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Introduction

Electrocochleography (ECochG) is an electrophysiological
technique that records electrical potentials generated by
different components of the inner ear and peripheral
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cochlear nerve in response to acoustic stimulation. Over
the past few decades, there have been multiple applica-
tions of this tool, with ongoing refinements in technique
and updates in the understanding of recorded potentials.
Historically, ECochG found its main application in the
diagnostic evaluation of Meniere’s disease (MD). However,
in the last decade, the focus has shifted towards ECochG
use during cochlear implantation (Cl). The ability to
monitor cochlear trauma during Cl electrode placement
holds promise to improve hearing preservation outcomes
and potentially modify surgical techniques and electrode
design. The goal of this review is to provide a comprehen-
sive overview of the electrophysiology and history of
ECochG, discuss its recent applications in Cl, and explore
the ongoing research related to this expanding field.

Electrophysiology

ECochG measures electrophysiological responses from the
cochlea and the auditory nerve." During ECochG, a brief
duration of acoustic stimuli (i.e. clicks or acoustic tone
bursts) of alternating polarity (condensation and rarefac-
tion) is used to elicit electrophysiological responses that
can be measured using skin electrodes, extra tympanic
electrodes, transtympanic electrodes, or intracochlear Cl
electrodes.”? An acoustic tone burst generates electro-
physiological responses from a localized region in the
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cochlea or the auditory nerve, whereas clicks are known to
elicit responses across a broader frequency range.? ECochG
responses can be analyzed into (1) cochlear microphonics
(CM), (2) auditory nerve neurophonics (ANN), (3) summating
potential (SP), and (4) compound action potential (CAP)
(Fig. 1).

Frequency-specific alternating polarity acoustic tone
bursts are used to measure CM and ANN. CM represents the
difference (i.e. subtraction) between ECochG responses to
the two acoustic stimuli of alternating polarity.® This po-
tential is believed to primarily represent mechanical
movement of the stereocilia on the outer hair cells.* The
CM potential appears as an alternating current (AC) that is
phase locked to the stimulus tone.> Thus, all the CM po-
tentials recorded during ECochG provide real-time feed-
back. Currently, the CM appears to be the most sensitive
detector of trauma during Cl insertion.® The summation
(i.e. addition) of the ECochG responses measured from two
alternating polarity acoustic stimuli is known as ANN, and is
believed to represent the phase locked responses of the
auditory nerve. The ANN is an AC potential with a frequency
response twice the stimulus frequency.””® ANN is not
particularly useful for real-time feedback of trauma to the
hair cells, as it is not believed to originate from intra-
cochlear structures.

The summating potential (SP) is the response of the
inner hair cells at low frequencies, but can be a mixed
response from all hair cells at the high frequencies.>® The
SP is a direct current (DC) signal that arises from an AC
stimulus, and represents a sustained depolarization of the
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Fig. 1 The four main components of ECochG. Cochlear mi-

crophonics (CM) and auditory nerve neurophonics (ANN) are
alternating currents elicited from a tone burst stimuli of
alternating polarity. CM represents a mechanical signal from
the outer hair cells. ANN represents the phase-locked signal
from the auditory nerve. The Summating Potential (SP) and the
Compound Action Potential (CAP) are direct currents. SP rep-
resents responses from all hair cells, while the CAP represents
responses from the auditory nerve.

hair cells during sound presentation.® Thus, even in
response to tone bursts, the SP appears only as a shift in the
baseline, and does not provide immediate feedback.® As
the SP can have multiple sources and be influenced by many
factors, it is rarely analyzed in the context of real-time
intraoperative recordings during Cl. The compound action
potential (CAP) refers to the summation of individual action
potentials from the auditory nerve fibers.® The CAP is
roughly the same potential as Wave | of an auditory brain-
stem response (ABR), and has identical latency as the ABR
recording.'® In patients with existing hearing loss, the CAP
can be absent or highly variable,® and the CAP’s correlation
with hearing or speech testing is variable."

History

The first description of auditory nerve potentials was from
Wever and Bray in 1930,'? who studied cats, but laid the
foundation for future work in humans.' In 1935, Fromm
et al. described the placement of electrodes through tym-
panic membrane(TM) perforations to measure electrical
potentials, effectively becoming the first researcher to
identify human cochlear potentials.'>'* Several other
groups in the 1930s/1940s then refined the technique to
reliably obtain CM, eventually making adaptations to use a
cotton-tipped electrode and recording on the round win-
dow (RW) niche through a TM perforation.''®

The term “cochleogram” was first used in 1947, when
Lempert et al measured CM on 11 patients with different
ear pathologies and used recordings for diagnostic pur-
poses.’®> During the1950s/1960s, Ruben and colleagues
refined the clarity of CM waveforms,'”"'® recorded the first
CAP, and explored the relevance of CAP in MD." These
advancements made ECochG a more practical and feasible
tool for clinical use. Eggermont became the first to suggest
the use of transtympanic ECochG as an objective mea-
surement of hearing.”’

As ECochG techniques became more refined, in-
vestigators set out to understand what the different
waveforms in ECochG represented. In 1974, Schmidt et al.?
noted a larger SP in MD.?' SP widening was suggested as an
objective tool for the diagnosis of MD, which was chal-
lenged by contemporaries.? In the following decades, MD
largely became the focus of debates over the clinical
application of ECochG."” To this day, ECochG remains a
controversial tool in the diagnosis of MD,%* with significant
skepticism among otolaryngologists.**

Although much of the effort on ECochG research has
been given to the diagnosis of MD, there has been some
other, less sought after, uses. Historically, ECochG has been
used as an objective hearing measurement, but its routine
use was largely replaced with the advent of ABR.'® At-
tempts were also made at using ECochG to diagnose
vestibular schwannomas,?® but this proved impractical and
unreliable. ECochG has also been proposed as a tool to di-
agnose auditory neuropathy spectrum disorder.?

ECochG and cochlear implantation

In the modern age of ECochG, there has been a significant
shift of focus towards applications to Cl. In 1985, the FDA
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first approved the use of multichannel Cls for adults with
post-lingual deafness.?’ In 1998, Nucleus introduced the
CI24M electrode array, the first capable of performing
neural response telemetry (NRT).?® Over the last two de-
cades, the technology surrounding Cl has vastly improved
and candidacy criteria continues to expand. Refinements in
electrode design and surgical technique, including less
traumatic electrode insertion, have enabled many implant
reczigients to maintain significant residual hearing following
Cl.

In patients with postoperative residual hearing, com-
bined electric and acoustic stimulation (EAS) has resulted in
improved speech perception,® sound localization,*' and
music appreciation.®” Despite efforts to mitigate trauma
during electrode insertion, varying degrees of hearing
preservation is only achievable in 47%-82% of ClI re-
cipients.??**3* Cochlear trauma during electrode place-
ment is assumed to be a leading cause for postoperative
hearing loss. At present, it is not possible to perform high
resolution temporal bone imaging in real-time during
electrode placement. ECochG, or more specifically, intra-
operative CM measurements, can be used to monitor
cochlear trauma during electrode placement.> QOver the
past several years, the role and utility of intraoperative
ECochG on CI hearing preservation has become a topic of
extensive debate and research. ECochG has been used to
compare pre-implantation to post-implantation responses,
with the most recent advancements being made in real-
time feedback during electrode insertion. The details of
current knowledge on intraoperative ECochG technique and
outcomes are discussed below.

Intraoperative ECochG applications
Extracochlear ECochG in CI

With extracochlear recordings, the recording electrode
can be placed on the promontory, the stapes or the tym-
panic membrane."*> In 2010, Campbell et al.*® made the
first intraoperative extracochlear ECochG recordings in
gerbils. Cl electrodes were inserted under direct visuali-
zation with an endoscope to identify signs of cochlear
trauma.3® Generally, irreversible decreases in the CM
correlated visually with direct trauma to cochlear struc-
tures, and histologic analysis confirmed these changes.>®
This study was one of the first to definitively demon-
strate that real-time changes in ECochG potentials
directly correlated to trauma, thus laying the foundation
for future exploration of real-time ECochG as a feedback
tool in human CI.

In humans, the feasibility of extracochlear ECochG in Cl
was first explored through stapes and RW recordings. In
2011, Harris and colleagues were the first to show that
ECochG potentials could be recorded from the stapes dur-
ing C1.3° In this pilot study, insertion of the Cl electrode into
the basal turn of the cochlea and suctioning of perilymph
was associated with loss of ECochG signal.®® In 2012,
Choudhury et al.® demonstrated that extracochlear ECochG
potentials could be measured from the RW even in patients
with poor preoperative audiograms and pure tone averages
(PTAs) < 100 dB. The success rate of obtaining recordings

varied between studies, but overall there was agreement
that despite poor preoperative hearing, ECochG waveforms
could be reliably obtained in 52%-100% of patients under-
going C1.835:3773% Though controversial, some have specu-
lated that pre-implantation ECochG might serve as the most
reliable predictor of postoperative speech perception
compared to other commonly used clinical factors and
audiological measures.>*°

The ability for peri-implantation extracochlear ECochG
to predict post-operative hearing outcomes varies among
studies. Radeloff et al.*' performed RW ECochG in six pa-
tients, measuring CM at various time points of electrode
insertion. Four patients had postoperative loss of residual
hearing, despite preservation of CM thresholds during
insertion.*' Dalbert et al.>’” made measurements on the
promontory pre- and post-implantation. All patients expe-
riencing detectable threshold changes intraoperatively
suffered complete loss of residual hearing, though not all
with hearing loss experienced threshold changes.®” In
another cohort, none of the subjects showed a loss in post-
implantation extracochlear ECochG that would suggest
insertion trauma, but some still had residual hearing loss
after surgery.*® A recent study agreed that those experi-
encing decreases in ECochG responses intraoperatively
showed significantly greater likelihood of hearing loss, but
hearing loss was still possible despite maintaining intra-
operative extracochlear ECochG thresholds.*? The authors
posited that some trauma may be limited to the high-
frequency regions of the cochlea, and can be missed on
routine low-frequency ECochG recordings.** This discrep-
ancy between intraoperative preservation of ECochG signal
and loss of residual hearing suggests that postoperative
inflammatory reactions may also play a role in hearing loss
following Cl.*' More practically, another study demon-
strated that in surgeons who are given real time intra-
operative ECochG feedback during electrode insertion, 85%
achieved hearing preservation while only 33% of the non-
feedback group did.** Overall, these results suggest that
real-time feedback may enable surgeons to preserve
hearing in a greater number of cases. Moreover, ECochG
likely provides a low sensitivity, but high specificity, when
using loss of intraoperative extracochlear ECochG signal as
a predictor of postoperative residual hearing loss.

Intracochlear ECochG in Ci

The history of intracochlear ECochG is somewhat limited as
this technology only came to the forefront approximately 5
years ago. Intracochlear ECochG has been performed by
inserting a recording electrode into the cochlea® or,
alternatively, by using one of the Cl electrodes as the
recording electrode.>” In the most recent implementations,
ECochG has been measured using the most apical Cl elec-
trode as the recording electrode and an extracochlear case,
ring or ball electrode as the return electrode.*

In 2014, Calloway was the first to describe intracochlear
ECochG recordings during Cl.*° Intracochlear responses
were much larger in amplitude than extracochlear re-
sponses, as confirmed by other studies.*®*’ The authors
also observed increasing signal amplitudes with increasing
electrode depths in the cochlea, which they attributed to
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growing proximity to the residual functional neural ele-
ments at the low-frequency apex of the cochlea.*® Camp-
bell was the first to prove feasibility of intracochlear
recordings using the existing Cl electrodes by recording
from five subjects with residual hearing after CI.*® Dalbert
et al. expanded on this technique further by performing
intracochlear recordings using the ClI electrode intra-
operatively and postoperatively. They showed that intra-
cochlear ECochG signal could continue to decline in the first
week after implantation,®® consistent with theories that
postoperative inflammation in the cochlea may contribute
to the delayed loss of residual hearing. Compared to
extracochlear ECochG, intracochlear measurements have
been shown to have increased signal to noise ratio.*
However, as the electrode is constantly moving, a stable
response cannot necessarily be used to detect trauma.*’
Some authors advocate for a mixed approach with dual
recording of extra and intracochlear potentials during
electrode insertion, and postoperative follow up using
continued intracochlear measurements.>®

It is only in the last two to three years that real-time
intracochlear ECochG during electrode insertion has been
explored. Lo et al.”® pioneered continuous intracochlear
ECochG in animal studies and showed that ECochG ampli-
tudes tended to increase with insertion depth, with loss of
signal correlating with post-implantation hearing loss.
Harris and colleagues showed that it was also highly
feasible in humans to continuously record CM and ANN
during electrode insertion.*® He later characterized the
intracochlear ECochG amplitude patterns observed during
electrode insertion into 3 types.” The Harris Type A ECochG
pattern is defined as an overall increase in amplitude from
the beginning of insertion to completion.” The Harris Type B
pattern has maximum amplitude at the beginning of
insertion, with an overall decrease as insertion goes to
completion, sometimes to complete signal loss.” Finally,
the Harris type C has similar amplitudes at the beginning
and completion of insertion, with a maximum amplitude
reached mid-insertion.” Type A was the most common,
followed by Type B, then Type C.” Ramos-Macias et al.*
examined the correlation between Harris classification
and postoperative hearing outcomes. Intraoperatively, the
Type B pattern leading to complete loss of signal was
associated with complete loss of residual hearing, and may
be suggestive of irreversible trauma during insertion.* In
the case of an intracochlear ECochG recording that drops in
amplitude but recovers, proposed mechanisms include
temporary physical contact between the electrode and
cochlear elements, or destructive interference between
the hair cell and neural potentials.®

The association between loss of intracochlear ECochG
signal and cochlear trauma or electrode positioning remains
controversial, and there is active debate regarding what
the Harris Type B pattern represents. In Lo et al.‘s animal
study, histological studies showed that intraoperative loss
of CAP amplitude was associated with higher grades of
trauma, but not all cases of post-implantation hearing loss
had signs of trauma on pathology.’® In humans, one retro-
spective case control study used post-operative imaging to
identify electrode arrays that translocated into the scala
vestibuli as a proxy for trauma to the basilar membrane.”"

Similar to the animal studies, the authors found no differ-
ence in intraoperative ECochG amplitude between the
translocation group and the nontranslocation group,
despite drastic differences in hearing preservation between
the two groups. In contrast to these studies above,
O’Connell et al.’? in 2017 showed that there might be a
slight association between electrode translocation and
intraoperative ECochG thresholds. In their cohort, there
were differences between the intraoperative ECochG
thresholds and postoperative PTA thresholds, and these
differences were significantly larger for translocated elec-
trodes. However, they were unable to demonstrate a cor-
relation between ECochG and postoperative behavioral
thresholds. Another study in support of this association
showed that intraoperative ECochG could reliably predict
electrode translocation in 82% of patients, with a sensitivity
of 100% and specificity of 77%, but only a positive predictive
value of 54%.>% As such, the promising data presented by
O’Connell et al. regarding the predictive value of intra-
operative ECochG needs further investigation, given con-
flicting evidence correlating ECochG changes to
postoperative outcomes.

Postoperative ECochG applications

Postoperatively, intracochlear ECochG has been used to
determine the lowest stimulus presentation level that
generates CMs or CM thresholds in Cl patients with residual
hearing. The results show a significant correlation between
CM thresholds and behavioral thresholds in Cl
patients. 3885254757 C M\ thresholds thus offer an objective
method to assess hearing sensitivity in Cl subjects who
cannot participate in behavioral audiometry®” and can even
be used to assess air-bone gaps in implanted patients.>® The
new AIM system from Advanced Bionics allows providers to
perform a quick estimation of the CM thresholds immedi-
ately after Cl electrode placement, which may be helpful in
understanding mechanisms driving the loss of residual
hearing immediately after electrode placement.

Combined EAS has been shown to provide the best out-
comes in Cl, but it is important to appropriately set the
frequency boundaries of acoustic and electric stimulation
to further refine its efficacy.’® Furthermore, excitotoxicity
from high levels of electrical stimulation has been shown to
cause delayed postoperative hearing loss in Cl patients with
initially preserved residual hearing.’® ECochG measure-
ments provide an objective and time efficient method to
assess EAS interaction in the cochlea and the auditory
nerve.>® CM and ANN responses can be measured in the
presence of electrical stimulation to determine the fre-
quency boundaries of acoustic and electrical stimulation
and minimize interaction between the two modes of
stimulation.

It is also worthwhile to consider the location of the ClI
electrodes as it determines the place-pitch sensation pro-
duced by electrical stimulation of each individual elec-
trode. A mismatch between the frequency information
delivered to the Cl electrode and the place-pitch sensation
produced by electrical stimulation is known to adversely
affect Cl outcome.®® CM tuning curves can be measured for
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different acoustic pure tone frequencies by varying the
intracochlear recording electrodes and can be used to
determine Cl electrode location along the basilar
membrane.®’

Thus, postoperatively, ECochG can be used to measure
CM thresholds and predict behavioral auditory thresholds,
determine EAS interactions, program the EAS stimulation
device, and determine the cochlear location of implant
electrodes, all of which may potentially lead to improve-
ments in Cl outcomes.

Future application and conclusion

ECochG offers an opportunity to measure frequency spe-
cific CMs elicited from a localized region in the cochlea.
However, CMs generated for a low frequency tone such as
500 Hz may not be sensitive to cochlear trauma in the basal
region during Cl electrode placement.** At our institution,
we are using a pure tone complex to elicit CMs such that we
can present up to four acoustic pure tone stimuli simulta-
neously and measure CMs from four different locations
along the basilar membrane (Fig. 2). Preliminary results
show that these multi-frequency CM measurements can be
used to monitor cochlear trauma from different regions in
the cochlea.

The discussion of this technology demonstrates that we
now have the ability to potentially localize the Cl electrode
array in real-time - something that has not been previously
possible. At this point, it is unclear if this technology has
the capacity to reliably detect cochlear trauma, prevent
cochlear trauma in real-time, or predict postoperative
hearing loss. The excitement around this renewed use of
ECochG should thus be attenuated by the lack of definitive
data supporting objective outcomes.

Optimism remains for ECochG’s application for hearing
preservation, but another underlying benefit is the possi-
bility that this technology can be used to train surgeons in
soft insertion techniques. Additionally, we are now given
the opportunity to potentially understand when hearing
loss may occur, either intraoperatively or in the immediate
postoperative period.

Many questions remain in this evolving field. While im-
mediate feedback alerts the surgeon to potential
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Fig. 2 The 4-tone burst technique to measure CM during a Cl
electrode array insertion.

impending trauma, it is unclear exactly how a surgeon
should adjust, if adjustments can feasibly be made, and
how this would affect hearing outcomes. For example, the
tip of an electrode that has been inserted 300° is unlikely to
be adjusted in a meaningful manner from outside of the
cochlea. Further research is also required to know when
and if electrode advancement should be halted in light of
ECochG feedback. Moreover, with continued data collec-
tion, understanding of exactly where trauma most likely
occurs and when hearing loss occurs could lead to the
development of new devices such as alternately shaped or
drug eluting arrays.

Over the last decade, ECochG has begun to reshape how
we think about hearing preservation in Cl. With rapid ad-
vancements in this technology and continued revisions in
Cl candidacy, ECochG will likely continue to play a vital
role in predicting hearing outcomes, informing surgical
technique, understanding postoperative physiology, and
providing a deeper understanding of the mechanisms of
hearing loss.
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