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ABSTRACT:

In recent electrocochleographic studies, the amplitude of the summating potential (SP) was an important predictor of
performance on word-recognition in difficult listening environments among normal-hearing listeners; paradoxically
the SP was largest in those with the worst scores. SP has traditionally been extracted by visual inspection, a tech-
nique prone to subjectivity and error. Here, we assess the utility of a fitting algorithm [Kamerer, Neely, and
Rasetshwane (2020). J Acoust Soc Am. 147, 25-31] using a summed-Gaussian model to objectify and improve SP
identification. Results show that SPs extracted by visual inspection correlate better with word scores than those from
the model fits. We also use fast Fourier transform to decompose these evoked responses into their spectral compo-
nents to gain insight into the cellular generators of SP. We find a component at 310 Hz associated with word-
identification tasks that correlates with SP amplitude. This component is absent in patients with genetic mutations
affecting synaptic transmission and may reflect a contribution from excitatory post-synaptic potentials in auditory
nerve fibers. © 2021 Acoustical Society of America. https://doi.org/10.1121/10.0006572
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I. INTRODUCTION

Animal studies from the past decade have shown that
the synapses between inner hair cells and auditory nerve
fibers can be permanently damaged as a result of a cochlear
insult, including noise exposure and aging (Kujawa and
Liberman, 2009; Sergeyenko et al., 2013). This cochlear
nerve degeneration (CND), also known as cochlear synapt-
opathy or hidden hearing loss, is also found in human tem-
poral bones, where the rate of cochlear neural loss outstrips
the rate of sensory cell loss in the aging ear (Viana et al.,
2015; Wu et al., 2019). In mouse studies, CND is reflected
in the reduction of suprathreshold amplitude of ABR wave
1, the summed activity of cochlear neurons, so long as
cochlear thresholds remain normal (Kujawa and Liberman,
2009; Sergeyenko et al., 2013; Kujawa and Liberman,
2015). However, diagnosing CND in humans is challenging,
as wave 1 amplitude is smaller and varies widely across
normal-hearing participants when measured via conven-
tional ABR electrode configurations (Boston and Moller,
1985).

Researchers have tried to enhance wave 1 amplitudes
by means of intra-meatal electrodes (Harder and Arlinger,
1981; Lang et al., 1981; Walter and Blegvad, 1981; Durrant
and Ferraro, 1991) and/or by varying electrode montages
(Laughlin et al., 1999). Despite these efforts, and in contrast
to the robustness of response latencies, wave 1 amplitudes
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remain highly variable, presumably due, in part, to differ-
ences in head size, electrode contact, etc. (Jerger and Hall,
1980; Michalewski et al., 1980; Schwartz and Berry, 1985;
Gorga et al., 1988; Nikiforidis et al., 1993). In our quest for
reliable CND markers in humans (Liberman et al., 2016),
we hoped to reduce the variability of wave 1 amplitude by
normalizing it to the summating potential (or SP), a low-
frequency component classically thought to comprise hair
cell receptor potentials (Durrant et al., 1998). Since the gen-
erators of SP and wave 1 are physically close, we initially
reasoned that both would be similarly affected by many of
the inter-subject differences that generate amplitude vari-
ability. As it turned out, our measures of SP itself have
proven to be a better predictor of performance on word iden-
tification tasks, which, in turn, may be a biomarker of CND
(Alvord, 1983; Santarelli et al., 2019; Grant et al., 2020;
Kara et al., 2020; Mepani et al., 2020; Monaghan et al.,
2020) as shown in studies showing poorer temporal process-
ing and signal-in-noise detection task performances in (1)
animal with CND (Chambers et al., 2016; Lobarinas et al.,
2020; Monaghan et al., 2020; Resnik and Polley, 2021) and
(2) in humans with reduced ABR wave 1 amplitude, larger
SP amplitude or larger SP/AP ratio (Bramhall et al., 2015;
Liberman et al., 2016; Ridley et al., 2018; Buran et al.,
2020; Grant et al., 2020) or with reduced EFR magnitudes
(Mepani et al., 2021).

Although wave 1, or AP as it is referred to in electroco-
chleography, generated with intra-meatal electrodes, high-
level click stimuli and a horizontal montage is large and
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easy to identify in normal-hearing subjects, SP amplitudes
can be low and are therefore more prone to inter-observer
discrepancy when identified by visual inspection. In light of
these challenges (Arnold, 1985), a number of alternative
methods to objectify and automate ABR wave identification
have been developed (Valderrama et al., 2014). Recently, a
summed-Gaussian model was evaluated in fitting electroco-
chleographic waveforms of 32 participants with normal
hearing or sensorineural hearing loss (Kamerer et al., 2020).
This model yielded excellent agreement with visual determi-
nation of ABR wave 1 amplitude (ICC=0.88, p <0.001)
but relatively poor matches for SP amplitudes (ICC =0.24,
p=0.104).

Here, we apply the summed Gaussian model of
Kamerer et al. (2020) to a larger cohort of normal-hearing
subjects (n=116) and analyze the nature of the discrepan-
cies with measurements by visual inspection. In the same
cohort of participants we also investigate the contributions
of hair cells vs auditory nerve fibers to the ABR waves using
Fourier transforms of electrocochleographic waveforms and
by comparing these data to those obtained from patients
with mutations of the otoferlin (OTOF) gene that disrupt
synaptic-vesicle release from the inner hair cell ribbon syn-
apses, leaving hair cell receptor potentials intact (Santarelli
et al., 2009).

Il. MATERIALS AND METHODS
A. Model

ABR waveforms were modeled using two Gaussian
functions as described by Kamerer et al. (2020), each
designed to fit the SP (;) and AP (), respectively, where A
is the peak amplitude (¢V), L is the peak latency (ms), and
W is the width (ms),

ABR(1) = Ay [0 2wet] | g, plumtayawa?],
with t,;, = L, —1.25 (ms) and t,,,,, =L, 4+ 0.25 (ms).

Table I describes two sets of initial values and boundary
conditions. Model determination of SP was either following
(1) a set of constraints described in Table I(A), adapted
from Kamerer et al. (2020) to account for differences in
stimulus (1-ms Blackman-gated pure tone at 4kHz vs 100-
us click) or (2) a set of constraints described in Table 1I(B)
that relies partly on the tester’s identification of AP.

B. Subject pool and inclusion criteria

116 native speakers of English in good health, between
the ages of 18 and 63, with no history of ear or hearing prob-
lems, no history of neurologic disorders and unremarkable
otoscopic examinations were recruited. All participants had
normal audiometric thresholds from 0.25 to 8 kHz in both
ears (<25dB HL) and normal middle-ear function.
Tympanometry was performed using the TITAN SUITE from
Interacoustics, with a probe-tone frequency of 226 Hz and
an ear-canal pressure change ranging from —300 to
+200daPa in each ear to ensure that ear canal volume,
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TABLE 1. ABR waveform model bond constraints aimed at identifying
SP (;) and wave I (). A: peak amplitude; L: peak latency; W: peak width.

(A) Not constrained to AP

Initial value Lower bound Upper bound
A (uV) 0.75 0 oo
L, (ms) 0.5 0 1
W, (ms) 0.3 0 0.7
Ay (uV) 1 0 00
L, (ms) 1.75 1 2.5
W, (ms) 0.2 0 0.7

(B) Constrained to AP

Initial value Lower bound Upper bound
Ay (uV) 0.75 0 00
Ll (ms) L2 tester 1.0 0.01 L2 tester — 0.5
W, (ms) 0.3 0 0.7
Az (V) 1 0 o0
L2 (ms) LZ tester LZ tester — 0.1 L2 tester + 0.1
W, (ms) 0.2 0 0.7

tympanic membrane mobility and middle-ear pressure were
normal. This study was reviewed and approved by the
Institutional Review Board of Mass Eye & Ear. Analyses of
middle-ear muscle reflexes and electrocochleographic
responses from most of the same subjects have been pre-
sented in prior reports (Grant et al., 2020; Mepani et al.,
2021).

C. Electrocochleography

Stimuli were generated by our custom rig, stimulus
waveforms were transduced via ER-3A insert earphones,
and data acquisition was handled by the Interacoustics
Eclipse hardware and software. Subjects’ ear canals were
prepped by scrubbing with a cotton swab coated in
Nuprep®. Electrode gel was applied on the cleaned portion
of the canal and over the gold-foil of ER3- 26 A/B tiptrodes
before insertion. A horizontal montage was used, with a
ground on the forehead at midline, one tiptrode as the invert-
ing electrode and the other as the non-inverting electrode in
the opposite ear. Low (<5k€Q) and balanced impedance
readings were obtained with inter-electrode impedance val-
ues within 2kQ of each other. Acoustic stimuli were deliv-
ered via silicone tubing connected to the ER-3A earphones.
Stimuli were 100 ps-clicks delivered at 125dB pSPL in
alternating polarity at a presentation rate of 9.1 or 40.1 Hz in
presence or absence of a 90-ms forward masking noise
(8-16 kHz, 5-ms ramp) presented 6 ms before the click onset
(Grant et al., 2020). The total noise dose for all ECochG
measurements was well within OSHA and NIOSH stand-
ards. Electrical responses were amplified 100000x, and
2000 sweeps were averaged for each recording. Average
traces acquired by the Eclipse software (passband
3.3-5000 Hz) were exported as raw traces or underwent fur-
ther analysis, including digital filtering (64-point zero-phase
finite impulse response filter) with different passband of
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various high-pass cutoff frequencies
10-3000 Hz to 300-3000 Hz.

ranging from

D. Visual inspection of waveforms

All visual inspections of waveforms were done indepen-
dently by two observers blinded to all other test results.
Baseline was defined as the first data point two standard
deviations (SDs) above the mean pre-onset amplitude (-2 to
0 ms). AP peak was defined as the maximum amplitude
within the window 1-2 ms post stimulus onset.

Under unfiltered conditions and using a 10-3000 Hz fil-
ter, SP peak was defined as the last and common inflection
point preceding the rising phase of AP as identified in all
unfiltered waveforms obtained from the same ear (under a
stimulus presentation rate of 9.1Hz with and without a
8—16 kHz masking noise and under a 40.1 Hz presentation
rate). Under a 300-3000 Hz filter, SP peak was defined as
the maximum amplitude of the wave preceding AP. See text
below for further details.

E. Cluster analysis

Hierarchical clustering analyses of individual spectra
derived from ABR waveforms were performed under
MATLAB® to obtain a dendrogram where the distance of split/
merge was recorded. Spearman and Euclidean correlations
were used to compute the distance between each pair of
observations. Rules of hierarchical clustering between pairs
were based on either a Ward’s method or a complete-
linkage clustering method to define spectral groups. The cut-
ting distance was set to separate all data into 2 clusters of
similar size.

F. Statistical analysis

Agreement between measures (estimation of wave
amplitude obtained from model vs measured data obtained
from visual inspection) for each participant is reported as
intraclass correlation coefficients (ICC). To ease comparison
across studies, we adopted the same criteria defined by Koo
and Li (2016) and used in Kamerer et al. (2020) to charac-
terize the strength of the agreement between measures. ICC
scores were considered: excellent if ICC>0.90, good if
0.9 > ICC > 0.75, moderate if 0.75 >ICC>0.5 and poor if
ICC < 0.50.

Pearson’s correlation coefficients were used to assess
the strength of the pairwise correlations between ABR
waveform measures and spectral peak amplitudes derived
from their fast Fourier transform (FFT). Two-tailed
Student’s t test for homoscedastic groups were used to test
for a difference in the mean of predictor variables.

lll. RESULTS
A. Model fit vs visual inspection

As shown in Fig. 1 and Table II, model estimates of AP
amplitude and latency were in excellent agreement with
data obtained from visual inspection, when analyzed with a
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FIG. 1. (Color online) Measures of SP amplitude (A,B), AP amplitude (C),
and AP latency (D) were obtained by visual inspection of ABR waveforms
digitally filtered through a 10-3000 Hz passband and compared to model
estimations. Model estimation of SP was either constrained (B) or not (A)
to the tester’s identification of AP. Diagonal lines indicates a slope of 1.
ICC: intraclass correlation coefficient.

10-3000Hz filter [ICC>0.90, Figs. 1(C) and 1(D)].
However, model estimates of SP amplitudes were only in
moderate agreement with visual determinations [ICC=0.53,
Fig. 1(A)].

To improve model performance, we tested the idea that
the asymmetry between the rising and falling slopes of the
AP causes the poor SP fits. Errors due to fitting a single
symmetric Gaussian waveform to an asymmetric AP may
outweigh errors due to misfitting the smaller SP, as the
Gaussian model’s capture of SP can be coopted by the non-
linear regression used to improve the fit of AP. To address
this, we constrained the model using a tester-supplied value
for AP latency (L; ester) (Fig. 1, Table I) and limiting the fit
to a 1.5-ms segment preceding AP peak by 1.25 ms and lag-
ging it by 0.25ms. By excluding the portion of AP greater
than 0.25 ms beyond its peak, we minimized the contribu-
tion of the falling slope to the fit. However, this model
adjustment only led to minimal improvement [ICC = 0.62,
Fig. 1(B)].

TABLE II. Agreement between model determination and visual inspection
of SP amplitude as assessed with intraclass correlation coefficients (ICCs)
from waveforms obtained in response to a click delivered at 9.1 Hz without
a forward masker.

95% CI Value F Test

Method Filter =~ ICC Lower Upper Value df P

10-3000 0.53 0.22 0.71
10-3000 0.62 0.38 0.76
300-3000 0.90 086 0.92

433 231 <0.001
5.45 231 <0.001
19.51 216 <0.001

User independent
Constrained to AP
User independent
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FIG. 2. (Color online) (A) SP and AP waves recorded from one control and one patient with otoferlin (OTOF) gene mutations in response to a click stimulus
[adapted from (Santarelli ez al., 2009)]. (B,C) Effects of post hoc digital filtering on the mean ABR waveforms from all participants (B) or on one participant

(C) using multiple high-pass frequency cutoffs, as indicated.

When the same ABR waveforms were analyzed through
a narrower filter (300-3000 Hz), model performance in
matching visual inspection of SP improved to excellent
(ICC=0.90, Table II). This is not surprising given the con-
tribution of the missing 10—-300 Hz band on waveform mor-
phology (Fig. 2). As shown in patients carrying OTOF gene
mutations that block synaptic transmission but leave hair
cell function otherwise intact (Santarelli et al., 2009), SP is
a slow-declining low-frequency potential that overlaps in
time with AP [Fig. 2(A)]. Raising the high-pass filter cutoff
changes SP shape [Fig. 2(B)], removing most of its low-
frequency component. With a 300-3000Hz filter, SP
emerges as a distinct small wave, separated from AP by a
clear trough, and is easily identifiable with a model based on
two Gaussians. On the other hand, when using a
10-3000Hz filter, a larger SP acts as a pedestal for the
emerging and overlapping AP wave, rendering their separa-
tion more difficult. Thus, improving the model fit comes at
the expense of filtering out most of the SP.

Since that trade-off is unacceptable, we returned to the
data with the wider filter and further investigated why visual
inspection differs from model-fit results. To do so, we iden-
tified all ears where model-fit SP amplitude differed by
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more than one standard deviation (SD) from the visually
determined value (Fig. 3). This separated a good match
group of 190 ears from a poor match group of 42 ears
(~18%). Note that all visual SP amplitudes for the latter
group were larger than predicted by model fit [Fig. 3(A)].
One source of discrepancy arises from smoothing the multi-
ple inflection points preceding AP, as seen here [Fig. 3(B)]
and in other studies (Ferraro and Krishnan, 1997; Sass et al.,
1997; Kim et al., 2005).

Under the visual-fit algorithm, SP was defined as the
last and common inflection point preceding the rising phase
of AP. Figure 4 further illustrates this with seven ABR
waveforms from the poor match group for which visual
determination of SP is aided by superimposing the unfiltered
waveforms obtained from each subject under three condi-
tions: (a) standard repetition rate (9.1 Hz), (b) fast repetition
rate (40.1 Hz), and (c) standard repetition rate with a for-
ward masker. Increasing the stimulus presentation rate and
using a forward masker should affect AP much more than
SP, if these waves are dominated by neural and hair cell
potentials, respectively. These examples show how the fil-
tering often removes (1) a late inflection point preceding AP
(e.g., 5S1L, Fig. 4) and (2) multiple inflection points present

— Model fit
Y Model determination

S Y Visual inspection
V E
~
15R Yy 102R

01 0 01 02 03 04 05 0
SP Amplitude (uV)

Visual Inspection

2 0 1 2

Time (msec)

FIG. 3. (Color online) (A) A good and poor match groups were defined based on whether the SP amplitude values obtained from model determination dif-
fered (or not) by more than one standard deviation (SD) from the SP values obtained by visual inspection. Data were obtained from ABR waveforms digi-
tally filtered through a 10-3000 Hz passband. Diagonal line indicates a slope of 1. (B) Comparison of SP determination using model fit vs visual inspection
on two examples of individual ABR waveforms. Arrowheads indicate the location and latency of the SP as determined by each method.
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FIG. 4. (Color online) (A) Top row: ABR waveforms digitally filtered with a 10-3000 Hz passband from 7 ears from the poor match group were compared
to Gaussian model fits. Arrowhead points at model determination of SP. Middle row: Unfiltered ABR waveforms obtained in response to clicks delivered at
a presentation rate of 9.1 or 40.1 Hz in presence or absence of a forward masking noise, as indicated. Arrowhead points at the location of SP as determined
visually. Bottom row: merged waveforms from the middle row show the common and last inflection point preceding AP and defining SP.

within the first ms segment of the waveform (e.g., 102R,
Fig. 4).

B. Fast Fourier transform of ABR waveforms

To gain insight into the generators underlying the SP,
and to explore a different approach to ECochG analysis, we
computed fast Fourier transforms (FFTs) of the waveforms.
The resultant spectra have peaks, at 120, 310, and 840 Hz
[Fig. 5(A) and 5(B)]. In a patient carrying OTOF mutations,
both the 310 and 840 Hz spectral peaks were absent [Figs.
5(C) and 5(D)] suggesting that they arise from neural gener-
ators. Unfortunately, the length of the sample in time did not
allow for an evaluation of the 120 Hz peak.

One way of providing clues as to the generator(s) of
each spectral peak is to evaluate the correlations between
time-domain measures of waveform peaks and the FFT
spectral peaks as illustrated by the scatterplots in Fig. 6.
While SP amplitude correlated best with the 310 Hz peak
(p <0.001), AP amplitudes correlated best with the 840 Hz
peak (p <0.001).

Another approach is to apply cluster analyses to objec-
tively group each spectral peak in such a way that peak
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amplitudes within the same group (or cluster) are more simi-
lar to each other than to those in other groups. By doing so,
we obtain clusters with maximal differences at either 120,
310, and 840 Hz, allowing us to evaluate the resultant mean
time-domain waveforms. As shown in Fig. 7(A), maximiz-
ing differences in the energy near 120Hz was associated
with larger SP amplitudes without changes in AP.
Maximizing spectral peaks at 310 Hz [Fig. 7(B)] or 840 Hz
[Fig. 7(C)] was associated with larger AP responses without
significant changes in SP. These results suggest that the
spectral peak at 840 Hz is dominated by neural generators,
the peak at 120 Hz most closely reflects the SP, and energy
near 310 Hz contributes to both. The latter observation is
consistent with the notion that SP has a neural component in
addition to a hair cell component (Pappa et al., 2019).

If true, and if cochlear neural deficits are associated with
speech-in-noise difficulties (Alvord, 1983; Dubno et al., 1984;
Rajan and Cainer, 2008; Kujawa and Liberman, 2015), the
spectral peaks at either 310 or 840Hz could be useful bio-
markers. Thus, we compared average spectra from participants
with the best vs worst word scores (i.e., with speech-in-noise
recognition scores above the 75th and below the 25th

Hancock et al.


https://doi.org/10.1121/10.0006572

0.4 A ' = control 107 B 120 Hz
---------- === no sound
= saline
310 Hz
.08 1
>
3; 0.2+ E;
s o .06 +
© © 840 Hz
3 3
= = 04
g . Q-
- g
.02 1
'02 T T T 1 0 T T
0 2 4 6 8 10 100 1000
Time (msec) Frequency (Hz)
157C 1201D
= control
—— OTOF —
> i
. S 100
S Z
e S
) o
3 < 6ol
= 3
g- 2 40+
< g
204
<<
Adapted from Santarelli et al., 2009
-5 T T T 1 0
0 2 4 6 8 10

Time (msec)

Frequency (Hz)

FIG. 5. (Color online) (A) Averaged click-evoked ABR obtained from all participants shows how measures were visually extracted under a 10-3000 Hz fil-
ter. Baseline was defined as the first amplitude point exceeding 2 SD above the mean pre-onset amplitude (-2 to 0 ms). The summating potential (SP) was
defined as the difference between baseline and the last inflection point on the rising phase of wave 1. Wave I peak or AP was defined as the maximum ampli-
tude 1-2 ms post-stimulus onset, and P; was defined as the next major trough. As a control for line-locked electrical artifacts, additional waveforms were
obtained in one subject with no sound output or with recording electrodes in saline (green and blue traces respectively). (B) Averaged fast Fourier transform
(FFT) of the waveforms shown in (A). (C) Cochlear potentials recorded in a normal hearing subject and in a patient with mutations in the OTOF gene in
response to clicks at decreasing stimulation levels (110-70 dB pSPL) [adapted from (Santarelli ez al., 2009)]. In a patient with OTOF mutations, the SP was
present at all levels whilst the AP remained absent at levels as high as 110dB pSPL. (D) FFTs of the cochlear potentials shown in (C) indicate that both

spectral peaks at 310 and 840 Hz observed in normal-hearing controls are absent in a patient with OTOF mutations.

percentile, respectively) [Figs. 8(A) to 8(C)]. Interestingly, the
resultant mean spectra differed significantly only near 310 Hz,
with larger peaks in those with poorer scores. This difference
could not be attributed to inter-group differences in thresholds
at standard audiometric frequencies or extended high frequen-
cies [Fig. 8(D)] and was associated with larger SP amplitudes
[Fig. 8(E)] and older ages [Fig. 8(F)].

Looping back to the Gaussian model and the correspon-
dence between model-fit and visual determination, we com-
puted the mean FFTs of the good match vs poor match
groups and noted that the 310-Hz peak was a source of dif-
ferences between groups [Fig. 9(A)]. This inter-group differ-
ence was not associated with differences in thresholds [Fig.
9(B)] or age [Fig. 9(C)]. Remarkably, participants from the
poor match group had larger SP and smaller AP amplitudes
[Fig. 9(D)], and their word scores were significantly poorer
than those from the good match group [Figs. 9(E) and 9(F)].
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To compare the potential utility of each ABR quantifi-
cation method in the context of CND markers, we computed
their respective correlations with word scores for time-
compressed words (65%) plus reverberation. Altogether, the
thorough visual identification of SP using waveforms
acquired under different conditions (e.g., fast vs slow repeti-
tion rate; with and without forward masking) and viewed
without post hoc filtering provided the best prediction of
speech-in-noise performance: r=-0.21, p=0.0013 vs
r=-0.04, p=0.5458 for the Gaussian model, r=-0.07,
p=0.2993 for the 310-Hz peak, and r =0.12, p =0.0782 for
the 840-Hz peak).

IV. DISCUSSION

The purpose of this study was to improve methods for
SP quantification, as well as to gain insight into its
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FIG. 6. (Color online) Bivariate correlations with their respective regression
lines (red) between measures of SP, AP amplitudes compared to spectral
peak amplitudes measured at 310 Hz and 840 Hz. r = correlation coefficient.
*#% p <0.001.

underlying generators, given its role as potential CND
marker in humans. Inspired by the work of Kamerer and col-
leagues (2020), we used a Gaussian model to extract SP and
AP amplitudes and latencies from ABRs, which is tradition-
ally achieved by visual inspection of a single waveform and
prone to subjectivity. Using their model in a large cohort of
normal-hearing participants, we obtained excellent agree-
ment between model and visual determination of AP ampli-
tude and latency; however, model performance in matching
SP metrics was only moderate (Fig. 1). The discrepancies
arose predominantly from cases in which the SP waveform
presented with multiple ripples, which were not well fit by a
single Gaussian waveform. Electrocochleographic studies of
the effects of noise overexposure (Kim et al., 2005),
Méniere’s disease (Ferraro and Tibbils, 1999), or perilym-
phatic fistula (Sass et al., 1997) also showed SP waveforms
with multiple inflection points similar to some of those
observed in a subset of subjects in this study (Fig. 4, 102R).

Although the model fit was improved when the high-
pass filter cutoff was moved from 10 to 300 Hz, the resulting
attenuation of the low-frequency components of the SP is
counterproductive to the overall purpose of our measure-
ments. Our methodology has been to maximize SP ampli-
tude by recording closer to its generators (e.g., with
tiptrodes) using a horizontal montage, and by not filtering
out the low-frequency energy (i.e., 10-300 Hz). A critical
further step is to superimpose waveforms elicited under dif-
ferent stimulus conditions designed to differentially affect
the AP (e.g., higher repetition rate or with a forward
masker). This helps identify a common inflection point (e.g.,
Fig. 4), defining the SP peak at the last and common inflec-
tion preceding the fast rise to an AP peak.
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FIG. 7. (Color online) Hierarchical clustering analysis of spectra obtained
from the first 8 ms post stimulus onset of ABR waveforms. Spearman and
Euclidean correlations were used to compute the distance between each pair
of observations. Rules of hierarchical clustering between pairs were based
on either a Ward’s method or a complete-linkage clustering method to
define spectral groups. The cutting distance was set to separate all data into
two clusters of similar size. Averaged ABR waveforms were obtained after
identification of the participants composing each spectral group. Two-tailed
Student’s t test for homoscedastic groups were used to test for differences
in mean spectral values at 120, 310, and 840 Hz or in mean SP, AP, and
AP-P1 values obtained from ABR waveforms. * p < 0.05; *** p < 0.001.

Fourier transforms of the response waveforms could
provide an alternative way to separate contributions from
different cellular generators in auditory periphery and their
relative contributions to AP and SP. As shown in Fig. 5(B),
the mean FFT spectrum showed major peaks near 120, 310,
and 840 Hz. A peak near 840 Hz was expected as (1) ABR
waveforms have peaks that are separated by approximately
I ms that, in itself, would lead to a spectral peak around
1kHz and (2) animal studies of the background activity
from gross electrodes at the round window show a spectrum
with a broad peak from 0.8 to 1.0kHz, even in the absence
of acoustic stimulation (Dolan et al., 1990; Lima da Costa
et al., 1997). The click-evoked wave 1, or AP as it is called
in electrocochleographic recordings, comprises summed
currents from action potentials in auditory nerve fibers, pri-
marily those in the basal half of the cochlea, where the trav-
eling wave moves rapidly and thus all fibers have a similar
response latency (Kiang et al., 1976). The contribution of a
single action potential (either spontaneous or sound-evoked)
to an electrocochleographic recording at the round window
is a small biphasic wave resembling one cycle of a sinusoid
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with a frequency near 800Hz (Kiang et al., 1976; Prijs,
1986). The contribution of a single auditory nerve spike to
an ABR-style scalp or meatal electrode montage must be
similar in spectral content though smaller in amplitude.

25.C
@ =
9 32 20+
8 8
o Dg
=%
O — 157 FIG. 8. (Color online) (A) Averaged
; FFT of ABR waveforms obtained from
the best and worst performers on
10 speech recognition tests. Participants
65% mQuickSIN who obtained the worst speech scores
(B,C) were those with the largest 310-
Hz spectral peak (A). While these dif-
ferences in speech scores could not be
attributed to differences in threshold at
F 407 &, standard audiometric frequencies or
extended high frequencies (D), they
were associated with larger SP ampli-
— 307 tudes (E) and older participants (F).
@ # p < 0.05; ¥#% p<0.001.
>
N— 20_
()
(@)}
< 10+
o/

AP

Thus, it is reasonable to associate the bulk of the 840 Hz
spectral peak in the ABR recordings to auditory-nerve

action potentials.

This conclusion is further supported by (1)

its absence in patients with auditory-neuropathy due to

12'A /\70-B 4O-C
310 Hz o
S Y 5
= 0 601 _ 30
= 08 1] @
() ©
O - 501 Z 5
=] ©
Q. 041 c <
E ¢ 404 101 FIG. 9. (Color online) (A) Averaged
- good match (O} ( ) (A) g
< = FFT of ABR waveforms obtained from
—- poor match =
[ the poor and good match groups as
0 T —— 30- 0- defined in Fig. 3 shows a larger spec-
01 1 12 Stand. EHF tral peak at 310Hz in the poor match
Frequency (kHZ) group. While no significant group dif-
ferences in thresholds at standard
audiometric frequencies or extended
high frequencies (B) and age (C) were
_ i % i observed, SP was larger, AP was
0.5 D 80 E L 25 F smaller (D) and all speech-in- noise
— test performances were poorer (E,F) in
> 0.41 0 70 n the poor match group. *p<0.05;
= % ') (O] *k% sy < 0.001
~— [ —_ = —_ — p<O. .
i O o O % 204
3 0.3 O 0 60 o9
S *¥% D5 w3
£ 021 "' g IR © ©°
= . = 2 501 P
g— o< O ~ 151
< 0.1+ ; 40 ;
0- 30 10-
SP Wavel AP Noise 45%  65% mQuickSIN

J. Acoust. Soc. Am. 150 (4), October 2021

Hancock etal. 2499


https://doi.org/10.1121/10.0006572

OTOF mutations (Fig. 5) and (2) the significant correla-
tions of the spectral 840-Hz peak amplitude with AP
(Fig. 6). Furthermore, clustering analyses meant to segre-
gate spectra with low vs high energy at 840Hz led to
groups of waveforms with small vs large AP amplitudes,
respectively (Fig. 7).

Since the SP has a shorter latency than AP, it must arise
from hair cell receptor potentials and/or excitatory post-
synaptic potentials (EPSPs) in auditory nerve synaptic ter-
minals (Pappa et al., 2019). Early work using hair cell
lesions came to differing conclusions about the relative
importance of IHCs vs OHCs, but it was also clear that
recording configuration was important and that there could
be opposing polarities in the contributions from different
generators (Dallos, 1975; Durrant et al., 1998). A recent ger-
bil study using kainate and tetrodotoxin to block post-
synaptic potentials and action potentials, respectively, has
suggested that SP includes contributions from both hair cells
and auditory-nerve dendrites (Pappa et al., 2019), and that
the polarities of the neural and hair cell contributions can be
opposite in sign. Human studies have also hinted at a neural
contribution to the SP. We and others have noted that both
wave 1 and SP are reduced with increased stimulus presen-
tation rate (Santarelli et al., 2008; Santarelli et al., 2009;
Grant et al., 2020), although hair cell potentials should be
robust to changes in repetition rate (Kiang and Peake,
1960).

In a study where normal-hearing participants were eval-
uated before and after a temporary threshold shift following
a night of noisy clubbing, a decrease in wave 1 amplitude
was paired with an increase in SP amplitude (Kim et al.,
2005). These results echo our prior studies where SP ampli-
tude was larger in participants who performed more poorly
on word-recognition tests (Liberman ef al., 2016; Grant
et al., 2020; Mepani et al., 2020). One interpretation of these
paradoxical findings is that a rise in SP amplitudes can result
from a fall in one of the components (e.g., EPSPs), if its
polarity is opposite to the less affected one (e.g., hair cell
contributions).

The spectral peak at 310 Hz was absent in patients with
genetic defects in OTOF, a key protein mediating synaptic
transmission (Fig. 5), suggesting that it is not dominated by
hair cell receptor potentials, which should be reasonably
normal in such patients. Correspondingly, spectral ampli-
tudes at 310 Hz were correlated with both the AP and SP
amplitudes from ABR waveforms (Fig. 6), suggesting that
both may contain contributions from the generators with
energy around 310 Hz.

Animal studies have shown that excitatory post-
synaptic currents recorded from afferent boutons contacting
inner hair cells can be either monophasic or multiphasic,
and both types persist in mature animals (Grant et al.,
2010). Monophasic EPSCs have a periodicity close to
800 Hz, while multiphasic EPSCs appear to have significant
spectral content near 300 Hz. Thus, the latter could represent
an important contributor to the 310Hz peak in the ABR
spectra, which in turn was associated with SP amplitudes
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(Fig. 6), again suggesting a contribution of cochlear neural
potentials to the SP.

Clustering of spectra based on the 310-Hz peak ampli-
tude led to ECochG waveforms with significant differences
in AP amplitudes; yet, when clustering was based on spec-
tral differences at both 120 and 310 Hz, associated wave-
forms showed significant differences only in SP amplitudes
(Fig. 7). The 120 Hz peak almost certainly includes a contri-
bution from hair cell receptor potentials. The basilar mem-
brane response to a high-level click throughout the basal
turn should be a damped sinusoid, which will produce a DC
response in the inner hair cells, decaying over a few ms, and
thereby producing a signal which could well have peak
energy near 120 Hz.

Difficulty hearing in noisy environments is one of the
classic impairments associated with sensorineural hearing
loss. CND could be a major contributor to those speech
intelligibility deficits as it affects primarily the cochlear neu-
rons with high thresholds and low spontaneous rates (SRs)
(Schmiedt et al., 1996; Furman et al., 2013), the same neu-
rons that are key to the coding of transient stimuli in the
presence of background noise (Costalupes et al., 1984). By
definition, CND will affect the connections between the
auditory-nerve terminals and their peripheral targets, the
inner hair cells. We suspect that those post-synaptic bou-
tons, shown to contribute to the generation of the SP in ger-
bils (Pappa et al., 2019), provide some energy to the 310-Hz
spectral peak of ABR waveforms. If true, loss or dysfunc-
tion of the synapse ought to impact the 310-Hz component
of ABR waveform spectra. Likewise, if CND is associated
with speech-in-noise deficits (Bramhall et al., 2015; Gilles
et al., 2016; Liberman et al., 2016; Ridley et al., 2018;
Buran et al., 2020; Grant et al., 2020; Mepani et al., 2021,
Shehorn et al., 2020), differences in word recognition per-
formance ought to be linked with differences in the magni-
tude of the 310-Hz spectral peak. As shown in Fig. 8, when
we considered two cohorts with similar thresholds (at stan-
dard and extended high frequencies) and large differences in
worst scores, we found that the 310-Hz component was the
only spectral peak significantly different across groups.
Participants with larger peak magnitudes were those with
the worst performances on word recognition tests (Fig. 8).
They were also older and had larger SP amplitudes on ABR
waveforms, both features consistent with CND (Wu et al.,
2019; Grant et al., 2020).

V. CONCLUSIONS

(1) Identification of SP and AP peaks by a two-Gaussian
model is slightly improved by constraining one of the
Gaussians to a user-supplied AP latency and signifi-
cantly improved by high-pass filtering. However, the lat-
ter comes at the expense of attenuating the SP
amplitude, which is an unacceptable outcome.

(2) The strongest correlations between an electrophysiologi-
cal measure and performance on speech in noise tests
was the SP amplitude, as measured visually by
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comparing unfiltered ABR waveforms acquired under
different repetition rate and masking conditions
designed to have a differential effect on SP and AP
amplitudes.

(3) FFT analysis of ABR waveforms suggests that SP gener-
ators also dominate a spectral peak at 310 Hz, which, in
turn, may include a strong contribution from excitatory
post-synaptic potentials in auditory nerve terminals as
well as from hair cell receptor potentials.
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