given its potential to identify focal
cochlear pathology. Only one study, to our knowledge, has
examined postinsertion IC SP characteristics in detail; this
animal study found that whole-electrode-array IC SP measure-
ment displays tonotopic qualities consistent with that of IHC
activity (Helmstaedter et al. 2018). Whole array IC SP charac-
teristics in human CI recipients have received limited examina-
tion in the literature. Sijgers et al. (2021) examined IC addition
of alternating phase ECochG responses (SUM) traces during
implant insertion in a small cohort of six patients, which may
not be comparable to postinsertion recordings; regardless, no
SP deflection was demonstrated. Campbell et al. (2016) pre-
sented an SP pattern across three electrodes (basal, mid, and
apically positioned) in one postinsertion IC ECochG cochlea,
showing IC SP deflection amplitude changed and polarity
reversed across the array. Later this same group presented two
single-tone stimulus whole-array SUM traces (Campbell et al.
2017). Along these arrays, only a few electrode recordings dem-
onstrated an SP response. These corresponded with the same
electrodes that recorded maximal CM and ANN responses, with
no SP deflection present at any other point. Polarity reversal

between electrodes was present but no clear pattern was iden-
tified. Giardina (2019) presented SUM traces recorded from
the apical electrode in three human postinsertion IC ECochG
recordings, but there was no clear deflection consistent with an
SP demonstrated.

Here, we examined IC ECochG component characteristics
across the whole implant array, using recordings from every
second electrode. The analysis prioritized furthering our under-
standing of the IC SP and its association to preinsertion cochlear
tissue health. We hypothesized that positive IC SP deflection in
humans will be generated by functional IHC. Three subhypoth-
eses were tested to this end:

1. The presence of a large, positively deflected IC-recorded
SP at any point across the array will be associated with
better preoperative speech perception and lower audio-
metric thresholds;

2. There will be differences in ECochG response patterns
across the array between patients whose maximum
amplitude SP deflection is large and positive compared
to patients with large negative maxima; and

3. The amplitude and deflection patterns of IC positive SP
deflection across the array will be consistent with the
tonotopicity of IHC function.

When the SP was present, we found patterns of ECochG and
preoperative hearing that indicate a large positive SP deflection
may be consistent with regionally functional IHC.

MATERIALS AND METHODS

Subjects

This retrospective study used data collected from 136 ears
in 132 subjects (three were bilateral) under the auspices of the
Human Research and Ethics Committee of the local hospital
(HREC No. 14/1171H). Only recordings of arrays with com-
plete insertion of the array were considered. Nineteen patients
were excluded because of incomplete clinical identifiers or no
record of their preoperative hearing; in total 113 patients were
examined. All patients were implanted with Cochlear Ltd.’s CI
422 or 522 (Sydney, Australia) implants, which use Cochlear’s
Slim Straight electrode array. Demographic information gath-
ered included age at implant, gender, and etiology of hearing
loss.

Recording System and Setup

Electrocochleography was recorded using the Cochlear
response telemetry (CRT) system previously described
(Campbell et al. 2015, 2016). Acoustic stimuli were gener-
ated digitally using a USB data acquisition card (DT9847,
Data Translation, USA) and presented using an ER3A insert
earphone (Etymotics, IL, USA). The acoustic stimuli were
12-msec in length with 1-msec linear onset and offset ramps,
with a 50-msec interstimulus interval. Alternating rarefaction
and condensation phases were presented and stored separately.
The intensity of the acoustic stimuli was calibrated with peak-
to-peak amplitudes equal to the dB HL scale for insert ear-
phones (ISO 389-2:1994).

The CRT system uses the implant’s Neural Response
Telemetry amplifier to record from the intracochlear CI elec-
trodes. These recordings are made between any one of the
intracochlear electrodes and the extracochlear plate electrode
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located on the body of the implant. Recording windows were
20-msec in duration, digitized at 20-kHz and streamed to a
Dell laptop (Dell, USA), via a Cochlear Freedom programming
POD. Each ECochG waveform is an average of 100 presenta-
tions. The stimuli and recording were coordinated by in-house
custom-written software, which interfaced with the Freedom
sound processor using the cochlear device interface libraries
(4.15.02). ECochG was recorded from the most apical electrode
(22) and then every second electrode until the second most
basal electrode. In this study, ECochG was characterized across
the electrode array in response to a 0.5-kHz tone pip, delivered
at either 100-dB for patients with <70 dB HL at 0.5-kHz or 110-
dB for those with >70 dB HL.

For all cases, the implant surgery was performed via ante-
rior mastoidectomy and posterior tympanotomy. Round window
exposure, incision, and insertion was the preferred method of
array insertion. Cochleostomy and insertion via cochleostomy
was performed in cases where round window (RW) insertion
was not possible. Both approaches were included in this study,
only two cochleostomy approaches were present in the set. All
patients had their ECochG recorded immediately post complete
insertion of the electrode array while the patient was still anes-
thetized, and closure of the wound was occurring.

ECochG Signal Analysis

Assessing Cochlear Microphonic and ANN ¢ To estimate
the CM and ANN components of the ECochG waveform, the
recordings were processed by either adding the alternating
phases responses (SUM) to estimate the second harmonic,
which is predominantly contributed by the ANN or by sub-
tracting them (difference between alternating phase ECochG
responses [DIF]) to estimate the fundamental frequency, for
which the major generator is the CM (Adunka et al. 2006;
Campbell et al. 2015). Digital bandpass filtering with a 50th-
order Hamming window about the 500 Hz frequency +10% was
applied to the DIF signal to isolate its fundamental component
to estimate the CM. After this estimation, the magnitude of the
stimulus frequency-matching CM in the DIF trace was calcu-
lated by fast Fourier transform (FFT) from the unfiltered DIF
trace. For the ANN, the asymmetric neural saturating response
in the SUM trace was isolated using the FFT magnitude at the
second harmonic. A noise floor for each trace was calculated
from FFT bins £+ 2 from the frequency of interest, where each
FFT bin was 62.5 Hz wide, and ECochG responses were con-
sidered robust if the amplitude exceeded the calculated noise
floor plus 3 SDs. It has been established that other cochlear
generators may have contributed to these responses, including
neural contribution to the first harmonic in the DIF (Forgues et
al. 2014) and hair distortion products contributing to the second
harmonic in the SUM (Teich et al. 1989). For ease of commu-
nication, in this article, the first harmonic DIF will be referred
to as CM and the second harmonic of the SUM will be referred
to as ANN, although we acknowledge that other generators may
contribute to these responses.

Assessing the CAP and Summating Potential ¢ Low-
frequency digital bandpass filtering between 10 and 750 Hz was
used to assess the SP and CAP components within the SUM
signal, also with a 50th-order Hamming window. Accurate CAP
and SP measurements are less straightforward compared to the
ANN and CM. In RW recordings, the CAP is present in only
50% of CI cases (Scott et al. 2016). Moreover, there is difficulty

in measurement, from its highly variable morphology and
latency. It also can be mixed with the ANN and SP in the SUM,
and can also be evident in the DIF and interact with CM. This
makes amplitude assessment not always amenable to accepted
automated measurement methods (Riggs et al. 2017). Of note in
this study, CAP responses to a 0.5 Hz stimulus is also of smaller
amplitude compared to higher frequencies.

Although the SP can be relatively easily defined as a sus-
tained shift in the baseline of the SUM, interpretation can be
difficult. As mentioned above, the SP can be overlaid and inter-
act with both the CAP and a.c. ECochG waveforms in the SUM
response. In our experience of analyzing our ECochG data, the
SP in this multiple-waveform SUM could not be confidently
isolated by filtering (e.g., a Savitzky-Golay filter). We acknowl-
edge that complex SP structure across time, with both negative
and positive components within a single recording, has been
documented (Kupperman 1966; Harvey & Steel 1992) but were
rare in our recordings and small in amplitude (three electrode
ECochG recordings in two patients). All these issues make
quantification of the SP more difficult than its a.c. ECochG
counterparts.

The CRT software used in IC ECochG recordings is able
to capture a 20-msec duration response to a 12-msec stimulus.
Due to the nature of using the implant’s integrated amplifiers
for recording ECochG, a negative drift was present in some
recordings. Bandpass filtering around the stimulus frequency
was effective at removing the drift for the assessment of the
a.c. responses. However, this filtration diminished or altogether
obliterated any d.c. deflection that was present in raw SUM
waveforms. Due to these issues and complexities of the SUM
response in our acquisition method, SP and CAP measurement
were best interpreted by human observation, rather than relying
on an automated measurement method.

A recent study compared visual measurement compared to
an accepted automated method in RW recorded click-response
SPs, which found visual SP measurement correlated better with
speech scores than algorithmic measurements (Hancock et al.
2021). For all these reasons, we utilized a visual method of
assessing and measuring IC CAP and SP.

Visual Measurement Method

Overview

This visual assessment method detailed below was used to
capture an estimation of both the CAP and SP amplitude. This
was performed in the SUM for each recorded electrode in all
ears using a custom MATLAB interface designed to optimally
represent the SUM for visual deflection amplitude assessment.
Figures 1A—C show example DIF and SUM waveforms with fil-
tration to illustrate a.c. waveforms, and, in the right-hand column,
SUM traces filtered for d.c. deflection. These were used to mea-
sure CAP and SP amplitudes across the array. Further filtered
SUM trace for SP assessment are shown in Figures 2A-F. We
acknowledge that this visual method could be prone to individ-
ual assessor error and bias; therefore, we consulted extensively
with our associated university statistical consulting center for
guidance regarding study design and validation of this method.

CAP Approach

If visually present, the CAP was measured as the difference
between visual N1 and P1 peaks. In our data set, we saw that the
initial CAP waveform had occurred and its subsequent effect on
deflection was minimal after 5 msec.
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Fig. 1. Example (ECochG) recordings to a 500 Hz tone-burst stimulus across the whole implant array, from three patient cochleae. Recordings on every other
electrode from base to apex. Electrode 2 is the most basal electrode recording, and electrode 22 the most apical. Scale for each trace relative to largest ampli-
tude recording. The amplitude range for the largest response is marked in red in top right corner of each panel. The electrode at which the maximum amplitude
was recorded is highlighted by a red square around the electrode number. DIF TRACE: CM shows the difference between rarefaction and condensation wave-
forms to highlight the cochlear microphonic (CM). SUM TRACE: ANN is the sum of rarefaction and condensation waveforms to highlight the auditory nerve
neurophonic (ANN) filtered to remove drift/deflection. SUM TRACE: SP is this same SUM TRACE without this filtration to highlight the summating potential
(SP) and compound action potential (CAP). A, This shows CM and ANN traces that are large and peak in the apex, accompanied by a large negative SP deflec-
tion mirroring the sound envelope that is considerably large across the apical half of the electrodes. A, CAP appears to be present in the same recordings as
well, but is overlaid with the SP. B, This shows considerable amplitude CM and ANN. Compared to (A), the CM appears to be more spatially limited to the two
most apical recordings and the ANN is more diffuse. The SP here shows a large positive deflection that is only present in the two most apical electrodes. There
appears to be a small CAP present across all electrodes (and possibly larger in association with the large SP deflection). C, This shows small but definable CM
and ANN, associated with no clear SP deflection or CAP on any recording.
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Fig. 2. Example electrocochleography (ECochG) SP SUM trace recordings to a 500 Hz tone-burst stimulus across the whole implant array, from a further six
patient cochleae. Recordings on every other electrode from base to apex. Electrode 2 is the most basal electrode recording, and electrode 22 the most apical.
Scale for each trace relative to largest amplitude recording, with a 10 pV scale bar (grey vertical line) placed at the beginning of electrode 22 recording for
scale. Labeled (A-F) for reference. Etiology note: (A) and (B) had idiopathic sensorineural hearing loss, (C) had postinfectious hearing loss, (D) and (E) both
had Méniere’s disease and (F) had ANSD. A-D, Apical peak SP responses with positive (A) or negative (B-D) deflection. E, Mid array peak SP response with
negative deflection. F, Basal peak SP response with negative deflection. ANSD indicates auditory neuropathy spectrum disorder; SP, summating potential.
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SP Approach

The SP was measured as the deflection of the SUM trace
from the baseline at the 6 to 8 msec timepoint. We had multiple
reasons for electing this narrow time window: it minimized the
effect of the CAP and its contribution to baseline deflection;
later timepoints’ reliability was limited by deflection decay
from the 10 Hz low-pass filter; and it minimized the effect of the
offset CAP at the end of the sound envelope. Not infrequently, a
small a.c. waveform was present in the SUM at the 6 to 8 msec
timepoint as a result of lighter filtration to preserve both the
SP and CAP for analysis. If an a.c. potential was overlaid on a
deflection in this window, the peak-trough of the a.c. waveform
was measured and averaged to determine the SP. If the SP was
complex (both SP+ and SP— on the same recording electrode),
the SP was recorded as zero. This was rare in our data set (n =
2), and related to low amplitude responses.

Calibration and Validation

Both the CAP and SP were recorded to the nearest 1 uV, as
we were interested in close estimates of amplitude rather than
absolute values, acknowledging the limitations of the human
eye for accurate waveform measurement. As noted earlier,
the supervised SP measurement has shown better association
to speech perception scores compared to automated methods.
Two experienced ECochG researchers, one a clinician and the
other a postdoctoral cochlear electrophysiologist, undertook the
visual SP and CAP measurement method, the second assessor
instructed by the first. All recordings, 1243 in total, were mea-
sured by the experienced clinician in a randomly assigned order.
To demonstrate that the supervised SP from the first assessor
could be replicated, 220 recordings were randomly selected to
be measured by the postdoctoral electrophysiologist (measuring
both CAP and SP), blind to the first set of measurements. These
results were then compared using the Bland-Altman agreement
method, with a cut-off of 95% of paired measurements show-
ing <1.96 SDs of deviance to be considered valid (Bland &
Altman 1986). This is an established statistical method for vali-
dating measurement approaches using the mean and difference
between two independent measurements. Outliers beyond £1.96
SD were reviewed by the two clinicians together. Agreement
levels for SP and CAP measurements were 95.9% and 97.1%,
respectively (Fig. 3), with most larger outliers occurring with
smaller amplitude CAP and SP measurements, where the
responses were harder to distinguish from noise.

A review of the discrepancies between assessors revealed
that the first assessor consistently recorded 0 pV when there
was doubt about the waveform’s presence, while the other gave
small amplitude responses in these same cases. The linear pat-
tern of discrepancy in the CAP measurements was related to
only one patient’s ECochG recordings where the same differ-
ence in interpretation of small amplitude responses was found
to explain the discrepancy. For this reason, smaller amplitude
SP (smaller £5 pV deflection) and CAP (under 5 pV amplitude)
were considered with caution.

SP Grouping

The limitations of the visual measurement revealed three
distinct groups of SP deflection that could be asserted confi-
dently: those that were large and negative; those that were large
and positive, and those that were small or absent. The assessors
noted that SP deflection across the array appeared to have a peak
response electrode, as has been reported previously (Campbell
et al. 2017) and is consistent with the tonotopic nature of the

IC SP (Helmstaedter et al. 2018). Therefore, we proposed to
assess whole array recordings by separating them into three dis-
tinct groups based on their maximal SP deflection: arrays with
a maximum SP that was large amplitude and positive (=+10
uV), referred to as the +SP group; arrays with a maximum SP
that was large and negative (<—10 pV), referred to as the —SP
group; and lastly those without a large SP deflection (between
—10 puV and +10 uV), referred to at the 0 SP group. The latter
0 SP grouping was thought to be more reliable than attempting
to differentiate between small amplitude SP or zero amplitude
waveforms These amplitude limits were considered sufficiently
outside of the error margin established in the Bland-Altman
graph to delineate different SP response types. Cochleae with
recordings that contained both large negative SP deflection in at
least one electrode recording and large positive SP deflection in
others were grouped based on their largest SP deflection. This
group of array recordings were further assessed for the pattern
of their deflection across the array.

Electrode Location Measurement ¢ The SP, CM, and ANN
all display tonotopic qualities, in part due to their genera-
tion at a localized area of the cochlea in response to a tonal
stimulus. The electrode at which the maximum amplitude was
measured was recorded as a variable for analysis. The record-
ings were from the most apical electrode (22), and then every
second electrode until the second most basal electrode (2),
11 recordings in total. There were nine ears with no record-
able SP deflection across the array, and 36 patients with no
recordable CAP amplitude. No peak electrode was recorded
in these cases of zero amplitude and patients were excluded
from analysis that involved these factors. This differentiation
between no recordable and small SP amplitudes is included
here to display the overall pattern of deflection across the
whole patient cohort. However, as noted earlier, the visual SP
measurement method could not differentiate between small
and zero amplitude deflection. Peak electrode locations of
those cochleae with large SP deflections are assessed sepa-
rately below.

Behavioral Hearing Tests

Preoperative audiometric threshold and speech perception
data were obtained during implant candidacy assessment with
optimized hearing aids. Only monaural scores from the ear
implanted were included in the analysis. Postoperative scores
were not included as part of this study as they were likely less
directly correlated to preinsertional cochlear status compared to
preoperative scores. Assessment of postoperative scores’ rela-
tionship to postoperative outcomes is beyond the scope of our
current study hypotheses and will be a focus of a separate study.
Pure-Tone Audiometry ¢ Pure-tone audiograms were con-
ducted in accordance with ISO 8253-1. Maximum audiometer
output was 100 dB HL at 250 Hz and 120 dB HL at 500 Hz and
1kHz. If a response was considered vibrotactile, it was consid-
ered no response. Frequencies where no behavioral responses
were obtained were scored at a threshold of 120 dB HL. Pure-
tone average (PTA) was calculated using the average of air-con-
duction thresholds at 250, 500, and 1000 Hz.
Speech Perception Tests * Speech perception in quiet and in
noise were assessed using the consonant-vowel-consonant pho-
neme (CVC-P) and speech recognition threshold (SRT) scores,
respectively.
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Fig. 3. Bland Altman agreement plots on the visual measurement of the summating potential (SP) and compound action potential (CAP) between two clinicians
experienced in electrocochleography (ECochG). The Y axis is the calculated difference between the two clinicians’ visual measurements (Ameasurements),
plotted against the mean of these two. The horizontal black lines are £1.96 SDs of Ameasurement.

Recorded open-set word and sentence materials were used for
all tests using a native Australian English speaker, at 65 dB SPL at
an azimuth of 0°. For CVC-P, open-set monosyllabic word testing
was conducted using consonant-nucleus-consonant words spo-
ken by a male speaker with lists of 50 words (Peterson & Lehiste
1962). CVC-P is scored as a percentage from 0% to 100% for the
number of correctly identified phonemes from these lists.

Open-set sentence-in-noise testing for the SRT score was con-
ducted using Bamford-Kowal-Bench sentence test material (Bench
et al. 1979). Eighty lists of 16 simple sentences were used, with 50
key words in each list. Babble was used as the competing noise,
varied for signal to noise ratios between 25 and 0 dB. SRT was

TABLE 1. Demographics of study group

measured as the average signal to noise ratio at which at least 50%
of the words were repeated correctly. SRT started at 25 dB (the
poorest performance score) and ended at —8 dB, although in our
study group no score was <0 dB. Where CVC-P was under 10% or
not recordable due to poor perception, SRT was scored at 25 dB.

Statistical Analysis and Outlier Detection
Analysis was performed using R (R Core Team, Austria) and
the following packages: tidyverse (H. Wickham et al.), ggplot2
(H. Wickham, USA) and rstatix (A. Kassambara, Austria).
Data was inspected for outliers and distribution patterns.
Patient and ECochG factors were plotted in box-and-whisker

Age Group Total
16-60 yrs 60-75 yrs Over 75 yrs
Number of cases 36 45 32 113
Age 47.5 (13.6) 67.4 (4.3) 79.4 (3.7) 64.6 (15)
Sex
Male 14 22 16 52
Female 22 23 16 61
Preoperative hearing
PTA (dB HL) 62.6 (21.6) 63.8 (19.1) 63.4 (18.9) 63.3 (19.5)
CVC-P (%) 34.5(17.4) 37.5(19.1) 40.2 (17.5) 37.4 (18.1)
SRT (dB) 20.1 (6.7) 20.5 (5.5) 19.3 (7.4) 19.9 (6.6)
Etiology of hearing loss
Idiopathic SNHL 29 37 28 96
Méniere’s disease 1 4 3 8
Otosclerosis 1 1 2
ANSD 2 2
Postinfectious 1 (meningitis) 1 (measles) 2
EVAS 2 2
Usher syndrome 1 1
Rhesus incompatibility 1 1
Keratitis ichthyosis 1 1
Trauma 1 1

For continuous variables, numbers are accurate to one decimal place. Number is mean value with SD in brackets.
ANSD, auditory neuropathy spectrum disorder; CVC-F, consonant-vowel-consonant phoneme; EVAS, enlarged vestibular aqueduct syndrome; PTA, pure-tone average; SNHL, sensorineural
hearing loss; SRT, speech recognition threshold.



1094 PANARIO ET AL./ EAR & HEARING, VOL. 44, NO. 5, 1088-1106

and histogram plots. These were then assessed in the context
of their respective mean, interquartile ranges, and SD. Further
outlier detection was done with bivariate scatterplots. Three
ears had extreme bivariate outliers in maximum SP and CAP
amplitudes, outside 3 SDs from mean. Therefore, these ears
were excluded. Following this, the ECochG factors were tested
for interrelationships and to preoperative audiometric threshold
and speech perception scores.

RESULTS

Demographics

Table 1 shows summaries of the demographic and audio-
logical properties of the patients used in analysis. The study
included more females than males (54%). There was no sig-
nificant difference by gender for audiometric thresholds or
speech perception (p = 0.632). Age ranged from 16 years to 89
years with a median age at time of operation of 69 years. There
was no significant correlation of age as a continuous variable
when plotted against audiometric or speech perception scores
(CVC-P =25, p=0.10; SRT 2 = 098, p = 0.97; PTA r* =
0.09, p = 0.98). If grouping by age, there was no significant dif-
ference between groups for any audiometric or speech percep-
tion outcome (p = 0.45).

The majority of patients hearing loss was attributed to pro-
gressive idiopathic sensorineural hearing loss (84.8%). Twenty
patients had a clear etiological cause of their hearing loss, the larg-
est associated factor was Méniere’s disease, with eight patients
(7.1%). Only two patients in our study had a diagnosis of ANSD.

Aside from a slightly higher percentage of female patients
in the +SP group, age and gender was similar across groups
(+SP 65% female, —SP 52%; average age +SP 65 years, —SP
62 years). It is interesting to note that both ANSD patients and
both patients with postinfectious causes of hearing loss were in
the —SP group. Méniére’s disease patients were present in all
groups (3 +SP patients, 2 —SP patients, and 3 0 SP patients).
Preoperative hearing differences between SP groups are dis-
cussed later in this article.

ECochG Responses

Overall Trends

The histograms of the largest CM, ANN, and CAP ampli-
tudes in each patient were strongly positively skewed, with most
responses having small amplitudes (Fig. 4). Although maximum
SP deflection was most often small, its histogram was instead
leptokurtotic around —5 pV.

The location of all peak ECochG component responses mea-
sured across the array were biased toward the apical electrodes
(Fig. 5). There were no significant differences in distribution
patterns of peak locations for different ECochG components (p
=0.86). CAP and SP peaks were less apically skewed compared
to ANN and CM peaks.

General Relationships

Amplitude and Deflection. Waveform amplitude maxima
were plotted against each other in Figure 6. Linear relation-
ships were observed between the CM, ANN, and CAP (r* 29.3—
44.3%, p <0.001). Similar linear relationships existed between
these waveforms and absolute SP amplitude. Deflection polar-
ity had no apparent effect on these linear patterns, but a larger
group of the —SP group had no recordable CAP. The strongest
associations were between CM and ANN, and CM and SP.

Peak Electrode Position. Correlation between each ECochG
component’s peak position was examined using scatterplots and
linear regression models. There was weak to moderate associa-
tion between each ECochG response peak position. Peak posi-
tion was then compared to its respective amplitude (e.g., peak
CM amplitude against CM peak position). There was no signifi-
cant correlation between any response’s maximum amplitude
and its peak electrode position (range of 72 = 0-3.6%).

ECochG to Preoperative Speech Perception and
Audiometric Thresholds

PTA, CVC-P, and SRT scores were correlated with peak elec-
trode positions and maximum amplitudes by plotting the data
and testing their linear association. PTA and CVC-P showed
weak linear correlations to CM amplitude but no other factor
(”* 17.9% and 12.8%, respectively, both p < 0.001). There was
no significant correlation of any ECochG factor to SRT scores.

Associations by SP Groups

Most were in the —SP and 0 SP groups (45 and 43 patients,
respectively), with a smaller number in +SP group (25).
Across all waveforms (SP, CM, CAP, and ANN), the maximum
amplitudes differed significantly by SP grouping (Table 2 and
Fig. 7). Median amplitudes tended to be higher in the +SP
than the —SP groupings. This was statistically significant in
post hoc pairwise analysis for the CM (p < 0.001), but not for
absolute SP (p = 0.11, median +SP amplitude = 23.2 uV, —SP
17.2 uV).

Of those 25 patients within the +SP group, 12 patients (48%)
also had —SP deflections <—10 pV within their array recordings
but were smaller absolute amplitude than the +SP deflection.
In the —SP group, 10 of 45 patients (22%) had +SP deflection
>+10 nV at some point along their array recording.

Patterns of ECochG Component Amplitudes Across the
Array

The amplitude of specific ECochG components, including
the CM, CAP, and ANN, are presented across the length of
each patient’s electrode array, by first normalizing the potential
against the maximum amplitude observed in each individual
patient. Data from —SP and +SP groupings were presented in
separate graphs (Fig. 8). Considerable interpatient variability
was observed. Solid lines were passed though the median val-
ues, and for each electrode the interquartile range is overlaid.
For CM, CAP, and ANN, the shape of the fitted lines was similar
for both —SP and +SP groups. There did not appear to be any
differences in growth patterns for CM, CAP, or ANN between
the groups, but all appeared to have similar levels of growth
toward the apex with minimal basal responses.

The only ECochG component that differed in amplitude
growth pattern across the array was SP deflection. Some patients
(n=4) in the +SP group had points of negative deflection across
the array, up to 60% magnitude of their maximum (positive)
amplitude size. Some —SP patients (n = 3) had points of posi-
tive deflection somewhere on the array of up to 80% magnitude
to its maximum negative deflection. The —SP best fit line sug-
gests —SP patients’ amplitude and deflection is relatively steady
with little interelectrode difference, on average 40% to 50%
of the maximum magnitude across the array. There was only
a slight increase in relative amplitude toward the apical elec-
trodes. In contrast, +SP groups’ amplitude appears much more
position dependent and tonotopic than —SP peaks. This +SP
group showed exponential increase in amplitude as the toward
the apex, like the other ECochG components.
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Fig. 4. A-D, Histograms of electrocochleography component peak amplitudes. Bin widths: ANN 0.76 pV, CAP 3.25 puV, CM 10 pV, and SP 4.5 pV. Outliers
removed from plots to better demonstrate the bulk of the data. * ANN outliers: 3 maxima >14 pV (19.1, 21.2, and 27.3 pV). ** CAP outliers: T maxima > 65
pV (147 pV). *** SP outliers: 2 maxima >+45 pV (+80 and +167 pV) and one <—45 pV (=80 pV). ANN indicates auditory nerve neurophonic; CAP, compound

action potential; CM, cochlear microphonic; SP, summating potential.

Patients with both positive and negative SP deflections across
the array, that is, a dynamic change across the array, tended to
have larger amplitude summating potentials than when a single
polarity was observed. For those classified as —SP, the SP ampli-
tude across the group was 9 uV larger when a dynamic change
was observed than not (median SP amplitudes of 22 pV and 13
uV, respectively). Similarly, for +SP patients, the SP amplitude
was 6 uV greater when a dynamic change was evident than not
(median SP amplitudes of 26 puV and 20 pV, respectively).

Peak Locations

Electrode locations of peak ECochG components were
assessed by SP group in Figure 9 and further described in

Table 3. Peaks of +SP occur in four electrodes more apically
than —SP peaks (+SP peak = electrode 22, —SP peak = electrode
18, Mann-Whitney U test p = 0.023). There was no significant
distribution difference for peak locations of CM, CAP, or ANN.
CAP electrode positioning appeared more apically skewed
between these groups and this was not statistically significant
(»=0.102).

Next, the location exhibiting the peak amplitude for one
waveform was plotted against the location of the peak ampli-
tude of another waveform. The combinations examined are
presented in Figure 10, considered by +SP Grouping. For
example, Figure 10A plotted the electrode on which the peak
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Fig. 5. Distribution of amplitude peaks by electrocochleography (ECochG) component from recording across the whole implant array on every other electrode,
from two (most basal recording) to electrode 22 (most apical recording). The red NA section indicates the percentage of patients who did not have the relevant
ECochG component detectable (i.e., 0 pV across the array). ANN indicates auditory nerve neurophonic; CAP, compound action potential; CM, cochlear

microphonic; SP, summating potential; NA, not applicable.

CM amplitude observed (the peak CM position) was plotted
against that of the ANN. There was little change in the value of
linear coefficients for these relationships. However, the vari-
ance explained, measured as 7%, was notably higher in +SP
patients for most relationships (Table 4), aside from the rela-
tionship between peak CM and SP electrode locations, where
—SP had greater variance explanation (#* of —SP 49.4%, +SP
29.6%).

To further SP deflection assessment and its change
across the electrode array, responders with large dynamic
SP deflection were plotted individually, divided by SP
group and ordered by position of peak response from basal

to apical electrodes (Figs. 11A—V). There was a wide range
of whole-array SP deflection patterns seen. It appeared
that recordings with more apically positioned peaks in the
+SP group had a similar pattern of change (Figs. 11P-V),
showing smaller amplitude negative deflection at the basal
region, becoming strongly positively deflected in the apical
third of electrodes. The dynamic —SP recordings had less
consistent patterns (Figs. 11A—K), as did those patients with
more basally positioned +SP peaks. There was no appar-
ent difference between dynamic and unipolar SP responses
for their peak electrode response site, median response site
remaining the same.
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Fig. 6. Plots of maximum amplitudes of electrocochleography (ECochG) components against each other. A-C, have linear best-fit models applied. D-F, (shaded
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recorded across the array. Logarithmic scales are used for CM, ANN, and CAP amplitudes to reduce clustering. Best fit line in blue with associated r* in bot-
tom left corner. For CAP graphics (B, C, and F) points along the zero amplitude line had vertical jitter added to better display data. There was no recordable
CAP if response < 3 uV. ANN indicates auditory nerve neurophonic; CAP, compound action potential; CM, cochlear microphonic; SP, summating potential.

TABLE 2. ECochG maximum responses by SP group

SP Groups All Pts
Minimal (<=10 pV) Negative (=10 to +10 pV) Positive (>+10 pV)
N 43 45 25 113
CM* 11 6 (13.5) 40.1 (39.5) 77.3 (563.4) 33.5 (41.6)
ANN* 2(1.1) 3.6 (3.4) 5.7 (5.6) 2.9 (3.6)
SP* —3 8 (4.8) -17.6 (8.7) 24.2 (12.2) -3.2 (16.6)
CAP* 2(4.7) 14.5 (13.9) 19.0 (13.8) 10.5(12.1)

*p < 0.005 for primary outcome difference.
ANN, auditory nerve neurophonic; CAP, compound action potential; CM, cochlear microphonic; ECochG, electrocochleography; SP, summating potential.
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Fig. 7. Violin plot of maximum amplitude of each electrocochleography (ECochG) component by summating potential (SP) grouping. Boxplot with outliers
overlaid, margins of box at 25th and 75th centiles, thick bar indicates median point. Brackets show test of differences in groups. ***p < 0.005, **0.005 < p <
0.05, *0.05 < p < 0.1. SP groups: large negative maximum SP < —=10pV (=SP), small or no SP (0 SP), large positive maximum SP > +10pV (+SP). ANN indicates
auditory nerve neurophonic; CAP, compound action potential; CM, cochlear microphonic.

SP Group to Preoperative Speech Perception and Audiometric responders (p = 0.014). The PTA was higher for 0 SP than +SP (p
Thresholds. The preoperative audiometric thresholds and CVC-P <0.001) responders and 0 SP than —SP (p = 0.007) responders.
were affected by the SP grouping (Fig. 12; Kruskal-Wallis sum

rank tests p = <0.001 and 0.023, respectively). There were no
significant group differences for SRT scores. Pairwise post DISCUSSION
hoc analysis showed significantly higher CVC-P scores with The main finding of this study is that the intracochlear

both +SP than 0 SP responders (p = 0.02) and +SP than —SP SP, when measured across the whole electrode array, displays
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Fig. 8. Patterns of electrocochleography (ECochG) component amplitude growth across the implant array, by summating potential (SP) group. ECochG was
recorded in response to a 500-Hz tone burst on every alternate electrode across the array from electrode two (most basal) to 22 (most apical). The color lines
are individual patient magnitude plots. The y-axis “Magnitude” scale represents the relative amplitude of the recording at each electrode compared to its peak
amplitude. Overlaid in black is the median magnitude at each electrode with interquartile range error bars. SP groups: large negative maximum SP < -10 pV
(=SP), large positive maximum SP > +10 pV (+SP). ANN indicates auditory nerve neurophonic; CAP, compound action potential; CM, cochlear microphonic.

unique properties not seen in other ECochG components.
Robust SPs were recorded in over half of implant recipients
(61.9%) and its maximum deflection in either a positive or
negative direction were associated with distinct patterns of
ECochG responses and preoperative speech scores. When
examined in detail, these patterns suggest that record-
ings with large positive SPs (+SP) have better preoperative
cochlear function than those with large negative SPs (—SP)
and minimal to no SP (0 SP). Positive SP deflection may
therefore be generated by structure(s) integral to cochlear
integrity.

The evidence that SP polarity may provide a unique insight
into the cochlear response is as follows. The +SP group had
exponential normalized amplitude growth toward the apex to
positive deflection. This was distinct from the —SP group that
had had smaller apical growth and was generally negatively
deflected across the array. These differences in amplitude growth
were confirmed by the average amplitudes for each group (+SP
mean amplitude @ electrode 22 = +24 uV, @ electrode 2 =
+2uV, p = 0.001; —SP mean amplitude @ electrode 22 = —12
uV, @ electrode 2 = -7 puV, p = 0.65). There was no apparent
difference between both groups’ growth patterns of ANN, CM,
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Fig. 9. Distribution of peak electrocochleography (ECochG) responses by
summating potential (SP) grouping. SP groups: large negative maximum
SP < =10 pV (-SP), large positive maximum SP > +10pV (+SP). ANN indi-
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TABLE 3. Position of maximal electrode location by SP group

SP Group All Pts
Waveform n(IQR)  Minimal =~ Negative  Positive
N 43 45 25 113
CM 20 (13-22) 20 (14-22) 20 (16-22) 20 (14-22)
ANN 18 (15-22) 18 (12-21) 20 (14-22) 20 (14-22)
Sp* 18 (12-20) 22 (14-22) 18 (12-20)
CAP 18 (12-19) 20(16-22) 18 (13-22) 18 (14-22)

Interquartile ranges in brackets.

*SP electrode comparison only between +SP and —SP groups.

ANN, auditory nerve neurophonic; CAP, compound action potential; CM, cochlear micro-
phonic; IQR, interquartile range; SP, summating potential.

and CAP (Fig. 8), all showing a growth of amplitude toward
the apex. This suggests that these two SP deflection patterns
reflect cochlear health differences that are not primarily of OHC
or ANF origin, both of which are associated primarily with the
CM and ANN, respectively.

Several associations in these data were consistent with the
interpretation that functional [HC may be the primary generator
of positive IC SP deflection. The first of these is that there was
relatively greater spatial specificity of positive SP amplitudes
toward the apical electrodes, which are the array electrodes
closest to the 500 Hz region of the cochlea (Greenwood 1990).
Greater selectivity of SP at the cochleotopic place has been
reported previously in animal experiments, and has been attrib-
uted to THC activation at the cochleotopic place (Dallos 1986;
Helmstaedter et al. 2018). While we acknowledge that due to
the high intensity stimulus used here OHC may also be contrib-
uting to the SUM trace deflection due to asymmetric saturation
to the input (Pappa et al. 2019), but this does not explain the
greater spatial selectivity of the +SP.

Second, preoperative audiometric thresholds and speech per-
ception were different between SP Groups. Both —SP and +SP
Groups had lower PTA thresholds prior to implantation com-
pared to the 0 SP, but no significant differences between each
other (p = 0.76; Fig. 12). These relationships were different for
the preoperative speech perception. The +SP group had signif-
icantly better phoneme scores compared to the 0 SP and —SP
group (preoperative CVC-P for +SP: 46%; 0 SP: 36%; —SP:
34%; p = 0.018 and 0.003, respectively). These findings suggest
better auditory processing when the +SP pattern was observed,
as might be expected with greater IHC function. It must be noted
that while these differences are statistically significant, they are
modest in size and clinical impact. It is also acknowledged that
speech perception is affected by other factors apart from cochlear
tissue states including etiology, age, cognition and level of edu-
cation, which were not controlled for in this study (Heutink et al.
2021; Shechter Shvartzman et al. 2022). No significant differ-
ences were seen in the most complex auditory task of speech-in
noise (SRT); the lack of difference between groups here might
reflect the low ceiling limit of this test.

Cochlear microphonic qualities are also consistent with an
association of IHC function to positive SP deflection. Average
CM maxima for both groups were large, but the +SP group
CM maximum was significantly higher (—SP = 40 pV, +SP
=77 uV, p = 0.014). This is despite similar patterns of CM
amplitude growth across the array, CM peak positions (both
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TABLE 4. Association of different ECochG component peaks
across the array, by SP Group

SP Group All Pt
Peak:Peak Relationship Negative Positive
CM:ANN 16.5* 77.7tF 26.91
CM:CAP 43.2% 60.91 33.5¢
CM:SP 49.3% 29.6* 16.71
SP:CAP 24.1% 32.3* 15.5%
SP:ANN 16.58 24.6* 8.21
ANN:CAP 241" 32.3F 20.1t
Adjusted-r? values (%) ARE PRESENTED for both —~SP and +SP groups, and the whole
group (“All Pt”).
*p <0.01;
1p <0.001;
ip 20.1;
§p<0.1.

ANN, auditory nerve neurophonic; CAP, compound action potential; CM, cochlear micro-
phonic; ECochG, electrocochleography; SP, summating potential.

groups CM peak at electrode 22) and absolute amplitudes of
SP deflection (—SP maximum SP absolute amplitude = 17.6,
+SP = 24.2, p = 0.24). The moderate to large size of both
groups’ microphonic indicates that both have a considerable
level of hair cell output. We suggest that the significant dif-
ference in CM amplitude could be explained by +SP patients
having similar OHC levels to —SP patients, but greater IHC
numbers that additively contribute to the CM amplitude. The
—SP group’s overall smaller CM amplitude suggests that two
distinct hair cell populations both contribute to CM output,
but have opposing contributions to SP deflection. This argu-
ment proposes that negative d.c. deflection may be generated
the OHC population. When the IHC are present and activated,

negative SP deflection is opposed and surmounted by a strong
positive deflection.

Conversely, synaptopathy, or a loss of functional IHC with
relative maintenance of OHC, could be another proposed under-
lying mechanism for the relatively better preoperative phoneme
scores in the +SP group. Synaptopathy can degrade temporal
suprathreshold temporal processing in the cochlea (Liberman
& Kujawa 2017). This disproportionately affects speech percep-
tion more than audiometry thresholds (Santarelli et al. 2021),
so the —SP group may represent patients with fewer neurally-
connected IHC than the +SP group, rather than a difference in
absolute numbers. Although our focus was not upon etiology-
specific SP responses, it is interesting to note that the two con-
firmed ANSD patients included in this study are within this
—SP group, but this number is insufficient to establish any solid
conclusions.

Opposing polarity generation of IHC to OHC has been sug-
gested in the literature since SP’s infancy. Many have concluded
that IHC generate a positive deflection and OHC a negative one
(Goldstein 1954; Johnstone & Johnstone 1966; Helmstaedter et
al. 2018; Pappa et al. 2019), which is consistent with the find-
ings in our study. However, the inverse has also been described
(Davis et al. 1958; Dallos & Cheatham 1976; Rea & Gibson
2003). These contrasting findings may be due to the geometry
of the recording electrodes’ location relative to the tissue gener-
ating ECochG responses.

The effect of differences in geometry must be considered
when comparing intra to extracochlear ECochG studies and their
findings regarding SP deflection and amplitude. Intracochlear
recordings display granularity that is unavailable to extraco-
chlear approaches, with more detail on the apical cochlea and
focal tissue responses (Calloway et al. 2014). EC ECochG is
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dominated by the basal turn of the cochlea (Campbell et al.
2010) so it may not be able to detect the focally positive SP
deflection in the apical cochlea, as recorded here. Given this
is the region of interest for hearing preservation in implanta-
tion (Miranda et al. 2014), this added detail is of clinical inter-
est to better understand apical cochlear health and its effect on
implant outcome.

In addition, the geometry of the cochlea and the relative
position of the recording electrode may affect SP deflection
as a separate factor to the underlying tissue characteristics.
As shown here and by Helmstaedter et al. (2018), the SP of
intracochlear ECochG is dynamic across the length of the array
with tonotopicity for positive SP deflection to the character-
istic frequency (CF). Therefore, the electrode insertion depth
will affect the SP characteristics across the array, especially in
its peak position. We attempted to reduce this effect on results
by focusing on completely inserted arrays response to a 500
Hz tone, the CF of which is known to be at or more apical to
the most apical electrode in fully inserted implant models used
in this study (Campbell et al. 2017). Translocation of the array
from the scala tympani to the scala media may also invert SP
polarity of recordings apical to the site of translocation (Tasaki
& Spyropoulos 1959; Koka et al. 2018). While electrode trans-
location is not seen frequently with the electrode used in this
study (Mittmann et al. 2017), postoperative imaging, which
was beyond the scope of the present study, would be required to
exclude this possibility.

We made one observation consistent with the idea that the
laterality of the electrode within scala tympani may affect the
SP polarity. Within the dynamic SP responders, the transition
point of polarity reversal for SP deflection was most often in
the middle third of the electrode array. Here the SP transitioned
from a negative to a positive polarity. This transition point is the
site where straight electrode arrays move from a relative medial
to a lateral position within the cochlear duct (Garaycochea et al.
2020). Given this, we may speculate that laterality could play a
role in IC SP deflection in some cases. Again, imaging might
provide further insights.

An additional consideration is that the cochleotopic place
for a given frequency of simulation trends basally in the cochlea
with increasing sensorineural hearing loss (Eggermont 1977).
This could push the maximum cochlear response to more basal
electrodes on the array than expected form the Greenwood
equations.

We observed another relation between ECochG waveforms
that may support the IHC generation of positive SP deflection.
CM and ANN peak-to-peak correlation was much higher (2 =
77.7) for +SP patients compared to —SP (* = 16.5). This could
be explained by there being greater numbers of IHC in cochleae
exhibiting a positive SP, as these cells are responsible for mech-
anosensory transduction. We acknowledge that there is overlap
of generators to a.c. waveforms when high intensity low fre-
quency are used as in this study, with some contribution of OHC
to the a.c. waveform in the SUM trace (Teich et al. 1989), and
ANF to the DIF trace (Forgues et al. 2014). So this correlation
rise in the +SP group may represent some change in a.c. wave-
form composition or generation of uncharacteristic harmonics
rather than an increase in mechanosensory transduction.

As mentioned earlier, it has been suggested that the CM may
be a surrogate marker for overall cochlear health. Several stud-
ies have measured an EC ECochG total response (ECochG-TR)
in CI recipients and is the current best predictor of postopera-
tive hearing outcomes (Fitzpatrick et al. 2014; McClellan et
al. 2014; Formeister et al. 2015; Fontenot et al. 2017, 2019;
Giardina et al. 2019; Walia et al. 2022). This ECochG-TR is
composed mostly of the CM, with a small ANN contribution.
The authors have suggested the effectiveness of ECochG-TR
as a predictor is primarily due to its capacity to measure hair
cell function, which acts as a surrogate marker of overall
cochlear health and underlying neural function. We only found
a weak linear correlation between CM maximum and preop-
erative speech perception (CVC-P r? 12.8%) and PTA (17%),
consistent with previous work showing CM in isolation is an
insufficient marker for insertional trauma (Weder et al. 2021).
However, in the absence of confirmed synaptopathy, this may
suggest that a larger CM at the time of insertion may imply
relatively less degraded connection compared to patients with
a smaller CM, albeit of small effect. Reduced OHC, IHC, and/
or synaptic function have all been associated with degenera-
tion of ANF and their dendrites (Coyat et al. 2019; Ding et al.
2021), but neural degeneration or dysfunction can also occur
with normal hair cell responses, as seen in auditory neuropathy
(Moser & Starr 2016) and a normal or enlarged CM response
can be recorded in cochleae with IHC dysfunction (Santarelli et
al. 2009; Shearer & Hansen 2019).

We could not arrive at a single, simple, and coherent explana-
tion for the patterns of large negative SP deflection in our data.
The triple generator theory suggests that OHC are the primary
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generator of negative EC SP deflection. It therefore is logical
to suggest that the primary ECochG response indicating OHC
function, the CM, may be associated with negative SP deflec-
tion in IC ECochG recordings. There is one point of association
between the CM and negative IC SP deflection in our data: the
peak-to-peak correlation between CM and SP maxima were the
stronger for the —SP Group (»* = 49.3), than the +SP group (7
= 29.6). However, growth patterns of IC SP and CM amplitude
were dissimilar for —SP patients (Fig. 8). This suggests that in
CI recipients, the generation of IC negative SP deflection is
more complex than OHC function alone. Other possible causes
are now discussed.

It may be that these negative deflections are the common end
point of multiple different pathological processes, which may
not be related. We now briefly consider some potential contribu-
tors to negative SP deflection patterns:

1. As outlined earlier, the polarity of the SP depends on the
position of the recording electrode relative to its dipole.
For both OHC and IHC, the SP is expected to be posi-
tive at the center of gravity of its dipole, and negative at
locations either side. As proposed by Pappa et al. (2019),
the center of gravity of the dipole is expected to be more
basal for IHCs than for OHCs, such that a recording
electrode can be between the two dipoles, so that one
appears positive and the other negative. The IHC center
of gravity is more basal because of the greater asym-
metry in the IHC operating point, which favors a posi-
tive over a negative membrane potential (Johnstone &
Johnstone 1966), such that the basal spread of excita-
tion for IHCs is greater than for OHCs. Thus electrode
geometry may explain the polarity of the SP; in +SP
cases the dipole of either IHCs or both OHCs and THCs
is basal enough to be crossed, while for —SP cases it is
not, either because the elements themselves are fewer or
the electrode was inserted less deeply.

Consistent with this explanation is the observation that
the greatest CM is associated with the greatest positive SP
(Table 2), because a larger response suggests a larger popu-
lation of responding elements supporting a greater spread of
excitation. That is, the IHC dipole (at least, may be OHCs as
well in some cases) is at a basal enough point where it can be
crossed. It is also consistent with a greater proportion of —SPs
than +SPs, because the number of cases with enough residual
hair cell activity for the dipole to be crossed is relatively small.
This explanation does not require the predominance of cases to
have greater preservation of OHCs than IHCs, and is potentially
more aligned with current understandings of most cochlear
pathologies, where greater IHC than OHC survival is expected.

2. A cochlear dead region in the apex. If positive SP deflec-
tion is tonotopic to the CF, a lack of functional tissue in
the cochlear apex could result in an absence of a positive
SP to a 500 Hz tone, leaving only negative SP deflec-
tions from more basal cochlear regions (Helmstaedter
et al. 2018). Apical hair cells, both IHC and OHC, may
produce more d.c. output than their basal counterparts
regardless of CF (Wang et al. 2016). In either of these
situations, an apical dead region may result in a simi-
lar across-array SP pattern. Median CM amplitudes for
apical electrodes for —SP groups were smaller than +SP

groups (—SP 15 pV, +SP 49 uV), which may support a
dead region contribution to the —SP deflection pattern.

3. Trauma or contact between the electrode and the basilar
membrane. This may impair the propagation of the trav-
elling wave along the BM and thereby reduce cochlear
output at sites more apical to this trauma or interaction
(Campbell et al. 2016; Giardina et al. 2019). Pressure on
the BM can also reverse the polarity of the SP at the site
of interaction (Johnstone & Johnstone 1966). ECochG
changes in response to implant-BM interaction during CI
insertion are well documented (Kim 2020), but the rela-
tionship between postinsertional IC SP deflection and
trauma is not well described in humans. Postoperative
imaging can detect translocation and scalar trauma with
some accuracy (Riggs et al. 2019; Liebscher et al. 2020),
which was not utilized in this study. Correlation of the
IC SP to imaging in future studies may illuminate this
relationship further.

4. Neural tissue contribution. Parts of SP deflections
have been attributed to isolated asynchronous action
potentials of various nerve fibers (Kupperman 1966).
Generally, these have been observed as small to medium
negative deflections (Dallos & Cheatham 1976; Zheng
et al. 1997; Kennedy et al. 2017), although Pappa et al.
found neural tissue produced a very small ongoing posi-
tive deflection of the SP (Pappa et al. 2019). It is diffi-
cult to reconcile these contrasting findings. In our study,
neither CAP nor ANN had significant amplitude or peak
position associations in either negative or positive SP
groups. Riggs et al. (2017) visually examined extraco-
chlear ANN and CAP in CI recipients, measured as a
nerve score, and found ANSD and non-ANSD groups’
scores were similar. This suggests that in CI recipients,
simple analysis of these neural ECochG components
may not accurately reflect underlying neural tissue func-
tion. If this is the case, the neural contribution to the
SP may not be related to ANN or CAP amplitude in a
straightforward manner. In addition, if the neural con-
tribution to the SP is small, its effect may be masked by
larger-amplitude contributors to SP deflection.

5. Artefact contribution to negative drift of ECochG
recordings. A slight negative drift of the recording base-
line was observed in many cases. We cannot exclude the
possibility that our ECochG recordings had a negative
deflection d.c. artefact. which may have made recordings
with minimal SP deflection skew toward the negative.

This study had limited data on the etiology of hearing
loss, with the majority of patients having and unknown cause.
Genetic causes of hearing impairment and ANSD both can have
an effect on SP deflection (Santarelli et al. 2013, 2015). Future
examination of IC ECochG with more genomic or etiological
data would illuminate SP deflection in a clearer light.

Some studies have associated large positive SPs with path-
ological processes. An abnormal positive potential (APP), a
large positive d.c. deflection in the absence of a CAP, has been
described in tone-stimulus RW ECochG performed on neonates
and infants with severe to profound hearing loss (O’Leary et al.
2000; Rea & Gibson 2003). Rea and Gibson (2003) speculated
that the APP was generated by OHC activity with relative [HC
loss (Rea & Gibson 2003), although the evidence was somewhat
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circumstantial. O’Leary et al. (2000) put forward a different the-
ory that the APP is generated by active hair cells in the cochlear
base in the absence of neural activity. A more recent study by
Grant et al. (2020) of RW ECochG investigated click-evoked
SPs. They found these SPs were larger and CAPs smaller in
those with poorer hearing-in-noise performance, suggesting that
cochlear neural deficits contributed to the SP changes.

On the surface, these studies contrast with our finding that
large positive SPs had superior preoperative audiometry and
speech perception. We did not find that SP deflection was cor-
related with either CAP or ANN patterns, which did not support
the theory of deficient neural tissue causing positive deflection.
Regarding the basal region origin of positive SP deflection, we
did not find that positive SP deflection was associated with basal
cochlear hair cell activity. There are several possible explana-
tions for these contrasting findings including the differences in
geometry as mentioned above.

Other possible contributing factors are as follows:

1. The difference in patient groups studied, especially for
the normal-hearing study compared to our CI recipients.
We therefore cannot exclude the possibility that a large
positive IC SP is pathological in nature. However, it
appears that it is related to a cochlear state that causes
less auditory processing impairment than pathologies
that cause a negative IC SP or no deflection.

2. Responses of click- to tone-evoked SPs are dissimilar
(Iseli & Gibson 2010) making the findings of Grant et al.
(2020) not directly relatable to ours.

3. The difference in tonal stimulus parameters between
studies. O’Leary et al. (2000) did not find any APP to a
500 Hz tone, and Rea and Gibson (2003) did not men-
tion which stimulus tones elicited an APP. This final
point may indicate that our method may not be suitable
to detect an APP, if it is measurable from an IC approach.

It is interesting to note that CAP amplitude showed a sim-
ilar growth pattern toward the apex similar to other ECochG
components. This is despite CAP being considered a far-field
ECochG component that is thought to derive predominantly
from the auditory nerve entering the dura near or within the
internal auditory meatus (Brown & Patuzzi 2010). Therefore,
the apical skew of CAP maxima seen here may be unrelated to
the similar patterns seen in the known near-field generated IC
ECochG components. One explanation for this seeming asso-
ciation may be that by virtue of IC electrode geometry relative
to the internal auditory meatus, the CAP may have similar peak
positioning toward the apex regardless of the stimulus used. Due
to the single-tone stimulus used in this study, we were unable to
differentiate tone-specific IC CAP qualities. It may also be true
that there is a component of the CAP that is near-field gener-
ated, contrary to our current understanding of its generation. In
ClI recipients, CAPs are often absent, and if present are usually
small and of highly variable morphology (Scott et al. 2016), so
its utility for neural tissue interrogation, like the ANN, may not
be reliable or useful clinically (Riggs et al. 2017).

CONCLUSIONS

The summating potential can be recorded in ClI recipients from
an intracochlear approach across the electrode array. It displays
cross-array qualities that show it is distinct from the CM, CAP,

and ANN. Patients with large positive SPs had lower auditory
thresholds and higher preoperative phoneme scores than patients
with minimal SP or a predominantly negative SP. While definitive
conclusions cannot be reached, associations in these data suggest
that the positive SP could reflect greater residual hair cell activity,
potentially IHC function, in these patients. As such, the positive
SP may reflect ears with better cochlear health. The data did not
suggest a definitive explanation for negative SP deflection. These
results will further inform our understanding of implant function
and the underlying pathology contributing to deafness.
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