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Abstract

Objectives—\Variability in speech perception outcomes with cochlear implants (CI) remains
largely unexplained. Recently, electrocochleography, or measurements of cochlear potentials in
response to sound, has been used to assess residual cochlear function at the time of implantation.
Our objective was to characterize the potentials recorded pre-implantation in subjects of all ages,
and evaluate the relationship between the responses, including a subjective estimate of neural
activity, and speech perception outcomes.

Design—ECochG was recorded in a prospective cohort of 284 candidates for CI at University of
North Carolina (ages 10 months to 88 years). A measurement of residual cochlear function called
the ‘total response’ (TR), which is the sum of magnitudes of spectral components in the response
to tones of different stimulus frequencies, was obtained for each subject. The TR was then related
to results on age-appropriate monosyllabic word score tests presented in quiet. In addition to the
TR, the ECochG results were also assessed for neural activity in the forms of the compound action
potential and auditory nerve neurophonic.

Results—The TR magnitude ranged from a barely detectable response of about 0.02 uV to more
than 100 pV. In adults (18-79 years old), the TR accounted for 46% of variability in speech
perception outcome by linear regression (r?=0.46, p<0.001). In children between 6 and 17 years
old, the variability accounted for was 36% (p<0.001). In younger children the TR accounted for
less of the variability, 15% (p=0.012). Subjects over 80 years old tended to perform worse for a
given TR than younger adults at the six month testing interval. The subjectively assessed neural
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activity did not increase the information compared to the TR alone, which is primarily composed
of the cochlear microphonic (CM) produced by hair cells.

Conclusion—The status of the auditory periphery, particularly of hair cells rather than neural
activity, accounts for a large fraction of variability in speech perception outcomes in adults and
older children. In younger children the relationship is weaker, and the elderly differ from other
adults. This simple measurement can be applied with high throughput so that peripheral status can
be assessed to help manage patient expectations, create individually-tailored treatment plans, and
identify subjects performing below expectations based on residual cochlear function.

INTRODUCTION

Variability in speech perception outcomes with cochlear implants (CIs) is largely
unexplained, making it difficult to accurately manage expectations, identify cases needing
early additional rehabilitation, or determine if the device is working optimally for each
patient. In adults, the main biographical factor typically seen to have a relationship with
speech perception is duration of severe or profound hearing loss (e.g., Blamey et al. 1996;
Blamey et al. 2013; Holden et al. 2013; Rubinstein et al. 1999). However, because of the
increasing use of hearing aids this duration is declining in the CI population, making it less
of a predictive factor (Holden et al. 2016; Lazard et al. 2012). Other significant factors are
age (Holden et al. 2013) and surgical factors including number of active electrodes, their
scalar placement, depth of insertion, and distance from the modiolus (Blamey et al. 2013;
Finley et al. 2008; Holden et al. 2013; Lazard et al. 2012). Cognitive factors including brain
reorganization subsequent to reduced or absent input are also involved (Anderson et al.
2016; Lee et al. 2007; Moore et al. 2009; Strelnikov et al. 2010). In children, age at
implantation is a critical factor, with the earlier the implantation the better in cases of
congenital hearing loss (Niparko et al. 2010). General developmental progress, as well as
educational, habilitative, and parental environments contribute additional variables,
particularly in the youngest children who meet criteria for implantation prior to the
acquisition of language (Baumgartner et al. 2002; Blamey et al. 2001; Boons et al. 2012;
Dunn et al. 2014). In most studies, the various factors identified, either in univariate or
multivariate analysis, account for only a limited amount of variance in speech perception
outcomes using the implant alone in quiet. For instance, a recent multicenter study with
2251 subjects included fifteen pre- and post-surgical factors in a multivariate regression.
Using nine variables, the authors were only able to account for 22% of the variance in
monosyllabic word scores (Lazard et al. 2012).

A factor that seems like it should affect outcomes is the prevalence of neural elements in the
cochlea available for electrical stimulation. However, post-mortem analysis of surviving
spiral ganglion cells and dendrites generally have not shown significant correlations with
speech perception outcomes (Blamey 1997; Khan et al. 2005; Nadol et al. 2006), although
two recent studies (Kamakura et al. 2016; Seyyedi et al. 2014) have shown significant
relationships between ganglion cell density and speech perception outcomes in small
samples (n=6 and 16, respectively). A promising approach to directly measure the neural
substrate is the electrically evoked compound action potential (ECAP). However, to date this
measurement has not shown a significant relationship to speech perception outcomes
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(reviewed by van Eijl et al. 2017). This may be due to the small dynamic range (Cohen
2009), similar to the dynamic range limitation seen with electrical stimulation in auditory
nerve fibers (Kiang et al. 1972), which limits the ability to discriminate among subjects.
Recently, ECAP techniques that exploit growth functions and refractoriness of the auditory
nerve are showing correlation with neural survival in animal studies, and may lead to an
advance in this area for Cl subjects (Kang et al. 2010; Kim et al. 2010; Ramekers et al.
2014; Strahl et al. 2016; Zhou et al. 2015; Zhou et al. 2016).

Another approach is to use electrocochleography (ECochG), or measurements of electrical
signals produced by the cochlea in response to sounds, to characterize the functional status
of the cochlea in each CI subject at the time of implantation. With monosyllabic word
recognition in quiet at six months as the outcomes measure, the cochlear response
magnitude using ECochG, taken intraoperatively at the time of implantation, was been able
to account for 40-50% of the variability in a speech perception test performance in adults
(Fitzpatrick et al. 2014; McClellan et al. 2014). Similarly, in a group of children >3 years old
at time of implantation and from whom open set speech perception testing data in quiet was
obtained within 16 months after implantation, 32% of the variability in word score outcomes
was accounted for by cochlear response magnitude (Formeister et al. 2015). Thus, the
functional status of the periphery appears to play a larger role in speech perception outcomes
with Cls than previously reported.

The ECochG response is complex, with several distinct components arising from different
combinations of hair cell and neural generators. These components are the compound action
potential (CAP), seen as a transient deflection that represents synchronized neural activity to
the onset of the stimulus. The CAP is present in about 50% of CI subjects, and when present
can have a highly varied morphology making measurement difficult in some cases (Scott et
al. 2016). The ongoing, alternating part of the response to low frequency tones is a mixture
of both hair cell and neural activity, assuming neural activity is present in a given case. The
hair cell contribution is the cochlear microphonic (CM) produced by mechanosensitive ion
channels in the stereocilia of hair cells that open and close in response to displacement of the
basilar membrane (Dallos 1973). The neural component is the auditory nerve neurophonic
(ANN), which is produced by phase-locked responses of auditory nerve fibers (Forgues et al.
2014; He et al. 2012; Henry 1995; Lichtenhan et al. 2014; Snyder et al. 1984; E.
Verschooten et al. 2014; E. Verschooten et al. 2015). Although there is variation by species,
in general the phase-locking weakens above about 1000 Hz, and becomes negligible above
2-3 kHz (Weiss et al. 1988). Most evidence supports a similar range for humans (Joris et al.
2013). Thus, to frequencies above the phase-locking range the ongoing response is purely
CM, while to low frequencies it is CM plus the ANN in cases with phase-locked neural
activity. An additional component is a constant shift from base-line shift during the tone
stimulus, called the summating potential (SP). The SP is most evident to high frequencies,
and is derived from a mixture of hair cell and neural sources (Dallos et al. 1972; Davis et al.
1958; Durrant et al. 1998; Forgues et al. 2014; Sellick et al. 2003; van Emst et al. 1995;
Zheng et al. 1997).

In this study we present the most recent analysis of ECochG data and speech perception
outcomes. Compared to previous studies, we extend the age range to the youngest ClI
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recipients, implanted at <3 years old, and to the elderly (>80 years). Young children make up
one of the largest groups of the implant population, but require several years to reach the age
where speech perception can be reliably tested. Older subjects are being increasing
implanted, in part to help decrease social isolation associated with hearing loss and aging. In
addition, in previous studies the overall magnitude of the ongoing response, summed across
frequencies, was the measurement that showed a correlation with speech perception
outcomes (Fitzpatrick et al. 2014; Formeister et al. 2015; McClellan et al. 2014). Since the
measurement was overall magnitude, it did not discriminate the CM from the ANN. Here,
we will test the hypothesis that additional information about speech perception outcomes
can be obtained from knowledge of the neural contribution to the ECochG responses across
subjects.

MATERIAL AND METHODS

Subjects

This prospective study was carried out with the approval of the institutional review board at
the University of North Carolina at Chapel Hill. Informed consent was obtained from all
adult participants. Parental consent was obtained for all pediatric subjects and patient assent
was obtained from children between 7-18 years. Inclusion criteria for ECochG were that
potential subjects were scheduled to receive a Cl after the medical and audiological
evaluation had established candidacy. Potential candidates were excluded from the study if
they were not fluent in English, were undergoing revision surgery, or presented with severe
inner ear malformations. The subject pool therefore consisted of the typical mix of subjects
of all ages seen at a large implant center.

Operative set up

The recordings were performed intraoperatively from the round window (RW) of human Cl
subjects after exposure but prior to insertion of the implant array. Surface electrodes
(Neuroline 720, Ambu Inc, Ballerup, Denmark) on the contralateral mastoid and forehead
were the reference and common electrodes, respectively. The recording electrode was a
monopolar stainless steel facial nerve monitor probe (Neurosign 3602-00-TE, Magstim Co.,
Wales, UK). Using a facial recess surgical approach the bony overhang of the RW recess
was removed and the recording electrode placed in the RW niche. The RW was always
closed for the recording session and prior to any cochleostomy. Impedance levels on all
electrodes were less than 16 kOhm prior to recording.

The stimulation and recording were controlled by a Biologic Navigator Pro (Natus Medical
Inc., San Carlos, CA). Sound delivery was through an Etymotic speaker (ER-3b) connected
by a sound tube to an in-ear foam insert. The ear was folded back and draped, so the
earphone and sound tube were out of the sterile field. Tone burst stimuli at 6 different
frequencies (250, 500, 750, 1000, 2000 and 4000 Hz) were delivered at 90 dB nHL (95-114
dB peakSPL). Stimulation levels were calibrated to peakSPL using a ¥ inch microphone and
measuring amplifier (Bruel & Kjaer, Naerum, Denmark). Rise/fall times were one cycle or 1
ms, whichever was longer, shaped by a Blackman window. All stimuli were presented in
alternating condensation and rarefaction phases, with up to 250 repetitions to each phase
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(fewer repetitions were used if the response was large). Recordings were 512 points, and
epochs were 32 ms (250-2000 Hz tone frequencies) or 10.66 ms (4000 Hz). Stimulation rate
was 17.3/s (250-2000 Hz tone frequencies) or 29.3/s (4000 Hz). The high-pass filter setting
was 10 Hz, and low-pass settings were 5000 Hz (250-1000 Hz tone frequencies), 10,000 Hz
(2000 Hz) or 15,000 Hz (4000 Hz). Recording gain was 50,000x%. Artifact rejection was set
at 47 pV for most cases, higher values were used as necessary if the signal was large. A
threshold series was obtained at one stimulus frequency in most subjects, usually 500 Hz
unless another frequency had a markedly better response. Along with a level series of clicks
taken in some subjects (not reported here) the battery of tests takes 5-10 minutes.

Signal Analysis

Recorded responses to the acoustic stimuli were processed using custom MATLAB (The
Mathworks, Natick, MA,USA) software to plot time waveforms (an example is shown in
Fig. 1A) and spectra (Fig. 1B). In the time waveform a prominent CAP is evident. The
spectrum was determined from the ongoing response (colored box), which included several
cycles of the stimulus frequency but excluded the CAP. In the spectrum, peaks were
considered significant if they exceeded the noise floor by more than three standard
deviations (i.e., above the filled circles in Fig. 1B), as measured from three bins on either
side of the peaks. The TR is the sum of the significant peaks in each spectrum to the first
three harmonics to each of the six stimulus frequencies (from 250 to 4000 Hz), delivered at
90 dB nHL. For the examples in Fig. 1, the three peaks at 500, 1000 and 1500 Hz were
significant and had a summed magnitude of 1.14 uV. The sum of response peaks for each of
the other stimulus frequencies ranged from 0.36-0.89 pv for 250,750 and 1000 Hz, and there
were no significant peaks to for 2000 and 4000 Hz. The sum of all the significant peaks to
all frequencies was 2.53 pv, for a TR of 8.1 dB re 1 uv. The peaks in the spectrum (Fig. 1B)
are to condensation and rarefaction phases, but to utilize information from both phases for
the calculation of the TR, the peaks to the first and third harmonics were taken from the
difference of the two phases, and the peak to the second harmonic from their sum (bin width
= 62 Hz). Typically, the minimum detectable signal was approximately 0.02 pV after 500
repetitions (250 presentations of each phase).

As mentioned the TR does not distinguish between hair cell and neural contributions. Here,
we make an estimate of neural activity, to test the hypothesis that those with better neural
activity will have better speech perception outcomes compared to the TR alone. We recently
reported on a subjective metric for assessing neural activity in Cl subjects, which we termed
the “nerve score” (W. J. Riggs et al. 2017). The metric is based on observation of the
presence and prominence of the CAP and ANN. As mentioned, the CAP is relatively easily
observed when present, even when small, but can be difficult to measure, even when large,
in part because of the influence of other sources such as the SP. Thus, the rating of the CAP
can be 0 (no CAP), 1 (present but not prominent) or 2 (present and prominent, as in Fig.
1A). The neural contribution to the TR is from the ANN, which is difficult to isolate and
separately measure (T.E. Fontenot et al. 2017; Lichtenhan et al. 2013; Lichtenhan et al.
2014; W. J. Riggs et al. 2017; Snyder and Schreiner 1984; E. \erschooten and Joris 2014; E.
Verschooten et al. 2015). Both the CM and ANN produce distortions, but these are
distinctive due to the different biophysical sources of hair cell and neural potentials (T. E.
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Fontenot et al. 2017). The distortions from the CM will be due to saturation of channel
openings and closings as intensity is raised, which can produce both odd and even
harmonics due to asymmetry to the two directions of stereociliary motion. Saturation should
produce a flattening of the peaks in the time waveform. In contrast, distortions from the
ANN are due to the shapes of action potentials and their distributions across nerve fibers,
particularly the half-wave rectification that results because spike rate cannot go below zero
(Rose et al. 1967). These types of distortion are best observed in the ‘average cycle’ (Fig.
1C). This curve is the average to each stimulus cycle in the ongoing response in Fig. 1A
(colored box). Distortions in the average cycle that are not a simple saturation of the peaks
and troughs can be thus be related to neural activity. We have developed a model-based
system from these biophysical principles to titrate amounts of CM and ANN needed to
define shapes of the average cycles, and validated the model with animal data where the
responses from each source can be separated pharmacologically (T. E. Fontenot et al. 2017).
The model had high accuracy and is a promising approach, but as presently implemented it
is not as sensitive as the visual appearance of the average cycle, where even a small
distortion that is not saturation is readily apparent. Thus, like the CAP, the ANN was rated as
a 0 (no or only saturating distortions), a 1 (clear but small non-saturating distortions) or a 2
(prominent non-saturating distortions, as in Fig. 1C). The nerve score is then the addition of
the ratings for CAP and ANN, and can range from 0-4. Because the both the CAP and ANN
had separate ratings of two, the nerve score for the case in Fig. 1 was a four, the maximum.
The interested reader is referred to Riggs et al for examples of the full range of nerve scores.

The nerve scores were determined independently by three observers. There were no cases
where a CAP or ANN differed by two points among observers. For cases where one
observer differed by a point from the other two, the case was examined and the reason for
the choice discussed and a consensus reached.

Audiometry

Pre-implant audiometric thresholds were collected by licensed audiologists via conventional
methods, conditioned play audiometry (CPA), or visual reinforcement audiometry (VRA)
depending on the subject’s age and developmental abilities. For adults, the thresholds were
determined for an audiometric frequency series of 250, 500, 1000, 2000, 4000 Hz. For
children, the preoperative audiometry stored was the pure tone average thresholds to 500,
1000 and 2000 Hz. For frequencies where no response was obtained the value recorded was
120 dB HL, since the maximum output of the audiometer is 115 dB, so 120 allows for a
designation of no response. After surgery, the ClI recipients were followed for CI
programming, aural rehabilitation and speech perception assessment with age and
developmentally appropriate speech perception tests presented in English. Cochlear implant-
aided speech perception testing was conducted in a soundproof booth with the subject seated
1 meter away from the sound source. Recorded materials were presented at 60 dB SPL.

The outcome measure is recognition of monosyllabic words in quiet. These tests are the
commonly used to measure speech perception with the implant in both children and adults,
because it is a relatively difficult test and separates the population to a greater degree than
other tests with more context, such as with sentences (Gifford et al. 2008). Hearing in noise
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has long been known to be a particular challenge to implant users, and a battery including
tests in noise is typically applied (“MSTB: The New Minimum Speech Test Battery. 2011”").
In particular, subjects with residual hearing that is preserved through the CI surgery achieve
benefits in noisy environments (Adunka et al. 2013; Gifford et al. 2013). However, most
implantations are done in subjects that fit standard criteria of moderate and profound hearing
loss, and hearing preservation is not a goal of the procedure. The use of ECochG in this
study covers the broad mix of implant subjects, so results in quiet provide the highest
discrimination of the range of abilities in these subjects (Gifford et al. 2008). In addition, the
measurement of cochlear responses with ECochG are not equivalent to a measurement of
hearing, because the responses are highly variable and can be large even in cases with
profound hearing loss (Fitzpatrick et al. 2014).

Adult speech perception performance was measured using consonant-nucleus-consonant
(CNC) word tests (Peterson et al. 1962). This test assesses the understanding of isolated
words in quiet and eliminates context cues potentially provided in sentence tests (Gifford et
al. 2008). The test is scored as a percent correct out of 50 words. The CNC word scores that
were obtained at 6 months post-initial activation of the external audio processor was the
outcome measure selected for the analysis.

For pediatric subjects, phonetically balanced kindergarten word test (PB-k) was the outcome
measure (Haskins 1949). The test consists of phonetically balanced isolated monosyllabic
words commonly known by normal-hearing kindergarten aged children. Therefore, to be
tested with PB-k, the pediatric CI recipients must have reached an age appropriate for open-
set word speech perception testing (usually 4-5 years old) and have achieved sufficient
progress on previous, less challenging tests of the Speech Recognition Index testing battery
(Teagle et al. 2010; Wang et al. 2008). The test is administered in a soundproof booth with
the listener facing the speaker at 0 degree azimuth using either monitored live voice (MLV)
or recorded list condition at 60 dB SPL. Unlike adults, the timeline and trends in speech
perception performance improvements of pediatric Cl recipients are less defined and may
continue beyond 5 years from initial activation (Ahmad et al. 2012). For the purposes of the
analyses in this study, a pediatric subject’s performance on the test was deemed stable when
at least two PB-k scores in ipsilateral condition were within 10 percentage points of each
other during consecutive testing sessions (typically 0.5-1 year apart). The first stable PB-k
score obtained under recorded condition after at least 9 months of Cl use was selected as the
outcome measure for this study.

Statistical Analysis

Statistical analysis was performed using MATLAB R2015b and IBM SPSS Statistics 24
software. Univariate linear regression was used to determine the correlation and regression
coefficients for TR and aided speech perception outcomes. Subjects who were not able to
complete speech perception testing and outliers from the main trends are included on the
plots but were excluded from the regression analyses. The outliers were identified by a
combination of criterion, using Cook’s distance (obtained from MATLAB function fit/m)
and from identification of points with the largest influence on the r2 (using MATLAB
FileExchange function regoutliers, which implements the Thompson tau version of a t-test

Ear Hear. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fontenot et al.

RESULTS

Page 8

on the residuals of the regression, with residuals obtained using MATLAB function regstats).
The process was done iteratively, if removal of the point with the largest influence increased
the r2 significantly (at the 0.05 level) the point was checked to see if was also an outlier by
Cook’s distance >3 times the mean, and if so was considered an outlier and removed (i.e.
two criteria were met). If removal of the point with the largest influence did not increase the
r2 but the case with the largest Cook’s distance was >6 times the mean (i.e., only 1 cirteria
met but the other criteria very strong), the case was considered an outlier and removed. This
process was repeated until no points fit the criteria for an outlier.

Table 1 shows summaries of demographic and audiological properties, and of the devices
used, for the 84 adults with ECochG and CNC word scores outcomes used in the study. This
cohort excludes those whose severe hearing loss began prelingually (n=10), who were lost to
follow-up (n=37), or who did not have scores over the interval studied (n=35). The two
groups are the main group of adults <80 years old (n=73), and the elderly, who were 80
years and older (n=11). Justification for separating these two age groups is based on
multivariate regression results that will be provided below. In both groups, the most
prevalent etiology leading to implantation was sensorineural hearing loss of unknown origin.
The majority of devices were from MED-EL, with most of these of the standard type (31.5
mm length) and others of the Flex or medium category (24-28 mm length).

Table 2 shows summaries of demographics, audiological properties, and devices, for the 94
children with ECochG and PB-k word scores outcomes used in the study. The two age
groups are divided into older and younger children, with the division into the older group
occurring at an age at implantation of 6 years. The reason for separating younger from older
children between ages 5 and 6 is based on a regression analysis of the word score data that
will be described later. In the younger group, 9 were MLV, and for the remainder recorded
voices were used. The 3-tone (0.5, 1 and 2 kHz) average behavioral thresholds were about 8
dB lower in the younger children compared to older children, and this difference approached
significance (two-tailed Students t-test, t=—2.1, dF=45.1, p=0.0501, passed Kolmogorov-
Smirnov test of normality). The younger children also had a longer duration of Cl use -
expected since the time required to reach an age appropriate for word score testing was
longer. The average PB-k score was nearly the same between the two groups. In terms of
etiology, children with ANSD were common in both age groups. For these children, which
also includes those with cochlear nerve deficiency based on MRI, the designation of ANSD
was defined by the presence of a CM but small or absent wave V in auditory brainstem
responses (Buchman et al. 2006; Sininger 2008; Teagle et al. 2010). Characteristics of their
ECochG, including distributions of nerve scores, have been described elsewhere (W. J. Riggs
et al. 2017). Sensorineural hearing loss of unknown origin was common, and there were a
variety of other etiologies documented. The mix of devices was different from adults, with
most being the Cochlear Corporation Nucleus C1512 or Freedom CI24E device which both
have modiolar-hugging electrode arrays.
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Distribution of TR for different age groups and across frequencies

A total of 284 subjects had preoperative ECochG recordings. The age range was 10 months
to 88 years old. Almost all Cl subjects (275/284, 97%) showed a significant response to
acoustic stimuli at one or more frequencies. The TR spanned from the smallest detectable
signal of just above 0.02 pV to a maximum of >100 pV (range >70 dB). The variability of
the TR was wide across all ages (Fig. 2A). The slope of the linear regression line was not
significantly different from zero (p=0.19). When compared in age groups (Fig. 2B), the
younger children (<6 years old) had slightly smaller values overall but the effect of age
group was not significant (One-way ANOVA, df=2,282, F=2.18, p=0.12). When broken
down by stimulus frequency (Fig. 2C), most subjects showed significant responses to
frequencies of 250-1000 Hz, while smaller numbers showed responses to 2000 and 4000 Hz
(Fig. 2D). When considered in terms of the contribution of each stimulus frequency to the
TR, responses to 250 Hz and 500 Hz contributed the most, for both the first harmonic (HZ1,
at the stimulus frequency, measured from the difference between the alternating phases of
the stimulus) and second harmonics (H2, at twice the stimulus frequency, measured from the
sum). The H1 is dominated by the CM, and when large, the H2 is dominated by the ANN
(although the separation is not clean, for reasons described previously). Thus, even to low
frequencies, which contribute the most to the response and where the ANN is largest, the
CM still appeared to be the dominant component.

The ECochG distributions across frequencies were similar for the three age groups. In the
following analysis, a 2-way ANOVA of the factors of stimulus frequency and age group
were used separately for the H1 and H2. Both analyses showed significant effects of the
stimulus frequency but not of age group, and a significant interaction between frequency and
age group (dffrequency= 5, dfage=2, dfinteraction= 10, dferror=1626; Ffrequency =124 and 117 for
H1 and H2, respectively, both p values <0.001; F5e=0.01 and 0.69, respectively, both p
values >0.5, Finteraction = 3-83 and 3.5, respectively, both p values <0.001. A possible reason
for the interaction between frequency and age group in the case of the H1 is the higher
proportion of the TR carried by high frequencies for the younger children, which is in turn
due to the prevalence of auditory neuropathy spectrum disorder (ANSD) in this group (see
Table 2). Cases with ANSD typically have a large TR to high frequencies (1000-4000)
compared to non-ANSD subjects. The reason for the significant interaction between
frequency and age group is the relatively large proportion of the TR provided by low
frequency responses in the youngest children, but an explanation for this is not clear.

Relationship between TR and speech perception outcomes in adults

In most adults <80 years old, the correlation (r) between TR and CNC score, excluding
outliers (n=4) and those who did not reach word score testing (n=2) was 0.675, accounted
for 46% of the variability (Fig. 3, line). The outliers all had large TRs but lay below the line
of regression. Two subjects (X symbols) did not achieve open set speech perception by 6
months post-implantation, with no obvious reasons.

This pattern of results is similar to what has been reported previously (Fitzpatrick et al.
2014), although with a larger number of subjects, and after also removing more elderly
subjects, as was not done previously but will be described further below. In Fig. 4A, we
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include a new factor in the analysis, the nerve score (see Methods). The data is the same as
in Fig. 3, but with a binary distinction of nerve scores plotted. For cases with a large TR,
above about 10 dB (3.1 pV, to right of both dashed lines), nerve scores >2 were generally
obtained (30/32 cases), indicating the presence and often prominence of the CAP and/or the
ANN. Only two cases with a nerve score less than 2 were identified in this group. Possibly
of interest, both had relatively low speech perception performance, including one of the
outliers (circled). The other three outliers, also in this large TR group, all had good nerve
scores. For cases with low TRs, below about 0 dB (smaller than the left dashed line), there
was never an indication of a response that was other than CM. Only in the narrow middle
group, with TRs from —0.5 to 10 dB (0.5 to 3.16 uV), was there a mixture of good and poor
nerve scores. However, there was no systematic pattern; cases with a poor nerve score had
speech perception scores both above and below the regression line, as did cases with good
nerve scores.

To test the hypothesis that there was a relationship between nerve score and speech
perception outcome, a stepwise regression was done using TR as one factor and nerve score
as another. No significant increase in r2 by including the nerve score compared to TR alone
was found (change in adjusted r2 = —0.01, df=1, 65, p=0.77). Even when the poor nerve
outlier was included, under the idea that the relatively low word score would be related to its
limited neural response, this also did not result in a significant change in r2 for the
population (p=0.39).

As mentioned, in Fig. 3 adults 80 years and older were excluded, in contrast to the previous
study. The reason for this is shown in Figs. 4B and C. In Fig. 4B, it can be seen that the CNC
word score outcomes at six months for the elderly were generally lower than for the younger
adults, although there was overlap (Fig. 4B). There was also one case of no word score in an
80 year old subject (not shown). A stepwise regression of TR and CNC of both groups
showed an r2 of 0.28 when all subjects (n=77) were included, while the step of including the
age group raised the adjusted r? to 0.49, and the increase was significant (dfs=1, 74, F=32.6,
p<0.001). The correlation between the TR and word score in the elderly group was not
significant by itself (p=0.24). For an additional analysis we did a series of linear regressions
with age cohorts starting first from the youngest adults and then progressively adding older
subjects in two year steps (Fig. 4C). The first group with a significant r? was the 8 cases
younger than 40 years old (r2= 0.59, p=0.026). The r2 values when older subjects were
sequentially included remained significant and fluctuated between 0.60 (ages < 56, n=23) to
0.45 for ages <80 (n=67), but then declined substantially when ages of 80 and older were
included.

Relationship between TR and speech perception outcomes in pediatric subjects

In Table 2, children were separated between an older group and a younger group, with the
division into the older group starting at age 6 at the time of implantation. The reason for this
is empirical, and is shown in Fig. 5, where an incremental regression analysis was performed
in pediatric CI recipients, similar to that in adults but starting with inclusion of the oldest
children, and progressively adding children of younger ages. This analysis showed that there
was sharp break in word score outcomes that could be accounted for by the TR in older
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children at about age 6 at the time of implantation. As with the adults, the subjects included
in this regression analysis were a subset of all children in the study, excluding outliers and
those who had not achieved speech perception outcomes at an age and duration of use where
testing could have been performed (see Fig. 6).

For the older children, the relationship between TR and PB-k, excluding outliers (n=2) and
those that did not achieve word scores (n=3), was similar to that found in adults (r2=0.38,
Fig. 6A, compared to 0.46 in adults). In contrast, in the younger children the relationship
between TR and speech perception outcomes was notably weaker (r?=0.15) (Fig. 6B). Other
differences in the younger group were a new class of outlier and a larger number of cases
that did not achieve speech ability. The new outlier group (squares) was characterized by a
low or absent TR coupled with good word score outcomes. This result implies that there was
a relatively poor cochlear substrate to support responses to sound, but a reasonably good
neural substrate available for electrical stimulation. Two of these (with PB-k scores using
each ear near 90%) were from a 1-year old subject with meningitis as the cause of deafness.
Meningitis produces fibrosis of the cochlea, consistent with a low TR (i.e., poor hair cell
activity), but a preserved auditory nerve available for stimulation. The other case had an
absent ECochG but a PB-k score near 60%. The cause of hearing loss in this subject was
genetic mutations of connexin 26 and 30. This condition affects gap junction and
maintenance of the endocochlear potential, and is also consistent with a low TR but good
underlying neural substrate available for electrical stimulation.

There were a variety of backgrounds for the large number of young children (n=13) who did
not progress to open-set speech at the age where it would be expected (4-5 years old). There
were two cases with cochlear nerve deficiency on MRI, seven with cognitive or behavioral
issues that led them to being non-users of their implants, and four who had no obvious
reasons for their poor performance.

The distributions of the nerve scores were similar between both groups of children and
adults. Most children with TRs > 10 dB (3.16 pV, greater than right dotted lines in Figs. 7A
and B) showed considerable neural activity in their ECochG (10/15 older children, 12/15
younger). while cases with small TRs consisted solely of CM, and thus had low nerve
scores. For cases in the middle, there was a mixture of good and poor nerve scores, but with
no obvious systematic trends. As with the adults, knowledge of the status of neural
contribution did not significantly improve the correlations with word score outcomes
compared to the TR alone (stepwise linear regressions, p’s >0.05). A difference from adults
was that several in the group with high TRs but poor nerve scores had speech perception
scores above the regression lines. Another difference was that some cases with no word
scores had TRs large enough for nerve scores to be determined (along the bottoms of the
plots), and these were a mixture of good and poor nerve scores.

EcochG Thresholds

Thresholds to ECochG stimuli were measured to one stimulus frequency, usually but not
always 500 Hz, in most subjects (244/284 cases). Thresholds were determined as the lowest
intensity with a significant response in the FFT located at the stimulus frequency. There was
a significant relationship between the threshold and response magnitudes (sum of all
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significant peaks in the FFT) to 90 dB nHL at the same frequency (Fig. 8A). A linear fit to
these points had an r2 of 0.57 (p<0.001, n=244, dashed black line). The slope of this fit was
less than 1, suggesting some saturation, so the data were also fit with a sigmoidal function,
which produced an r2 of 0.59 (p<0.001). Since this was only marginally better than the
linear fit the degree of saturation appears to be small.

Another use of the ECochG thresholds was for a comparison with audiometric thresholds
(Fig. 8B). This information was available for individual frequencies only for adults, and of
these, was only collected for those where word scores were also obtained. There were total
of 84 adult subjects with audiometric data, a threshold from ECochG was taken in 74. In
these subjects, there was a significant relationship between ECochG and audiometric
thresholds (r2=0.40, p<0.001). Interestingly, many ECochG thresholds were lower than the
behavioral (above the line of equality - dashed).

DISCUSSION

ECochG offers a sensitive and detailed view of the status of the auditory periphery across
the age spectrum. The sum of spectral magnitudes of the ongoing response, or TR,
accounted for a large fraction of the variability in speech perception outcomes (46%) in non-
elderly (<80 years) adults, excluding outliers and those who did not reach an ability for word
score testing. A similar result (36% variability accounted for) was seen in older children
(implanted at > 5 years). In contrast, for children implanted five years and younger the
relationship was much weaker (15% variability accounted for). In these adults and both
groups of children, exceptions to the general trends were seen, either as outliers with lower
speech perception than expected from their large TR, or in the case of young children,
higher speech perception scores than expected from their low TR. Failure to achieve word
score testing was also seen more often in younger than in older children or adults, and these
could be children with any level of residual cochlear function. Surprisingly, knowledge of
neural activity in the form of a subjective nerve score based on the appearance of the CAP
and ANN did not increase the information available from the TR alone. This result was seen
in adults and both groups of children, and indicates that hair cell, rather than neural, activity
in response to sound is the most important component for speech perception outcomes.

At the other extreme of age the elderly subjects tended to perform worse for a given TR than
other adults at the same 6-month post-operative interval. They did not show a significant
relationship between TR and word scores, but were separable as a group from other adults
based on their influence on a multivariate regression and regressions computed sequentially
with age.

Why does the TR account for so much of the variability in speech perception outcomes in
adults and older children?

The proportions of the variability in speech perception outcomes measured in quiet that are
accounted for by the TR are higher than for any other single measure or combination of
measurements reported in the literature, which rarely exceeds about 25% (e.g., Blamey et al.
2013; Dowell et al. 2002; A. Geers et al. 2003; Holden et al. 2013). An important feature of
the TR is that it varies over a greater than 70 dB range across subjects (Fig. 2). This wide
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dynamic range provides the ability to discriminate among subjects, which is a necessary but
not sufficient reason for the success of the TR to account for the wide variation in outcomes.
The next step must be to link the ECochG responses to a causal explanation about how the
ECochG response leads to understanding speech perception outcomes. The ongoing part of
the ECochG signal contains both the CM and ANN. The presence of the ANN can be
detected by the shape of the ongoing waveform (T. E. Fontenot et al. 2017; W.J. Riggs et al.
2017), by spectral methods (Henry 1995; Lichtenhan et al. 2013; Lichtenhan et al. 2014), or
by forward masking (Henry 1995; Snyder et al. 1985; E. Verschooten and Joris 2014; E
Verschooten et al. 2013). No method is available to discretely quantify the amounts of ANN
and CM, but animal studies where the ANN can be removed with neurotoxins show that the
CM dominates for most frequency/intensity combinations (T.E. Fontenot et al. 2017;
Forgues et al. 2014; He et al. 2012; Lichtenhan et al. 2013; E. Verschooten and Joris 2014).
The results in Fig. 2D show that the H1, which is purely CM at high frequencies and
(depending on the case) a mixture of CM and ANN at low frequencies, dominates the
response. A model-based approach, described briefly in the Methods, also showed the CM to
dominate even to low frequencies in the same group of CI subjects (T. E. Fontenot et al.
2017).

Still, it might be expected that the presence of nerve activity would provide additional
information that correlates with speech perception outcomes, and thus improve the
correlation with compared to the TR alone. However, this was not seen - instead all but a few
cases with large TR also had good evidence of neural activity in the form of an ANN and/or
CAP, while those with small TR had mainly or only CM. Only in the middle range was there
a mixture of good and poor nerve scores, but the distributions were not systematically
related to word scores. To help explain this result, which goes against our initial hypothesis,
we note that neural activity is a requirement for behavior, but the effect of preoperative
audiometric thresholds on postoperative speech perception outcomes is typically absent or
small (Gifford et al. 2010; Holden et al. 2013; Holden et al. 2016; Lazard et al. 2012). In a
previous study we found a correlation between preoperative audiometric thresholds and
speech perception outcomes, contributing an r2 able to account for about 20% of the
variation (McClellan et al. 2014). However, when added in a hierarchical regression, there
was no significant increase in r2 compared to the TR alone, or between age and duration of
moderate, unaided hearing loss, indicating the TR as a single predictor was robust and able
to account for differences in other factors such as age or duration of deafness. The number
of subjects in that case was 32 compared to 67 here, but the r2 for PTA alone is still 0.2, and
continues to have no additive effect when combined with the TR (data not shown since it has
not changed from the previous report). Thus, by primarily measuring hair cell rather than
neural activity, the TR is providing information related to outcomes that is not available in
the audiogram or in the residual neural responses seen in ECochG. It therefore appears that
the ANN is if anything a contamination of the ability to accurately measure the CM, which
is the signal that provides the predictive power for outcomes. Fortunately the CM is the
larger of the two, so the metric still works well, and in any case the ANN appears to
correlate with the CM so the contaminating effect would be small (T. E. Fontenot et al.
2017).
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Why would functioning hair cells in response to sound predict the neural substrate available
for electrical stimulation? Spiral ganglion cells unconnected to functioning hair cells are the
basic substrate that lead to electrical hearing with the implant. So measurement of hair cell
activity can only be an indirect proxy of neural survival, as an indication of the overall
functional status of the cochlea. A connection between the surviving hair cells and
disconnected neurons could be related to neurotrophins providing a functioning organ of
Corti, even if hair cells are not connected to nerve fibers (Green et al. 2012; Suzuki et al.
2016). This type of explanation would not have been considered plausible until recently,
because of the long-held view that hair cells are the most sensitive cochlear element to
trauma such as from noise, and would therefore be absent prior to any loss of neural activity.
However, recent animal studies have challenged the view that hair cells are the most
sensitive element, pointing instead to the synapse between the IHC and nerve fibers as
subject to excitotoxicity if excessively stimulated (Kujawa et al. 2009, 2015; Liberman et al.
2016; Lin et al. 2011). In this view, the degree of hearing loss in adults and older children
leading to cochlear implantation could be a form of congenital or progressive synaptopathy,
rather than strictly due to loss of functioning hair cells, although this occurs as well
(Schuknecht et al. 2010). While the question of whether this ‘hidden hearing loss’ is present
in humans is currently under active study, the results here support the view that functioning
hair cells in humans can indicate a good neural substrate available for electrical stimulation,
while lack of functioning hair cells indicates a cochlea with more neural loss as well.

The argument that the health of the cochlea, particularly in terms of surviving, functional
neural elements, should be important for speech perception outcomes has been previously
made (Pfingst et al. 2015). Studies based on advanced uses of ECAP including pulse-rate
integration and forward masking, validated in animal studies, show promise of more directly
measuring the functional neural substrate available for electrical stimulation (DeVries et al.
2016; Kang et al. 2010; Ramekers et al. 2014; Strahl et al. 2016; Zhou et al. 2015; Zhou and
Pfingst 2016). Ultimately, both ECochG and ECAP methods may prove useful in
characterizing the functional status of the periphery available for electrical stimulation.

Our cohort of adult subjects (Table 1) was primarily composed of those receiving MED-EL
implants, which are designed as lateral wall electrodes intended to reduce basilar membrane
trauma and translocations from scala tympani to scala vestibuli during insertion. Most of
these had a length of 31.5 mm, intended to reach to the cochlear apex, although some were
24 or 28 mm intended for hearing preservation. Previous studies have shown significant
effects of translocation (Finley et al. 2008; Holden et al. 2013), insertion depth (O’Connell
et al. 2016; O’Connell et al. 2017) and distance from the modiolus (Holden et al. 2013) on
speech perception outcomes. Because such surgical factors are independent of residual
function as measured by ECochG, they should in principle be an additional factor that when
used in a multivariate analysis would increase the overall variability in speech perception
outcomes accounted for compared to the TR alone.

elderly different?

We found a difference in the effect of TR on speech perception outcomes for adults over the
age of 80. The range of TRs was similar to other adults, but lower overall speech perception
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was seen both when these subjects were added sequentially to the regression analysis and
when considered as a separate group in a multivariate regression. Previous studies have
shown a decline (Friedland et al. 2010; Roberts et al. 2013) or delay (Dillon et al. 2013) in
performance for subjects over 80. These results and previous findings suggest central rather
than peripheral factors are the most likely cause for the difference from other adults.

Why does the TR account for less variability in word score outcomes in children younger
than six years old?

A number of factors could be related to the lower correlation between TR and speech
perception scores between the young children and the older groups. First, most of the
children implanted at <6 years old had limited or no experience with speech prior to onset of
deafness, in contrast to the adults and most of the older children whose hearing loss was
postlingual. Children implanted at <6 years old were also tested at a younger age overall
(Table 2), and so were at a different developmental stage relative to language exposure and
usage compared to the other groups (Benasich et al. 2014; Davidson et al. 2011; Dunn et al.
2014). Issues related to home, education and patient acceptance of the device also play an
important role in the youngest children (A. Geers et al. 2003; A. E. Geers et al. 2011).
Finally, central nervous system plasticity is likely to be greatest in the youngest children
possibly leading to better outcomes in the face of impoverished inputs, and the majority of
the youngest pediatric subjects generally receive long-term intensive therapy with their Cl to
take advantage of this plasticity (Dunn et al. 2014; Gervain 2015). The increased plasticity
combined with training would be expected to help young children with a low TR to have a
better outcome than expected, consistent with the lower slope observed (Fig. 6B, Table 2).

In addition to the issues listed above, another possible major factor is the different causes of
deafness between those with congenital hearing loss compared to those who acquire such
loss at an older age. Conditions which cause early and severe damage to hair cells or the
supporting cells of the cochlea, such as mutations in connexin genes or meningitis, do not
necessarily have an immediate effect on the function of the auditory nerve (Aminpour et al.
2005; Wingard et al. 2015). Thus, in children with congenital etiologies that affect hair cells,
a small TR may not necessarily indicate a poor underlying neural substrate. Extreme
examples of this condition were the outliers seen only in the young children with a low or
absent TR but good word score outcomes (Fig. 5A). One of these cases (two ears) had
meningitis and the other had mutations in genes for connexins 26 and 30, both of which
should involve primarily hair cells and not spiral ganglion cells. The converse is true for
conditions that are putatively specific to neural transmission rather than cochlear disorder,
i.e., cases with ANSD. In these cases, the ECochG response from hair cells can be large but
does not indicate the presence of healthy underlying neural substrate. Cases with cochlear
nerve deficiency exemplify this type of condition. The ECochG results from the ANSD
children has been described elsewhere, with the result that the large TR is due primarily to
the presence of the CM to high frequencies, rather than the absence of neural responses to
low frequencies (W. J. Riggs et al. 2017). This explanation is why most of the cases with
high TR also have good nerve scores, with the neural activity largely limited to low
frequencies but not otherwise different from children without ANSD (W. J. Riggs et al.
2017). Thus, the difference in the ECochG results between young children compared to
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older children and adults may be due in large part to the differences between congenital and
progressive hearing loss.

ECochG and audiometry

Recently, Koka et al (2016) reported a correlation accounting for nearly 80% of the
variability between physiologic thresholds of the first harmonic in the ECochG responses to
tones and post-implantation audiometric thresholds in adults where hearing preservation was
a goal. The ECochG responses were recorded through the implant contacts after
implantation and activation. A particular strength of the study was that the ECochG and
audiogram were obtained at the same time using the same in-ear probe-tube calibration
obtained just prior to stimulation. The strong correlation indicates that an important role for
ECochG could be hearing assessment in Cl subjects unable to produce a behavioral
threshold. Here, we showed a similar but weaker correlation between ECochG and
audiometric thresholds obtained prior to implantation (r2=0.42). Results similar to ours were
obtained by Abbas et al. (2017), also comparing ECochG with clinically obtained
audiometric thresholds.

In all studies to date, including the Koka et al (2016) study with well-controlled calibrations,
the ECochG and audiometric thresholds were not just correlated but were often nearly
equivalent, and some ECochG thresholds were lower than the behavioral. These results rule
out a cause-and-effect relationship between ECochG and audiometric thresholds, since an
evoked potential is by nature a sum of responding element while thresholds typically depend
on a very small number of responses. Physiological thresholds lower than behavioral further
supports the idea that the ECochG is produced primarily by hair cell sources distinct from
those that lead to the audiometric thresholds.

Accounting for outliers

Evaluation of the ECochG waveforms from outliers excluded from the regression analyses
indicated that these can be divided into three types. Two types had word scores outcomes
that were lower than expected from the TR but were distinguished by either low (<2) or high
(>=2) nerve scores. The cases with a low nerve score suggests that the outcomes could be
limited by a neural deficiency. In contrast, a physiological explanation for the poor
performance of subjects with a high TR and nerve category is not readily available.
Performance in these subjects does not appear to be limited by their peripheral status.
Therefore, in the clinical setting, ECochG results could be used to estimate the ‘expected’
result, and in cases of deficits, prompt the treatment team to investigate patient and device
variables, such as electrode placement, map settings, or usage issues that may be limiting the
performance.

The third outlier group, seen only in seen only in younger children (Fig. 5B), had a low or
even absent TR but a high word score outcomes. The two children in this group, as described
earlier, had etiologies (meningitis, connexin) where the cochlea could be affected, but the
nerve spared.
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Possibilities to account for remaining variability

The TR accounted for a large fraction of variability in speech perception outcomes in adults
and older children, but more than 50% of variability remains unexplained. Although we
expected the addition of nerve score to improve the correlation of ECochG information with
speech perception outcomes, this result was not found. It may be that this subjective
measurement is too crude, and better quantification of the neural activity will reveal a benefit
(see T. E. Fontenot et al. 2017 for a recent attempt). It is also apparent that the subset of Cl
subjects with preserved hearing that are currently being implanted due to expanded criteria
have an advantage in noise compared to conventional Cl subjects with profound hearing loss
(Adunka et al. 2013; Gifford et al. 2013; Kiefer et al. 2005). The SP is another potential that
varies greatly among CI subjects (e.g., Fig. 4), indicative of differences in source
contributions. Thus, it remains possible that when more of the information is extracted from
the ECochG signal it will increase the amount of variability in speech perception accounted
for compared to the TR alone.

Some uncertainty in the measurement of the TR must be expected since it is obtained in the
intraoperative environment at a single time point. In general, the placement of this recording
probe is uniform across cases, because after removing part of the bony overhang the
electrode can be wedged in the round window niche where it sits adjacent to the RW. Care
must be taken that the RW niche is wet, either with natural fluids or saline. A dry recording
site can usually be identified by a high surface impedance. However, the intraoperative
recording environment is challenging, and cochlear malformations can affect electrode
placement, the sound tube can be blocked with a clamp or the earphone become dislodged,
etc. Because consistency in recording is so important it is worthwhile to consider using an
initial transtympanic recording prior to surgery. Recordings from the promontory are only
slightly lower than from the round window (Giardina et al. 2018), and transtympanic round
window recordings themselves are also possible (Gibson 2007). Adding a preoperative
ECochG procedure would have the additional advantage that it would come earlier than the
intraoperative recordings, and thus provide the prognostic benefits in a more timely manner.
The intraoperative recordings could also be used as a test-retest to verify the ECochG results
from two locations.

Imprecision in the outcome measure is also an important issue. The CNC test at six months
for adults is commonly used due to the relatively low ceiling effects, and because it is when
most adult subjects begin to plateau in their speech perception performance (Gifford et al.
2008). Instead of using a single time point, further studies can use a sigmoid trajectory based
on several time points, which should be more reliable (Holden et al. 2013). For the elderly
the trajectory to a plateau can take longer, which can account for the difference between the
elderly and other adults reported here (Dillon et al. 2013).

There are a number of other factors that could be combined in a multivariate approach with
the ECochG, including surgical approach (round window vs. cochleostomy), electrode type
(lateral wall or perimodiolar), electrode location/trauma (scala tympani only vs. other scala
included), mode of stimulation (unilateral or bilateral, Cl only or hearing preservation), the
frequency mapping applied to the contacts, and cognitive factors, to yield a more complete
model accounting for a majority of the variability. Additionally, ECochG could be valuable
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for facilitating future research regarding issues such as optimal surgical techniques,
rehabilitative methods or device improvements. By accounting for a large portion of inherent
variability, fewer subjects would be required to achieve the statistical power to demonstrate
significance of small treatment effects.

Future of ECochG in cochlear implantation

The ECochG measurements provide a rich source of information about the wide variation in
residual cochlear function of CI subjects. The measurements are simple, although the
analyses to extract all of the available the information are complex. Currently, the
measurements require a small amount of operating room time, but in principle comparable
measurements could be obtained prior to surgery by recording at the round window or the
promontory through a transtympanic approach. The results from pre-implantation ECochG
can thus be used to better manage expectations of possible benefits to be gained from a Cl,
identify subjects performing below expectations, and devise rehabilitation approaches
appropriate to individual physiology. The current results indicate that for subjects older than
five years a very low TR is indicative of an outcome likely to be poor enough that additional
perceptual modalities, such as lip-reading and/or use of additional assistive listening devices,
should be encouraged. At the other extreme, a very high TR is indicative that excellent
performance should be expected. If only average performance is obtained the collection of
additional information may reveal a factor that can be alleviated or improved. Between the
extremes, where most subjects are, further investigation into sources of outcome variability
that add to that available from the TR is needed. While ECochG is a less reliable indicator of
outcomes in children <6 years old, it can provide useful information in the context of
particular etiologies and genetic backgrounds.

In addition to the information from ECochG that can be obtained pre-implantation, it can
also be used intraoperatively during and immediately after insertion to examine the acute
effect of implantation (Acharya et al. 2016; Campbell et al. 2015; Dalbert et al. 2015;
Giardina et al. 2018; Harris et al. 2017; Kim et al. 2017) and post-implantation recorded
through the implant contacts to follow the ongoing status of elements responding to sound
(Abbas et al. 2017; Acharya et al. 2016; Kim et al. 2017; Koka et al. 2017; Koka et al.
2016). Thus, ECochG is becoming an important source of information for a variety of
aspects of cochlear implantation.
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Figure 1.

Example of an ECochG response to a 500 Hz tone burst at 90 dB nHL. (A) The stimulus
(top) was presented in alternating condensation and rarefaction phases. The time waveform
shows a CAP (arrow) to the stimulus onset and the ongoing response to the tone (shaded
box). To the extent the cochlea retains neural responses to sound this ongoing portion can
contain an ANN in addition the CM (see text). This case contained an ANN, as indicated by
the spectral and temporal response patterns. (B) The spectral pattern shows peaks above the
level of significance (filled circles) to harmonics 1-3 (500, 1000 and 1500 Hz). While the
CM and ANN both produce even and odd harmonics, such a large second harmonic is
indicative of neural activity. (C) The temporal pattern is shown as an ‘average cycle’ (solid
line) that was obtained by averaging each cycle of the ongoing response. A representation of
the stimulus (dashed line) is shown for comparison, after being shifted in phase to the point
where the correlation between stimulus and response was maximal. The distortion in the
average cycle is not consistent with those produced by the CM due to saturation (see text),
and is thus affected by the ANN.
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Figure 2.

Distributions of ECochG responses. (A) TR as a function of age. The TR spanned a wide
range for all age groups, from infants to the elderly. The regression line (red) showed no
significant trend with age (r?=0.006, p=0.19). (B) Boxplot of TR distribution by age group.
Bars represent median values, squares are the means, boxes are the semi-interquartile range,
whiskers are to 99% of the distributions and X’s are the maximum and minimum values and
values outside 99%. There was a small but significant (see text) trend between the groups for
the youngest children to have a smaller TR (C) Proportion of the subject population in each
age group with a significant response to each of the tested frequencies. A high proportion of
subjects had responses from 250-1000 Hz, and lower proportions for 2000 and 4000 Hz. (D)
The percent of the TR contributed by each frequency for the first (solid lines) and second
(dashed lines) harmonics (H1 and H2). The HI contributed a larger fraction than the H2
across all frequencies, and both the H1 and H2 were larger for 250 and 500 Hz than the
other frequencies. Although not a clean separation, the CM is primarily in H1, and the ANN,
if present, will increase the H2. Thus, the CM appeared to be the largest fraction of the
response, even to the lowest frequencies where the ANN would be expected to be the largest.
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To compute these percentages, the magnitude at each frequency was divided by the TR and
multiplied by 100 to produce a percentage; results shown are the means and standard errors
of these percentages across all cases, with =34 dB (0.02 uV) inserted for all cases without a
significant response (proportion with no response was the data shown in C subtracted from
100).
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Figure 3.
TR vs. CNC word score results at 6 months post-activation in adult Cl subjects <80 years

old. The regression data shown is based on the group of subjects indicated by the filled
circles. The outliers (open circles) had lower CNC scores (poorer performance) than their
TRs would indicate. Two subjects did not reach open-set speech perception testing at 6
months after the CI was activated (X symbols).
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Figure 4.
Inclusion of nerve scores and the elderly. (A) Nerve scores. Cases with poor nerve scores

(down triangles) were those with no evidence of ANN or CAP (nerve score=0), to one or the
other being present but not prominent (nerve score =1). Cases with good nerve scores (up
triangles were those where the CAP and ANN were present but not prominent, or one or the
other was present and prominent (nerve score =2); to those where both were present and one
was prominent (nerve score =3) to those where both were prominent (nerve score =4). Data
is the same as in Fig. 3. Most case with large TRs (> 10 dB or 3.16 pV, right dashed line)
had good nerve scores, while most cases with smalls with TRs (<—6 dB, or 0.5 uV) had poor
nerve scores (down triangles). Cases in-between were mixed, but with no systematic
distribution indicating poor nerve scores were associated with worse word score outcomes.
(B) Addition of cases 80 years and older. For the younger adults only those cases included in
the regression from Fig. 3are shown. Subjects 80 years and older generally had lower speech
perceptions scores for a given TR, although there was overlap with the younger group. (C).
A cumulative regression function where subjects with increasingly older ages were
progressively added and the r? recalculated. The r2 was >0.45 and relatively stable until
subjects =80 years old were included, at which point it abruptly declined, ending at <0.3.
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Figure5.
A cumulative regression function where subjects with younger ages were progressively

added and the r? recalculated. For ages 6-18 years the r2 was above about 0.35, while
inclusion of children younger than 6 caused a sharp decrease. As with the adults, this cohort
excluded outliers and those who did not achieve word scores (see Fig. 6).
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TR vs. PB-k word score in pediatric subjects. (A) Subjects 6 years and older. (B) Subjects
younger than 6 years. In both groups the regression lines include the cases with the filled
circles. The r2 for the regression was 0.36, but fell to 0.15 in the younger children. Both

populations had outliers with word score outcomes lower than expected from their TR,

similar to those identified in the adult population. An additional type of outlier was seen in
the younger children where the TR was small or absent but the word score outcomes high or
fairly high. There were many more cases with no word score results in the younger children

compared to the older children or adults.
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Figure 7.
Inclusion of nerve scores in children. (A) Subjects 6 years and older. (B) Subjects younger

than 6 years. As with adults, most case with large TRs (> 10 dB or about 3 uV, dotted line)
showed a good nerve score, while cases with TR just below 10 dB were mixed, and cases
below about 0 dB (1) all had only sinusoidal responses indicative of CM with no CAP; i.e.,
were poor nerve. Unlike adults, case with no word scores often had TRs large enough for
neural activity to be evaluated.
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Figure 8.
Threshold evaluations. (A) ECochG threshold vs. magnitude. The threshold was taken at the

frequency indicated by the symbol, and the response magnitude was the sum of the
significant harmonics to 90 dB nHL (corrected to HL for plotting). To look for saturation we
plotted the r2 to both a linear and sigmoidal fit; since these were similar the saturation is
minimal. (B). ECochG threshold vs. audiometric thresholds. These were significantly
correlated, and there were many ECochG thresholds that were lower than the audiometric
thresholds (above the dashed line of equality).
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Table 1.
Demographics for Adults with word scores
Ages
<80 >=80

number of cases 73 11
Sex Female 45 6

Male 28 5
Audiology 3-tone threshold (dB HL)  83.8+16.4 77.6+12.8

Duration of Cl use (years) 0.5 0.5

CNC score (% Correct) 55.3+ 2047 33.8+17.3%F
Etiology of SNHL 53 9
Hearing Loss  Meniere’s 7 2

barotrauma 2

ANSD 1

Enlarged Aqueduct 1

Meningitis 1

ototoxic 1

viral 1

stroke 1

radiation 1

fracture 1

Usher’s 1
Device AB 90K 2

AB MidScalar 2

Cochlear 512 9 1

Cochlear 522 2

MedEl Flex or medium 19 2

MedEl standard 39 8

*
excludes 2cases who did not achieve word score testing

*ok

excludes 1 case who did not achieve word score testing
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Table 2.
Demographics for Children with word scores
Ages
<1-5 >5
number of cases 63 31
Sex Female 35 17
Male 28 14
Audiology 3-tone threshold (dB HL) 96.4 +13.7 88.6 +19.4
Age at ClI testing 4.4+1.4 10.6 +19.4
Duration of CI use (years) 22+12 17+12
PB-K score (% Correct) 59.7+19.7° 6124228
Etiology of ANSD 18 7
Hearing Loss  Cochlear nerve deficiency 4
Sensorineural 13 9
Genetic non-syndromic 13 1
Genetic - syndromic 3
Enlarged aqueduct 5 9
Cytomegalovirus 2 4
Malformation 2
Meningitis 2
ototoxic 1 1
Device AB 90K 3 3
Cochlear 512 44 13
Cochlear 422/522 12 8
MedEI Flex 3
MedEl standard 5 5

*
excludes 14 cases who did not achieve word score testing

Hok

excludes 3 cases who did not achieve word score testing
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