bioRxiv preprint doi: https://doi.org/10.1101/2020.06.09.142950; this version posted April 30, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Deciphering compromised speech-in-noise intelligibility
in older listeners: the influence of cochlear synaptopathy

Markus Garrett®*, Viacheslav Vasilkov?*, Manfred Mauermann®, John L.
Wilson®®, Leslie Gonzales®, Kenneth S. Henry®%¢, Sarah Verhulst®**

@ Medizinische Physik and Cluster of Ezcellence ”Hearing4all”, Department of Medical
Physics and Acoustics, Carl von Ossietzky University of Oldenburyg,
Carl-von-Ossietzky-Strafie 9-11, 26129, Oldenburg, Germany
b Hearing Technology @ WAVES, Department of Information Technology, Ghent
University, Technologiepark 216, 9052 Zwijnaarde, Belgium
¢Department of Otolaryngology, University of Rochester, Rochester, NY USA
¢ Department of Biomedical Engineering, University of Rochester, Rochester, NY USA
¢ Department of Neuroscience, University of Rochester, Rochester, NY USA

Abstract

Speech intelligibility declines with age and sensorineural hearing damage
(SNHL) but to date it is unclear whether a recently-discovered form of SNHL,
cochlear synaptopathy (CS), plays a crucial role in this hearing problem. CS
refers to damaged auditory-nerve synapses that innervate the inner hair cells
and there is currently no go-to diagnostic test for CS. Furthermore, age-
related hearing damage can comprise various aspects (e.g., hair cell damage,
CS) that each can play a role in impaired sound perception. To address this
disconnect between cochlear damage and speech intelligibility deficits, this
study investigates to which degree CS contributes to impaired, low-cognitive-
effort, speech intelligibility in older listeners. To quantify CS, we selected an
envelope-following response (EFR) marker and first verified its sensitivity to
CS in a Budgerigar model. We then adopted the marker in our human ex-
periments, where we restricted the frequency content of the speech-material
to ensure that both the EFR and the behavioral task relied on auditory pro-
cessing in similar cochlear frequency regions. Following this approach, we
identified the relative contribution of hearing sensitivity and CS to speech

*These authors contributed equally to the work
**Corresponding author
Email address: s.verhulst@ugent.be (Sarah Verhulst)

Preprint submitted to - April 29, 2024


https://doi.org/10.1101/2020.06.09.142950
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.09.142950; this version posted April 30, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

intelligibility in two age-matched (65-year-old) groups with clinically normal
(n=16, 8 females) or impaired audiograms (n=13, 8 females). Compared to
a young normal-hearing control group (n = 13, 7 females), the older groups
demonstrated lower EFR responses and impaired speech reception thresh-
olds, irrespective of their hearing sensitivity. We conclude that age-related
CS reduces supra-threshold temporal envelope coding with subsequent speech
coding deficits in noise that cannot be explained based on hearing sensitivity
alone.
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Significance Statement

Temporal bone histology reveals that cochlear synaptopathy (CS), char-
acterized by damage to inner hair cell auditory nerve fiber synapses, precedes
sensory cell damage and hearing sensitivity decline. Despite this, clinical
practice primarily evaluates hearing status based on audiometric thresholds,
potentially overlooking a prevalent aspect of sensorineural hearing damage
due to aging, noise exposure, or ototoxic drugs—all of which can lead to CS.
To address this gap, we employ a novel and sensitive EEG-based marker of
CS to investigate its relationship with speech intelligibility. This study ad-
dresses a crucial unresolved issue in hearing science: whether CS significantly
contributes to degraded speech intelligibility as individuals age. Our study-
outcomes are pivotal for identifying the appropriate target for treatments
aimed at improving impaired speech perception.

Abbreviations
AN(F) - auditory nerve (fiber);
BB - broadband;


https://doi.org/10.1101/2020.06.09.142950
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.09.142950; this version posted April 30, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

CF - characteristic frequencys;

CN - cochlear nucleus;

DPOAE - distortion product otoacoustic emission;
EEG - electroencephalography;

EFR - envelope following response;
H/M/LSR fibers - high/medium/low spontaneous rate fibers;
HI - hearing impaired;

HP - high-pass filtered;

IC - inferior colliculus;

IHC - inner hair cell;

I/0 function - input/output function;

LP - low-pass filtered;

NH - normal hearing;

OHC - outer hair cell;

peSPL - peak-equivalent sound pressure level;
PT - pure-tone;

SAM - sinusoidally amplitude-modulated;
SiN - speech in noise;

SiQ - speech in quiet;

SNHL - sensorineural hearing loss;

SRT - speech reception threshold;

SPL - sound pressure level;

RAM - rectangularly amplitude-modulated;
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TENYV - temporal envelope;

TFS - temporal fine structure;

Introduction

The cochlea is deeply embedded within the temporal bone, rendering

a direct histological assessment of sensorineural hearing loss (SNHL) im-
possible in living humans. While outer-hair-cell (OHC) deficits are rou-

s tinely diagnosed using indirect metrics such as the pure-tone-audiogram
or distortion-product-otoacoustic-emission (DPOAE) threshold, damage to
auditory-nerve-fiber (ANF') synapses between the inner hair cells (IHCs) and
spiral ganglion cells, i.e., cochlear synaptopathy, CS (Kujawa & Liberman,
2009), can so far only be quantified via post-mortem temporal bone histol-

0 ogy (Makary et al., 2011; Viana et al., 2015; Wu et al., 2018). As observed
through reduced envelope-following responses (EFRs) in animals with histo-
logically verified synaptopathy (Parthasarathy et al., 2014; Shaheen et al.,
2015; Parthasarathy & Kujawa, 2018), synaptopathy compromises temporal
envelope (TENV) coding of supra-threshold stimuli. The EFR is an indi-

15 rect and non-invasive auditory-evoked potential (AEP) type that reflects the
phase-locked neural response of a population of peripheral and brainstem
neurons to a stimulus envelope (Kraus et al., 2017). Its frequency-domain
response exhibits peaks coinciding with the stimulus modulation frequency
and its harmonics. Given that EFRs can be recorded reliably in both ani-

2 mals and humans, its spectral magnitude has been proposed as a non-invasive
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marker of synaptopathy which can be used across species (e.g., Shaheen et al.,
2015). Synaptopathy precedes hearing sensitivity reductions in the progres-
sion of noise- or age-induced SNHL (Sergeyenko et al., 2013; Fernandez et al.,
2015; Parthasarathy & Kujawa, 2018). Due to its association with compro-
s mised supra-threshold temporal envelope coding (Bharadwaj et al., 2014), CS
is thought to contribute to reduced speech intelligibility in individuals with
otherwise normal audiograms (Mepani et al., 2021). This connection might
provide insights into why hearing sensitivity alone falls short as a predictor
for individual speech-intelligibility scores (Festen & Plomp, 1983; Papakon-

% stantinou et al., 2011).

In order to develop effective treatments for SNHL, it is crucial to un-
derstand whether CS compromises speech intelligibility. This endeavor has
prompted numerous studies investigating this presumed relationship in hu-

55 mans. However, these efforts have yielded a body of mixed and inconclusive
results: while the ABR wave-I amplitude, a marker of CS in animal studies
(Kujawa & Liberman, 2009; Mohrle et al., 2016), has been shown to predict
speech intelligibility in some studies (Bramhall et al., 2015; Liberman et al.,
2016), it has not shown consistent results in others (Johannesen et al., 2019;

w Prendergast et al., 2017). Similarly, the same inconsistency is observed for
EFR markers of CS (Shaheen et al., 2015; Parthasarathy et al., 2019): while
some studies demonstrate that certain EFR markers of CS predict speech in-

telligibility in individuals with normal hearing (Mepani et al., 2021), others
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do not (Guest et al., 2018; Grose et al., 2017).
a5 Several factors could be responsible for these inconsistent outcomes across
studies: (i) individual differences in absolute ABR and EFR strength can, to
a certain degree, reflect non-hearing-related factors in humans (Trune et al.,
1988; Mitchell et al., 1989; Plack et al., 2016) and require a relative metric
design (e.g. Bharadwaj et al., 2015; Mehraei et al., 2016; Hickox et al., 2017;
so Le Prell, 2019). (ii) As the ABR and EFR can reflect a mixture of synaptopa-
thy and OHC deficits, an unambiguous interpretation of the ABR or EFR in
terms of synaptopathy is difficult when the histopathology is unknown (Ver-
hulst et al., 2016b; Garrett & Verhulst, 2019; Van Der Biest et al., 2023). (iii)
The recording paradigms established in animal studies might not be sensitive
s enough for application in humans and hence overlook synaptopathy (Hickox
et al., 2017; Bramhall et al., 2019). Lastly, (iv) whereas speech is a broad-
band signal, the EFR mostly reflects auditory TENV coding mechanisms
associated with ANF fibers above the phase-locking limit (Joris & Yin, 1992;
Verschooten et al., 2015; Henry et al., 2016). Aside from TENV cues, speech
s recognition is also reliant on the frequency content below the phase-locking
limit, which is encoded as temporal fine-structure (TFS) information by the
ANFs. This TFS information serves as a robust perceptual cue (e.g. Lorenzi
et al., 2006; Hopkins et al., 2008; Hopkins & Moore, 2010; Henry et al., 2016;
Mai & Howell, 2023; Borjigin & Bharadwaj, 2023). However, conventional
s EFR markers primarily assess TENV coding mechanisms and their impair-

ments, rather than specifically targeting temporal TFS coding. Therefore,
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the absence of a correlation between the EFR (TENV-driven) and speech
recognition (involving both TFS and TENV coding) does not definitively in-
dicate that CS does not influence speech intelligibility. It could also occur if

70 distinct mechanisms drive each metric independently.

This study aims to clarify factors that may have complicated the inter-
pretation of the relationship between speech perception and AEP markers of
CS. Firstly, our focus is on EFRs rather than ABRs. This choice is based on

75 prior model simulations and data collection, which suggested that potential
confounding OHC deficits would have a more pronounced effect on the ABR
amplitude compared to the amplitude of pure-tone-evoked EFRs.(Verhulst
et al., 2016a; Garrett & Verhulst, 2019; Vasilkov et al., 2021). Secondly, audi-
tory model simulations have demonstrated that optimizing the EFR stimulus

s envelope to be rectangular, rather than sinusoidal, can enhance the sensitivity
of the EFR marker to CS (Vasilkov et al., 2021). Building on these findings,
our study initially assesses the sensitivity of an optimized EFR marker of CS
in a Budgerigar model of Kainic-Acid induced ANF damage. Subsequently,
we validate its predicted superiority in detecting individual CS differences

s over conventional EFR markers of CS.

We proceed to examine the correlation between this EFR marker and
speech intelligibility using both low and high-pass filtered speech material

in human subjects. Our hypothesis posits that the EFR marker provides
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o0 more accurate predictions of speech recognition thresholds when both mea-
sures depend on TENV mechanisms and their associated impairments. To
delineate the individual contributions of CS and hearing sensitivity to speech
intelligibility, we investigated the connections between objective markers of
hearing and speech intelligibility in three groups: young individuals with

s normal hearing, and two age-matched groups of older participants: one with
normal audiograms and the other exhibiting impaired audiograms. It is our
presumption that the older participants may be afflicted by age-related CS
(Wu et al., 2018), potentially compounded by additional pathologies affect-
ing OHCs.

Materials and Methods

Study Participants

Three participant groups were recruited using age and audiometric pure-

tone thresholds as the classification criteria. Young: 20 < age < 30, Older:

s 60 < age < 70, normal-hearing: < 25 dB HL for every audiometric frequency
up to 4 kHz, hearing-impaired: > 25 dB HL. The grouping criterion did not
account for individual variations in the degree of synaptopathy, an unquan-
tified variable at the start of the study. Using these criteria, fifteen young
normal-hearing (yNH: 24.5 + 2.3 y/o, 8 females), 16 older normal-hearing

o (oNH: 64.3 £ 1.9 y/o, 8 females) and 13 older hearing-impaired (oHI: 65.2 4

1.8 y/o, 8 females) participants were recruited. There were no significant age
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differences between the oNH and oHI participant groups (t2r) = -1.41, p =
0.17). Otoscopy was performed prior to data collection to ensure that partic-
ipants had no obstructions or other visible outer or middle ear pathologies.
us The experiments were approved by the ethics committee of the University
of Oldenburg. Participants gave written informed consent and were paid for

their participation.

Speech Reception Thresholds (SRTs)

120 Speech intelligibility was assessed by applying a standard German Matrix
sentence test which determines the speech reception threshold (SRT) in quiet
or in a fixed-level noise background (Matrix-test or OLSA; Wagener et al.,
1999; Brand & Kollmeier, 2002). The OLSA test consists of 5-word sentences
(male speaker: name - verb - numeral - adjective - object) using a corpus of

125 50 possible words. The speech-shaped background noise was generated from
the sentences and matched the long-term spectrum of the speech material.
The SRT for 50% correctly identified words (i.e., SRT50) was determined us-
ing a 1-up/1-down adaptive procedure with varying step size based on word
scoring (20 sentences per condition).

130

The SRTj5; was determined in quiet (SiQQ) and noise (SiN) for unfil-
tered /broadband (BB), low-pass filtered (LP) and high-pass filtered (HP)

audio. The speech and noise signals in the LP and HP conditions were
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generated by applying a 1024" order FIR filter with respective cut-off fre-

135 quencies of 1.5 and 1.65 kHz to the OLSA test material (i.e., BB condi-

tion). The idea behind using filtered speech stimuli is that the listener can

be made to rely on specific auditory processing cues associated with low or

high-frequency hearing. In this context, the perception of the LP condi-

tion is predominantly based on available temporal fine structure (TFS) cues

1o (Lorenzi et al., 2006), whereas the HP condition mostly relies on temporal

envelope (TENV) cues. It is well known that auditory-nerve phase-locking

to TFS declines with increasing frequency (i.e., 1.4 kHz in humans based on

ITD sensitivity; Joris & Verschooten, 2013), and that for frequencies beyond

this limit, the auditory system can only rely on temporal envelope process-

s ing. Since the EFR marker we utilize to investigate the impact CS on speech

intelligibility predominantly captures high-frequency TENV processing, it is

logical to incorporate a speech condition that similarly depends on cochlear
TENYV processing, such as the SRTyp.

Both SiQ and SiN conditions were included in our study because we an-

150 ticipate that speech processing in the presence of a fixed-level background

noise undermines speech perception more significantly than the SiQ condi-

tion. This is due to the principles of deafferentation and coding redundancy

associated with cochlear synaptopathy (CS), as highlighted by Lopez-Poveda

& Barrios (2013). Additionally, the SiQ) condition may also be affected by

155 CS-compromised TENV processing, as indicated by studies such as Shaheen

et al. (2015); Parthasarathy & Kujawa (2018). We considered both condi-

10
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tions because it is possible that CS does not affect SiQQ and SiN processing
to the same extent. The initial speech level in the OLSA test was 70 dB SPL
and the noise level was kept fixed at 70 dB SPL while the speech level varied
10 adaptively to yield the SRT in the SiN conditions. In the SiQQ conditions, the
speech level was varied and the dB SPL at which the 50% correct threshold
was reached, was reported. The six conditions (3 SiQ, 3 SiN) were presented
in pseudo-random order. Participants completed three training runs in which
a SiNgp with a fixed SNR of 5 dB was followed by a regular SiNgg condition
s with SRT tracking for training purposes. All possible words were displayed
on the screen during those runs to familiarize participants with the stimulus
material. The third training run was a SiNygp condition with SRT tracking
but without visual aid. During the experiment, answers were logged by the
experimenter and no visual feedback was provided. Measurements were con-
1o ducted in a double-walled sound-insulated booth using Sennheiser HDA200
headphones in combination with the Earbox Highpower ear 3.0 sound card
(Auritec) and the Oldenburg Measurement Platform (HorTech gGmbH). The
setup was calibrated using an artificial ear type 4153, microphone type 4134,
preamplifier type 2669 and sound level meter type 2610 (Briiel & Kjeer).

175

Behavioral and Physiological Markers of SNHL

We adopted two measures that are specific to quantifying OHC or CS

integrity using non-invasive physiological techniques, namely the distortion-

11
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product otoacoustic emission threshold (THpp) and the envelope-following
s response (EFR) amplitude. We concentrated on these measures within the
4-kHz cochlear region, aligning with the carrier frequency of the EFR stim-
ulus. Additionally, we included a standard-clinical audiogram to assess the
behavioral hearing sensitivity for pure-tone frequencies up to 8 kHz. The au-
diogram and THpp values were used as selection criterion to assign listeners
185 to specific groups. Young normal-hearing (yNH) control group: audiomet-
ric pure-tone average (PTA) for frequencies up to 4 kHz < 10 dB HL and
THpp, 4 ki, < 25 dB SPL. Older normal-hearing (oNH) or hearing-impaired
(oHI) groups had a PTA upto 4 kHz < or > 20 dB HL, respectively. We
applied a more stringent criterion for selecting participants for the control
100 group compared to the original selection of young normal-hearing study par-
ticipants. Our aim was to minimize the risk of OHC damage as much as
possible for the conclusions drawn in our study. As a result, two participants
from the young normal-hearing group were excluded from the control group
based on their THpp 4 ki, Their datapoints were, however, included in the
15 multiple regression analysis conducted across all individuals, and were identi-
fied with distinct markers in the corresponding regression figures. Finally, for
certain sections of the post-hoc analysis, the entire population was divided
into groups with either normal (NH DP) or impaired (HI DP) otoacoustic
emission thresholds, reflecting THpp, 4 i, < or > 25 dB SPL, respectively.
200

Pure-tone audiometric thresholds were collected for frequencies be-

12
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tween 0.125-8 kHz using Sennheiser HDA200 headphones and a clinical au-
diometer AT900 (Auritec). Figure 1 shows audiograms of the tested ears
(the right ear was used in 10 yNH, 11 oNH and 10 oHI subjects). The test
25 ear was chosen based on the better of the left and right audiograms. At 4
kHz, yNH participants had a mean (+ std) threshold of 3.3 £ 3.6. The older
groups had thresholds of 11.6 + 4.0 dB HL (oNH) and 37.7 &+ 6.7 dB HL

(oHI) respectively.

210 Distortion-product otoacoustic emissions were recorded at 4 kHz to
assess OHC integrity more directly. Stimuli were presented over ER-2 speak-
ers (Etymotic Research) using foam ear tips and recordings were made using
the ER10B+ OAE microphone system (Etymotic Research) and custom-
made MATLAB scripts (Mauermann, 2013). Two pure tones (f;, fs) were

25 simultaneously presented at a fixed fy/f; ratio of 1.2 using a primary fre-
quency sweep method (Long et al., 2008). Frequencies were exponentially
swept up (2 s/octave) over a 1/3" octave range around the geometric mean
of 4 kHz. L; levels followed the Scissors paradigm (L;=0.4 Ly+39; Kummer
et al., 1998) given a primary Ly level of 30-60 dB SPL in steps of 6 dB (in

20 OHI listeners, Los of 66 and 72 dB SPL were additionally collected). The
distortion component (Lpc) was extracted using a sharp 2-Hz-wide least-
squares-fit filter and the center frequency of the measured frequency range
was used to construct Lpc growth functions. Individual Lpc data points

and their standard deviations were used in a bootstrapping procedure to

13
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»s fit an adapted cubic function through the Lpc datapoints as described in
Verhulst et al. (2016a) to yield the DPOAE threshold (THpp) and its stan-
dard deviation. Lp¢ growth functions typically increase monotonically or
saturate with increasing Ly (Mauermann & Kollmeier, 2004; Abdala et al.,
2021). We thus constrained our bootstrapping procedure to only include ran-

20 dom Lpc draws (i.e. from within the confidence interval of each mean Lpc
measurement point) to impose monotonous growth in each Lpc (Lg,b) boot-
strap run. We used an automated algorithm which eliminated adjacent data
points at either end of the growth function (never intermediate points) that
compromised monotonicity. THpp was determined in each bootstrap run

235 as the Ly at which the extrapolated fitting curve reached a level of -25 dB
SPL (Neely et al., 2009). This bootstrapping procedure yielded the median
threshold (THpp) and its standard deviation. THpp of two yNH partici-
pants with reasonable growth functions but very low thresholds (-30.9, -5.4
dB SPL) were set to 1.5-times the interquartile range (IQR) of the yNH

20 THpp threshold distribution (-4.3 dB) to avoid high-leverage data-points.
Audiogram and DPOAE thresholds at 4 kHz showed similar trends across
groups and a significant correlation (p = 0.84; p < 0.0001, n = 44). This
latter observation corroborates earlier results of a large cohort study (Boege
& Janssen, 2002), and supports the notion that both metrics assess hearing

25 sensitivity.

14
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Envelope-following-response marker of cochlear synaptopathy

Stimulation. EFRs were recorded to two amplitude-modulated pure-

tone stimuli with the same carrier frequency (f = 4 kHz) and rate (f,, =

x0 120 Hz, starting phase (¢) of 2F). The only difference between the stimuli
was their envelope shape: the SAM stimulus had a sinusoidal modulator
(Eq.1), as commonly used in animal studies of CS (e.g., Shaheen et al.,
2015; Parthasarathy & Kujawa, 2018) while the second modulator was a
rectangular-wave with a duty-cycle (7) of 25% (RAM; Vasilkov et al., 2021).

s A modulation depth (md) of 0.95 (95%, -0.45 dB re. 100%) was applied.
MATLAB?’s ’square’ function was adopted to create the RAM stimulus, and

both stimuli are formulated as follows:

SAM : w(t) = [1 + md - sin (27f,,t + )] sin (27ft) (1)

RAM : y(t) = [2+ 2md - m(t)] sin (27ft) , with

d'fm_l
¥ ¥
D=2 lu(t-tu—n+)—u(t-fy—n+>—r)| -1 and
m(t) nz:;) u nto-)-u nto T an
0,p <0,
ulp] = (unit step function)
Lp=0,

(2)

Figure 2 depicts two cycles of each stimulus type. Stimuli were windowed

15
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using a 2.5% tapered-cosine window, had a duration (d) of 0.4 seconds and
0 were repeated 1000 times each (500 per polarity). The inter stimulus interval
consisted of a uniformly distributed random silence jitter (100 ms &+ 10 ms).
The SAM tone was presented at 70 dB SPL and the RAM stimulus at the
same peak-to-peak amplitude, which corresponded to 68 dB SPL. A previ-
ous study compared a broad range of possible ABR and EFR markers of CS
s (Vasilkov et al., 2021), and we selected the most promising RAM stimulus

for use in the present study.

EFR recordings and analysis. Recordings took place in a double-
walled electrically shielded measurement booth (IAC acoustics) and partici-

70 pants sat in a reclining chair while watching a silent movie. EEG signals were
recorded using a 64-channel cap with equidistant electrode spacing (Easycap)
and active Biosemi Ag/AgCl electrodes were connected to a Biosemi ampli-
fier. A sampling rate (f5) of 16384 Hz and 24-bit analog-to-digital conversion
were used to store the raw data traces. A common-mode-sense (CMS) ac-

s tive electrode was placed on the fronto-central midline and a driven-right-leg
(DRL) passive electrode was placed on the tip of the nose. Reference elec-
trodes were placed on each earlobe. Electrode offsets (DC values of the com-
mon mode signal) were kept below 25 mV. Stimuli were generated in MAT-
LAB (R2015b) at a sampling rate of 48 kHz and calibrated using the same

20 equipment as for the speech recognition test (ear simulator type 4157 (Briiel

& Kjeer) for insert earphones). A Fireface UCX sound card (RME) and
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TDT-HB7 headphone driver (Tucker-Davis) were used to drive the ER-2 in-
sert earphones (Etymotic Research) using the open-source portaudio playrec
ASIO codec (Humphrey, 2008). Stimuli were presented monaural to the test

285 €ar.

Raw EEG recordings were extracted in Python (version 2.7.10 | Anaconda

2.3.0 (64-bit), (www.python.org) and MNE-Python (version 0.9.0; Gramfort

et al., 2013, 2014) and all channels were re-referenced to the offline-averaged

200 earlobe electrodes. Data were epoched in 400 ms windows starting from the
stimulus onset and baseline corrected by the average amplitude per epoch.
We only present results from the vertex channel (Cz) in this study which is
known to yield good signal strength for subcortical auditory sources (Picton,
2010).Pre-processing was performed in MATLAB (R2014b). The EFR esti-

205 mates for each stimulus condition and participant were computed based on
the energy at the modulation frequency and its first four harmonics (ho-hy =

k x f,,, k=[1..5]) to account for all envelope related energy in the EEG signal
(Vasilkov et al., 2021). Equation 3 was used in a bootstrap routine to obtain

the mean EFR amplitude and corresponding standard deviation (Zhu et al.,

300 2013)
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B
1 1 )
EFR = 5 peak-to-peak of (E E (Wb)) , with

b=1

1 N-1
W= =Y (Fup—NF,;) e |,
(NZ% ®)

kf,,
if n £ f_N’ then F,,;,, NF,, , = 0, for k = [1..5]

where N corresponds to the length of the magnitude spectrum. The
process is visualized in Fig. 3. First, a mean spectral estimate of the EEG

205 recording for each frequency component (n) was computed by averaging the
complex discrete Fourier transform values of 1000 randomly drawn epochs
using 500 epochs of each polarity (with replacement) in each bootstrap run

(b; Fup). Epochs were windowed using a 2% tapered-cosine window before
the frequency-domain transformation. The electrophysiological noise floor

a0 (NF,p) at frequencies hy-hy was computed as the average magnitude of the
ten frequency-bins surrounding the respective frequency (five bins each side).
The noise floor estimates were then subtracted from the signal components
ho-hy, to yield peak-to-noise floor (PtN, ;) magnitude estimates (see Fig. 3,
left panels). All frequency components apart from the harmonic frequencies

a5 (ho-hy) were removed from the spectrum before it was transformed back to
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the time domain using the inverse discrete Fourier transform and the original
phase information (6,) of the harmonic frequencies. This procedure was
repeated 200 times to yield Wy, b = 200 reconstructed time-domain estimates
of the EFR waveform. The W), waveforms were then averaged and the EFR
30  was defined as half the peak-to-peak amplitude of the averaged reconstructed
time-domain waveform (see Fig. 3, left panels - reconstructed EFR). The
metric defined in Eq.3 corresponds to the EFR peak-to-noise-floor amplitude

and is further referred to as the EFR amplitude (in V) or our EFR marker.

Budgerigar EFR recordings and Kainic-acid induced synaptopathy

325 EFRs were also recorded in eighteen young adult budgerigars (Melopsit-
tacus undulatus), approximately two years of age, before and after induction
of CS using kainic acid (KA). The budgerigar is a small parrot species with
human-like behavioral sensitivity to many simple and complex sounds in op-
erant conditioning studies (Dent et al., 2000; Dooling et al., 2000), and was

;0 selected based on its use in ongoing behavioral studies of CS (Wong et al.,
2019). All procedures were performed at the University of Rochester and
approved by the University Committee on Animal Resources. Three animals
were tested before and after KA administration and monitored over time,
whereas the others in the cohort either belonged to a control or KA group.

15 KA is a glutamate analog that damages cochlear afferent synapses between
hair cells and auditory-nerve fibers through excitotoxicity in mammals and

birds (Bledsoe et al., 1981; Pujol et al., 1985; Zheng et al., 1997; Sun et al.,
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2001). In budgerigars, bilateral cochlear infusion of KA has been shown to
permanently reduce ABR wave-I amplitude by up to 70% without impact-
s ing behavioral audiometric thresholds or DPOAEs generated by sensory hair
cells (Henry & Abrams, 2018; Wong et al., 2019). We used the methods
described in Henry & Abrams (2018); Wong et al. (2019) to induce synap-
topathy in budgerigars. Briefly, animals were anesthetized with ketamine
(5-6 mg/kg) and dexmedetomidine (0.1 mg/kg; subcutaneous bolus injec-
us tion) and placed in a custom stereotaxic device. Ketamine/dexmedetomidine
were administered subcutaneously for anesthetic induction, but anesthesia
was maintained throughout the surgery (approximately 1-2 hours) by a con-
tinuous anesthetic infusion pump (Razel Scientific; Fairfax, VT, USA). The
middle-ear space was accessed surgically using a posterior approach to ex-
0 pose the basal prominence of the cochlear duct, where a 0.15-mm diameter
cochleostomy was made using gentle rotating pressure on a small manual
drill. Thereafter, 2.5 puL of 2-mM KA (Abcam ab 144490; Cambridge, UK)
in hanks balanced salt solution (Sigma-Aldrich H8264; St. Louis, MO, USA)
was infused into cochleostomy over 90 seconds using a microinjection nee-
s dle. Compound action potentials of the auditory nerve were recorded before
and after infusion in response to clicks. Excitotoxic synaptic injury was con-
firmed by observing >90% reduction of compound action potentials within
10-20 minutes following KA exposure. The left and right ears were treated
with KA during different surgical procedures four weeks apart to minimize

w0 operating time and to avoid excessive anesthetic exposure. DPOAEs were
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recorded using a swept-tone paradigm (see Wong et al., 2019) before and
after surgeries to confirm no adverse impact of the procedures on sensory
hair cells. Prior to KA exposure, wave-I amplitude of the ABR in response
to 90-dB p.e. SPL clicks was 24.56 4+ 2.31 ¢V in animal K20 and 23.69 +
s 2.60 ¢V in animal K25 (means £ SD). Reduction of wave I, based on ABRs
recorded four or more weeks post KA (during the steady-state period), was
68.5% in animal K20 and 64.9% in animal K25. EFRs were measured at
two to three time points before kainic acid exposure at four time points af-
ter (4, 6, 8, and 12 weeks) the second infusion. Repeated measurements
s assessed within-subject variability of responses, since synaptic injury is rel-
atively stable one month following KA exposure (Sun et al., 2000; Henry &
Abrams, 2018; Wong et al., 2019). Anesthesia was performed as described
above using ketamine and dexmedetomidine (for recording sessions, anes-
thesia was only administered subcutaneously), and body temperature was
ss maintained in the normal range for this species of 39-41 degrees C. Stimuli
were generated in MATLAB (The MathWorks, Natick, MA, USA) at a sam-
pling frequency of 50 kHz and converted to analog using a data acquisition
card (PCle-6251; National Instruments, Austin, TX, USA), which also digi-
tized response activity using the same internal clock. Stimuli were presented
30 free-field through a loudspeaker (MC60; Polk Audio, Baltimore, MD, USA)
positioned 20 cm from the animals head in the dorsal direction (the rostral
surface of the head faced downward in the stereotaxic apparatus; thus the

loudspeaker and animal were located in the same horizontal plane). Level
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was controlled digitally (by scaling stimulus waveforms in MATLAB) and
;s by up to 60 dB of analog attenuation applied by a programmable attenuator
(PA5; Tucker Davis Technologies, Alachua, FL, USA). Calibration was based

1»

1 precision microphone (model 4938; Briiel and Kjeer,

on the output of a
Marlborough, MA USA) in response to pure tones. Electrophysiological ac-
tivity was recorded differentially between a stainless steel electrode implanted

w0 at the vertex (M0.6 threaded machine screw; advanced through the skull to
the level of the dura) and a platinum needle electrode (model F-E2; Natus
Manufacturing, Gort, Co. Galway, Ireland) inserted at the base of the skull
near the nape of the neck. A second needle electrode in the animal’s back
served as ground. Activity was amplified by a factor of 50,000 and filtered

305 from 30-10,000 Hz (P511; Grass Instruments, West Warwick, RI USA) prior
to sampling (50 kHz) by the data acquisition card.

Stimuli were SAM and RAM tones presented at 75 dB SPL with 10-ms
cosine-squared onset and offset ramps, 300-ms duration, and a 130-ms silent
interval between successive stimuli. Carrier frequency and modulation fre-

w0 quency were 2830 Hz and 100 Hz, respectively, and the polarity of the carrier
signal was alternated between stimulus repetitions. Depth of modulation was
100%, and the duty-cycle for RAM modulation was fixed at 25%. Responses
to 300 repetitions of the same stimulus (including both polarities) were aver-
aged to produce each EFR waveform and amplitude, following the procedure

s described in Eq.3.
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Statistical and post-hoc analysis

To disentangle the effects of CS and OHC damage on the EFR markers
and speech reception thresholds, we considered both the dataset as a whole
in a multiple regression analysis (n=44), as well as performed group statistics

so using subgroups. These subgroups included the yNHontror group (n=13) and
the recruited age-matched oNH (n=16) or oHI groups (n=13) when investi-
gating main effects of age and OHC damage respectively. It is noted once
more that two recruited yNH participants did not meet the strict yYNHcontrol
post-hoc criterion for normal DPrys, causing them to be omitted from the
a5 YNHeontrol group in the statistical group analysis but leaving them included
in the regression analysis on the whole dataset. In our grouping analysis,
we also considered the pooled older group (n=29) when investigating main
effects of age-related CS in comparison to the yNHontro1 group, and post-hoc
separated the older group into subgroups with normal or impaired THpps

20 when parsing out effects of OHC damage.

The ’SciPy’ python package for scientific computing (Oliphant, 2007;
Millman & Aivazis, 2011) was used for two-sample inference statistics. All
correlations reported refer to the Pearson correlation coefficient (r) if both

w5 variables were normally-distributed, otherwise the Spearman’s rank correla-
tion coefficient (p) was reported. The R programming environment (R Core
Team, 2019) and 'lsmeans’ package (Russell, 2016) was used for analyses of

variance (ANOVA) and regression analyses. Reported p-values for multiple
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comparisons were Bonferroni adjusted to control for the family-wise error

430 Tate.

Partial spearman correlation analyses were conducted using the "PResid-
uals’ package (Dupont et al., 2018) and partial pearson correlations were per-
formed using the 'ppcor’ package (Kim, 2015). Additionally, we performed

a5 commonality analysis using the ’yhat’ package (Nimon et al., 2008). Com-
monality analysis combines linear regressions on the dependent variable and
allows for the decomposition of the explained variance (R?) of the linear pre-
dictors into subcomponents explained by the unique and the common /shared
variance of predictors and all their possible combinations (Newton & Spurrell,
a0 1967). This technique also works in the presence of multicollinearity (Ray-

Mukherjee et al., 2014).

Results

Envelope-following-response sensitivity to cochlear synaptopathy

a5 Panels C and D in Fig. 3 show the effect of KA on budgerigar SAM and
RAM EFR magnitude spectra and reconstructed waveforms, respectively.
Energy at all stimulus repetition frequencies and harmonics was reduced after
KA administration (left panels), leading to an overall reduction in the recon-
structed EFR waveform and its corresponding amplitude (right panels). EFR

s0 amplitude reductions occurred consistently across the three longitudinally-

24


https://doi.org/10.1101/2020.06.09.142950
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.09.142950; this version posted April 30, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

monitored budgerigars (Fig.4A), and was attributed to a histology-verified
reduction in auditory-nerve peripheral axons and cell bodies (Fig.4B). The
histology confirms that KA introduces cochlear synaptopathy in budgeri-
gars, and the additionally performed DPOAE analysis in Wang et al. (2023);
s Wilson et al. (2021) furthermore demonstrates the selectivity of KA to AN
synapses and cells without damaging the OHCs. As Fig.4A depicts, EFR
amplitude reductions occur instantly after KA administration, and recover
slightly to an overall reduced amplitude over the following weeks.
The post-KA EFR amplitudes shown in Fig.4C correspond to average
wo EFR amplitudes over the different post-KA measurement time points for each
animal (i.e., a minimum of 4 different recordings per animal) and are com-
pared to control EFR amplitudes. Connected lines refer to data points stem-
ming from the same budgerigar, and SAM and RAM EFRs were recorded
during the same session. KA reduced the SAM and RAM magnitudes sig-
s nificantly (d.f. = 19, tgam=2.8, p=0.006 and tram=6.72, p<le-5), and the
effect size was greater for the RAM than SAM stimulus (Cohens dgay= 1.3
dram=3.1). The latter observation relates to the almost five-times larger pre-
KA RAM amplitudes. These recordings confirm the positive effect the stimu-
lus envelope has on the EFR signal-to-noise ratio. Single-unit AN recordings
a0 show more synchronized AN responses to faster-rising stimulus envelopes
(Dreyer & Delgutte, 2006), and the AN and EFR model simulations per-
formed in Vasilkov et al. (2021) show that this effect also impacts the neural

generators of the EFRs. We conclude that the RAM EFR is a sensitive and
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selective non-invasive marker of cochlear synaptopathy in budgerigar and
a5 that the RAM EFR has an improved sensitivity over the SAM EFR in iden-
tifying individual differences in CS. This renders the RAM EFR a suitable
candidate for use in human studies for whom the intrinsic EEG signal-to-

noise ratio is inherently smaller than in research animals.

Human EFR recordings: OHC and age-related deficits

480 Figure 4D depicts human SAM and RAM EFRs for yNH control (white
symbols) and older subjects (gray symbols) with or without hearing sensi-
tivity loss based on the THpp above 25 dB SPL criterion. The human EFR
amplitudes are in agreement with both model predictions (Vasilkov et al.,
2021) and budgerigar findings (panel C) in showing overall 3.7 times larger

s RAM than SAM amplitudes. Older subject showed SAM and RAM EFR
amplitude reductions in the order of 6 and 47%, respectively. Only the
RAM EFR reduction was significant (d.f. = 40, t=3.92, p=0.0004) in older
listeners, and can be interpreted as caused by age-related cochlear synap-
topathy. However, humans differ from the KA budgerigar model of CS in

a0 that it cannot be excluded that our human cohort had other forms of SNHL
that interacted with the RAM EFR marker of CS. Prior model simulations
of the EFR generators showed that for the RAM stimulus, a potential con-
founding effect of OHC damage is eliminated at the level of individual AN
responses and limited to 5-10% of the total EFR response. Simulated SAM

w5 EFRs were more sensitive to coexisting OHC damage, as the SAM stimulus
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affected individual AN responses considerably (Fig.1 in Vasilkov et al., 2021).

To investigate the potential influence of OHC-damage on an age-related

CS interpretation of the observed EFR reductions, we divided our human sub-

s0 jects into groups with either normal (DP<25) or impaired (DP>25) hearing
sensitivity at 4 kHz, i.e., the carrier frequency of the EFR stimulus. Fig-
ure 4D illustrates that among the listeners with normal THpps below 25 dB
SPL, the RAM-EFRs of the younger subjects (white symbols) were signif-
icantly larger than the older listeners (d.f. = 17, t=3.9, p=0.0005). Even

ss though there were only two young subjects in the DP>25 group, their EFR
amplitudes were significantly larger than those of the older subjects (gray
symbols) in the same group (d.f. = 23, t=9, p=0.0021). At the same time,
there were no significant EFR amplitude differences between the older sub-
jects with normal or impaired THpps (d.f = 27, t=1.1, p=0.29), implying the

s mean THpp difference of 20.9 dB between the groups had no effect on the
EFR amplitude in the older group. Taken together, these findings support an
age-related CS interpretation of the RAM-EFR reductions observed in the
older human subjects. Going further, we investigate the degree to which the
RAM-EFR marker can predict speech intelligibility declines in older listeners.

515
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Speech recognition thresholds
Individual and group speech reception thresholds (SRTs) are depicted in
Fig.5 for quiet (SiQ; panel A) and noise (SiN, panel B) backgrounds. For
each filtered condition, SRTs of the yNHconiro1 group are compared to the
s20 older group, which was further subdivided into oNH and oHI study groups.
The pooled data is also shown as a post-hoc separation into subjects with

normal or impaired 4-kHz THpps.

A two-way (3x3) mixed-design ANOVA analysis investigated the role of
s participant group (yNHeontrol, ONH, oHI) and filter-condition (LP,HP,BB) on
the SRT (Table 1). Apart from significant main effects of group (SiQ: F 2 39
= 32, p < 0.0001; SiN: F(539) = 32.6, p < 0.0001) and filter-condition (SiQ:
F(o,78) = 475.84, p < 0.0001; SiN: F(5 7y = 714.8, p < 0.0001), the interaction
terms were also significant (SiQ: F4s2) = 30.34, p < 0.0001; SiN: F4 g0y =
s 18.34, p < 0.0001), indicating that group SRTs were differently affected by
the filtering. The analysis was repeated for a different grouping using the
YNHcontror group and THpp = 25 dB criterion to divide the older listeners
into a normal or hearing-impaired subgroups, but the outcomes remained the
same.
535
To investigate whether the quiet or noise background affected the group
results, the SRTs were standardised using z-scores and included in a 3x6

mixed-design ANOVA. A subsequent pairwise post-hoc comparison (Bonfer-
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roni corrected, 153 tests), showed that adding background noise particularly
s affected the performance of the oNH group in the LP condition (t=-9.8,
p<0.0001), in line with how age-related synaptopathy can be expected to
affect speech processing in the presence of normal thresholds. The other con-
ditions and groups did not show significant z-score differences when adding
the noise, pointing to a noise-robustness in the yNHconio1 group and a pos-
sss sible dual degraded SRT performance in the oHI group. Support for this
latter statement stems from the observation that the SRTgiq.np was signif-
icantly different between the oNH and oHI groups (t=7.07, p<0.0001) and
the oNH group performed as poorly as the oHI group in the SRTsijn.yp con-
dition (t=3.5, p=0.16), while the oNH performed significantly poorer than

50 the YNHcontror group in both conditions (p<0.0001).

A cursory examination Fig.5 further reveals that the SRTyp was overall
worse than SRTpp. This effect was not dependent on the use of background
noise, which indicates that German speech intelligibility relies more on the

sss speech frequency information below 1.5 kHz. In all tested conditions, the
older group had worse SRT's than the yNHontr01 group, and when considering
the SRT's of NHpp and Hlpp groups, it is clear that the younger participants
(white markers) had the best SRTs in each subgroup. This indicates that
age had a stronger effect on the SRT than did the THpp, and this bears
sco resemblance to the earlier observed trends for the RAM-EFR amplitudes.

Next, we investigate whether there is a relationship between individual speech
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intelligibility and the RAM-EFR marker of CS.

Table 1:
SiQ (yNHcontro1,oONH,0HI) | Df Sum Sq Mean Sq F P
Filter(BB,LP,HP) 2 10641 5320 47548 < 2e-16 ***
Group:Filter 4 1358 340 30.34  3.15e-15 ***
Residuals 78 873 11
SiN (yNHeontro1,0NH,0HI)
Filter(BB,LP,HP) 2 1540.5  770.3 714.76 < 2e-16 ***
Group:Filter 4 791 19.8 18.34  1.17e-10 ***
Residuals 78 84.1 1.1

Results of a two-way ANOVA analysis conducted in R using group (yNH, oNH,
oHI) and filter condition (BB, LP, HP) as predictor variables and the SRT-in-
quiet (SiQ) or SRT-in-noise (SiN) as the outcome variable.

Speech reception thresholds: individual differences
Figures 6 and 7 depict the relationship between RAM (top) or SAM (bot-
sss tom) EFR amplitudes and SRTg;q or SRT;n, respectively. Overall, the SRT
related most strongly to the RAM, not SAM, EFR amplitude. After cor-
recting for multiple comparisons (n=12, p<0.0042), all SRTg;q conditions
correlated significantly to the RAM EFR, while for the SRTgn conditions,
only the BB and HP condition remained significant. This illustrates that as
s the EFR marker became more sensitive to detect individual CS differences
(RAM vs. SAM), the marker became better at predicting individual speech

recognition differences. Secondly, the EFR markers particularly targeted
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TENV coding mechanisms given its 4-kHz carrier frequency. Consequently,
it better predicted the SRTyp than SRTp. To support a hypothesis wherein
s RAM EFR and SRTs are simultaneously affected by an underlying CS cause,
it is necessary to rule out other factors that may have affected their relation-
ship. Such confounding factors relate to aspects which only impact speech
recognition (e.g., aging) but not the RAM EFR, or to a dominance of other
inter-correlated SNHL pathologies (e.g., OHC damage) which could drive

se0  both metrics in the relationship.

The role of OHC damage and age in predicting the SRTyp

To factor out the mediating effect of OHC damage on the strongest ob-
served relationship between the RAM EFR and SRTsn.pp, we computed
partial correlation coefficients to control for THpp. The relationship between

sss. RAM EFR and SRTg;N decreased from p = -0.73 to -0.45 but remained sig-
nificant (p < 0.006, n = 44). For the SRTgq, the significant relationship
disappeared (p = -0.26, p = 0.11), reflecting a dominant influence of hearing
sensitivity on processing speech in quiet. When correcting for THpp in the
subgroup with normal hearing thresholds, the correlation remained strong
s (psin = -0.82 , p < 0.0001 and psiq = -0.60 , p < 0.017, n = 19), suggesting
that for people with normal hearing sensitivity, the RAM EFR marker is a
good predictor of individual speech recognition. The correlation disappeared
completely when considering only older listeners (n=29). The individual

variability in SRTs was rather large compared to that of the RAM EFRs in
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sos this subgroup, which could be interpreted as follows: for those with similarly
(large) degrees of CS, OHC damage is the dominant factor affecting both

metrics in the relationship.

Aging could have affected the SRT and RAM EFR differently, hence we

s0 considered its independent contribution. Whereas a prominent age effect was
observed on the RAM EFR when pooling the data (p = -0.66, p<0.0001,
n=44), the age effect disappeared when considering the subgroup of older
participants. At the same time, there was only a weak age effect within the
YNHeontrol Subgroup (p = -0.57, p<0.041, n=13). These results indicate there

es 18 a general age-related trend for CS exists, whereas two individuals within

the same age decade can still have different degrees of CS.

A role for CS in predicting the HP SRT

Table 2 shows the results from a multiple regression and commonality
s0 analyses which considered the entire cohort (n=44) and three independent
variables RAM EFR (8;), THpp (f2) and age (f3) using the following equa-

tion for the dependent variable SRTgin.gp:

SRTsin-up = Bo + f1 * RAM EFRpin + B2 * THpp + B3 * Age +e. (4)

When considering the variables separately, all had a significant impact on

SRTsin.gp with R? in range of 0.59 (RAM EFR), 0.49 THpp and 0.38 (Age),
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e1s respectively. Because Age is not independent from either RAM EFR nor
THpp, its inclusion into any considered multiple regression analysis always
dominated the model. The only regression model that considered peripheral
hearing factors without general age effects, indicates that the RAM EFR was
the stronger predictor of SRTgin.gp (p<0.001 with unique contribution of
620 30.37%) over the THpp. Adding more weight to the statistical independence
of these two independent variables in the regression model, we earlier showed
that the RAM EFR was not significantly different between older groups with
normal or impaired audiograms. Secondly, auditory model simulations of the
human EFR generators performed in Vasilkov et al. (2021); Van Der Biest
o5 et al. (2023) show that simulated OHC damage only has a 5-10 % impact on
the 4-kHz RAM EFR amplitude whereas CS heavily impacts the response
(upto 81%). Taken together, the RAM-EFR marker has an independent and
strong contribution in explaining the individual variability in SRTgin.gp.
Speech processing in quiet is not to the same degree impacted by CS
630 than is speech processing in background noise. Even though both HP-filtered
conditions rely mostly on TENV processing, which in several animal studies
has been shown to be compromised due to synaptopathy (Parthasarathy &
Kujawa, 2018; Shaheen et al., 2015), the relationship between the RAM-EFR
marker of CS and SRTgqnp is weaker compared to that with SRTgin.mp.
35 As the multiple regression analysis for SRTgqup in Table 3 shows, THpp
becomes the dominant predictor of performance when both SRTgiq.np and

RAM-EFR are considered. This confirms a strong relation between SRTgiq
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and audibility or OHC integrity (Festen & Plomp, 1983; Papakonstantinou
et al., 2011), whereas SRTgn.yp performance may be much more driven
s00 by supra-threshold TENV deficits associated with (CS-induced) temporal

coding deficits (Lopez-Poveda & Barrios, 2013).
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Table 2:
SRTsin.pp | R?  Adj. R?  F (df,dfy) p parameters unique common
RAM EFR | 0.49 0.47 39.63 (1,42) <0.0001 B;=-32.31%**
€=5.01%**
THpp 0.38 0.36 25.84 (1,42) <0.0001 (Bo=0.12%**
e=-1.24
Age 0.59 0.58 59.87 (1,42) <0.0001 B3=0.12%**
€=-3.86***
RAM EFR | 0.62 0.60 33.57 (2,41) <0.0001 (1=-12.82. 5.34% 72.85%
Age B3=0.09%** 21.81%
e=-1.11*
THpp 0.61 0.58 31.9 (2,41) <0.0001 B2=0.04 3.46% 59.12%
Age Ba=0.1%%%  37.42%
€=-3.94***
RAM EFR | 0.55 0.53 24.76 (2,41) <0.0001 B;=-23.65%** 30.37% 58.38%
THpp B>=0.06* 11.26%
€=2.50%*
RAM EFR | 0.63 0.6 22.99 (3,40) <0.0001 (;=-11.18 3.82% 49.04%
THpp £2=0.03 1.90% B1 & Ba: 1.42%
Age By=0.08%%  13.57% Ba & Ba: T.82%
e=-1.53 B1 & Bs: 22.43%

Regression models for SRTgp in noise. Significance codes: *** : p<0.001, ** : p<0.01, * : p<0.05, . :
p< 0.1
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Table 3:
SRTsiqup | R? Adj. R* F (df;,df;) p parameters unique common
RAM-EFR | 0.38 0.36 25.33 (1,42) <0.0001 B;=-102.68***
€=54.52%**
THpp 0.52 0.51 46.21 (1,42) <0.0001  Bo=0.50%**
€=30.87***
Age 0.56 0.54 52.41 (1,42) <0.0001 B3=0.43%**
€=24.28%**
RAM-EFR | 0.56 0.54 26.26 (2,41) <0.0001 (37=-20.34 1.14% 64.85%
Age B3=0.38*** 33.01%
€=28.63***
THpp 0.65 0.63 37.94 (2,41) <0.0001 (B2=0.28** 14.49% 66.21%
Age B3=0.27*** 19.30%
€=23.63%**
RAM-EFR | 0.57 0.55 27.57 (2,41) <0.0001 [;=-46.71%* 8.67% 56.92%
THpp B,=0.38%%%  34.42%
€=38.24***
RAM-EFR | 0.65 0.62 24.7 (3,40) <0.0001 B1=-4.40 0.04% 49.32%
THpp B2=0.28** 13.54%  B1 & B2: 0.94%
Age B3=0.26** 11.69% B2 & P3: 16.86%
€=24.59*** B1 & B3: 7.61%

Regression models for SRTyp. Significance codes: *** : p<0.001, **
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Discussion

Understanding how different aspects of sensorineural hearing damage con-
tribute to speech recognition deficits is still a major unsolved problem in

&5 hearing science, especially given the challenges associated with diagnosing
synaptopathy non-invasively in humans (Plack et al., 2016; Hickox et al.,
2017; Kobel et al., 2017; Bramhall et al., 2019). However, we have to con-
sider synaptopathy as an important facet of SNHL based on animal and
human temporal-bone studies on the progression of synaptopathy with age

0 (Sergeyenko et al., 2013; Parthasarathy & Kujawa, 2018; Wu et al., 2018).
This importance is further supported by the observation that synaptopathy
sets in before OHC damage after noise-exposure (e.g. Kujawa & Liberman,
2009; Fernandez et al., 2015). Combined, these studies project its prevalence

to largely exceed the WHO-estimated 5.3% world population, who suffer from

ess a disabling hearing loss as diagnosed audiometrically (Stevens et al., 2013;

WHO, 2019).

A role for synaptopathy in speech intelligibility deficits
Using a multiple regression and commonality analysis, we described to
which degree two aspects of SNHL (synaptopathy and OHC-damage) were
s0 able to explain individual speech reception thresholds. We considered a
DPOAE threshold variable as a well-known marker of OHC damage (e.g.
Davis et al., 2005) and a RAM-EFR variable as a marker for the individ-

ual degree of synaptopathy. Model simulations and experimental findings
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provided theoretical and circumstantial evidence that the two variables in-
ess cluded in the regression analysis can be treated as independent markers of
OHC damage and synaptopathy, respectively. Model simulations were cru-
cial to the argument that the 4-kHz RAM-EFR marker is maximally sensitive
to synaptopathy, even in the presence of co-existing OHC deficits (Vasilkov
et al., 2021; Van Der Biest et al., 2023). We used these model simulations
s0 in combination with an experimental KA-induced synaptopathy approach to

also establish the specificity of our RAM-EFR marker to CS.

Our human RAM-EFR results corroborate animal research findings which

relate deficits in temporal coding at the earliest neural stages of the auditory

s pathway to progressive/noise-induced CS (Parthasarathy et al., 2014; Fer-
nandez et al., 2015; Shaheen et al., 2015; Parthasarathy & Kujawa, 2018).
Specifically, our results show an age-related decline in EFR amplitudes, even

in the absence of OHC damage. By removing the low frequency content from
the speech material to target TENV coding mechanisms in the behavioral

s0 task, we may have exacerbated the compromising effect of synaptopathy on
speech recognition, as it is well known that TENV information is crucial for

speech comprehension (Shannon et al., 1995; Ding & Simon, 2012).

Our speech recognition results fell in line with this prediction, as the
s performance-difference between the oNH and oHI group decreased from the

SiQ to SiN condition, but only for the high-pass filtered speech material
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(Fig. 5). In line with the prevailing hypothesis that CS would affect supra-
threshold SiN coding more so than SiQQ coding, we showed a strong predictive
power of the RAM EFR on the high-pass, but not low-pass, filtered speech-
s0 in-noise recognition test. The perception of the low-pass filtered condition
may have been influenced by competing perceptual cues such as temporal-
fine-structure cues from cochlear CF regions < 1 kHz (Lorenzi et al., 2006)
that were not captured by the RAM-EFR marker. Lastly, individual SiQ
performance was more strongly predicted by the 4-kHz DPOAE threshold as
es a proxy of OHC integrity than by the RAM-EFR marker, suggesting a lesser
impact of CS when the behavioral task is easier. Based on these results, we
conclude that age-related synaptopathy plays an important role for speech

intelligibility in noise.

The role of OHC damage in speech intelligibility declines

700 As permanent OHC damage is preceded by synaptopathy in the general
aging process (Sergeyenko et al., 2013; Fernandez et al., 2015; Parthasarathy
& Kujawa, 2018) or after noise exposure (Kujawa & Liberman, 2009; Furman
et al., 2013), markers of OHC damage might also be a predictor of synaptopa-
thy. Even though these two pathologies are unrelated in their pathogenesis
705 and differ in their consequences on auditory processing, they share some of
the same risk factors (e.g. age, noise exposure) and can both have an im-
pact on EFR strength (Garrett & Verhulst, 2019). So even if the RAM-EFR

marker primarily captures synaptopathy-related information (as the model
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simulations and KA-manipulations predict), its strength might still relate to
70 auditory threshold measures if people with impaired audiograms also suffer

from synaptopathy.

At the same time, the SRT performance can also be affected by both
synaptopathy and OHC damage (Hoben et al., 2017; Holmes & Griffiths,

75 2019) aspects, the latter known to result in compromised frequency selectivity
(Glasberg & Moore, 1986). This aspect may have played a role in the absence

of an EFR-SRT relationship within the oHI subgroup, wherein the SRT of

all listeners was compromised by CS, but potentially more so for those with
more severe degrees OHC damage. This effect was also seen in the group

70 analysis which showed significantly worse SRTgin.gp performance in the oHI

than yNH group.

Context with prior human studies

This study considered and minimized several aspects that have troubled

prior human studies on the causal relationship between speech-in-noise in-

s telligibility deficits and EFR markers of synaptopathy. One reason for the
mixed conclusions relates to the low sensitivity of the classically-used SAM-
based EFR metrics. We show that, in the same individuals, the RAM EFR
was overall larger, and thereby more strongly affected by KA-induced CS
than the conventional SAM-EFR (Fig.4) This results in a greater sensitiv-

720 ity of the RAM compared to SAM-EFR to detect individual CS differences
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and SRT differences (Fig.6 and 7). In addition, our prior model simulations
have shown that the 4-kHz SAM EFR is more affected by OHC damage
than the RAM EFR, reflecting a better specificity of the RAM EFR to CS
(Vasilkov et al., 2021; Van Der Biest et al., 2023). A second factor that may
75 have impacted prior studies relates to the mismatch in frequency content
and associated auditory coding mechanisms between the compared metrics
in the relationship. This mismatch may explain the absence of significant re-
lationships between sound perception and physiological markers of reduced
temporal coding in listeners with otherwise normal audiograms: Grose et al.
70 (2017); Prendergast et al. (2017); Guest et al. (2018). To ensure that the
perceptual measure was limited to the same TENV mechanisms that under-
lie the 4-kHz RAM-EFR generators, we limited the frequency content of the
speech material to frequencies above 1.65 kHz, which roughly corresponds
to the human phase-locking limit (Verschooten et al., 2015). Another aspect
s that hindered earlier studies relates to the possibility that detrimental ef-
fects of CS on auditory function might primarily be present in populations
with co-existing OHC dysfunction (Brambhall et al., 2019). This complexity
presumes that the CS marker needs to be independent from OHC damage
markers (THpp or audiogram thresholds) to investigate the independent role

0 of CS in sound perception.

Lastly, it remains difficult to dissociate general age effects from age-

related CS in human studies. Earlier reports that included older participants
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or those with extreme noise-exposure histories tended to find electrophysio-
s logical evidence for synaptopathy or reduced temporal coding fidelity in the
considered test populations (e.g. Anderson et al., 2011, 2012; Konrad-Martin
et al., 2012; Clinard & Tremblay, 2013; Schoof & Rosen, 2016; Bramhall
et al., 2017; Valderrama et al., 2018; Bramhall et al., 2021). Within this
context, our study confirms that age is inherently linked to the development
w0 of SNHL, but that the same age variable is a poor predictor of the CS degree
in our age-restricted samples (older or yNHcontro subgroups). On a more
general level, age is associated with the development of both OHC damage
(Lin et al., 2011; ISO, 2017) and CS (Schmiedt et al., 1996; Makary et al.,
2011; Konrad-Martin et al., 2012; Mohrle et al., 2016; Parthasarathy & Ku-
765 jawa, 2018) and can hence be responsible for the observed stronger age vs
RAM-EFR relationship when pooling the data across groups (p = -0.66, p
< 0.0001; n = 44). Because age was linked to all considered facets of SNHL
and its biomarkers, its inclusion in statistical models exacerbates the inter-
pretation of the unique underlying effects of CS and OHC damage.

770

Study limitations

Even though we demonstrate that the RAM-EFR marker captures synaptopathy-
related variability in a budgerigar model, and used a human group and re-
gression analysis to motivate that CS plays an important role in maintaining

75 normal speech recognition in noise as we age, it is important to note the
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limitations of our approach.
(i) Present human experimental limitations prevent us from establishing
a direct relationship between CS and speech intelligibility in live humans and
hence we need to rely on circumstantial evidence to support our conclusions.
70 On the one hand, we relied on model simulations that studied the effect of
various SNHL pathologies on the cochlear and neuronal generators of the
EFR (Vasilkov et al., 2021; Van Der Biest et al., 2023), and on the other,
we used an animal model to demonstrate the sensitivity of our EFR markers
to synaptopathy. While the convergence of model and experimental results
785 in several research studies (e.g. Verhulst et al., 2018; Encina-Llamas et al.,
2019; Keshishzadeh et al., 2020; Vasilkov et al., 2021; Buran et al., 2022)
lends credence to the validity of the model predictions for the purpose of
this study, we need to keep in mind that state-of-the-art models are a good,
but likely imperfect, representation of all cochlear and neural mechanisms
70 involved in EFR generation. At the same time, we need to consider that
species differences might pose a confound to the direct comparison between
budgerigar and human EFRs. However, neural recordings from the budgeri-
gar inferior colliculus suggest that they share similar processing strategies to
the mammalian midbrain (Henry et al., 2017).
795
(ii) All oNH participants had normal audiometric thresholds up to 4 kHz,
and DPOAE thresholds confirmed that the observed threshold differences

stemmed from OHC damage. Nevertheless, the unfiltered and high-pass
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filtered speech material included speech energy beyond 4-kHz, which implies
so that hearing sensitivity differences beyond 4 kHz may have influenced the
SRT results, whereas this influence was smaller on the 4-kHz RAM EFR.
Secondly, recent work on ANF coding (Henry et al., 2016; Encina-Llamas
et al., 2019; Vasilkov & Verhulst, 2019) has shown that for supra-threshold
stimulation, TENV information can be encoded through the tails of high-SR
ss  ANF tuning curves at basal cochlear regions. This implies that the generators
of the 4-kHz EFR may also have spanned broader generator region than
expected Encina-Llamas et al. (see also 2019). Accounting for these potential
confounds (e.g. through high-frequency masking noise) in future work might
further strengthen the relationship between RAM EFR and speech reception
g0 performance.

(iii) Significant correlations between the RAM EFR and SRTgn.gp were
only observed when pooling data from subgroups and thereby increasing
the variance in outcome measures. Within the smaller groups (yNHcontrol,
oNH, oHI), EFR-SRT relationships were only significant for the yNHcontrol

a5 group wherein OHC function was normal. The large EFR amplitude range
observed in this group corroborates findings from animal studies reporting
that synaptopathy can be exacerbated by noise exposure levels which do
not cause OHC damage (Fernandez et al., 2015). So within a yNHontrol
group, individual RAM-EFR differences might be explained by previously
g0 accrued CS. The absence of significant EFR-SRT correlations within the

older subgroups can be explained by the overall reduced EFR amplitudes
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in older listeners (Parthasarathy & Kujawa, 2018; Dimitrijevic et al., 2016;

Garrett & Verhulst, 2019), rendering it more difficult to observe coherent

correlation trends between both metrics in those subgroups (Figs. 6 and 7).

g5 Future studies considering an age-gradient across a larger cohort of study

participants may further shed light on the dynamics between age, CS and
speech intelligibility.

(iv) Pooling data from groups which differ in more than one factor can

introduce additional explanatory between-group-factors that were not con-

g0 trolled for. For example, as it is known that cognitive factors such as memory

and attention decrease with age and are linked to speech-in-noise understand-

ing (Humes et al., 2010; Humes, 2013; Yeend et al., 2017), it is likely that some

of the unaccounted variance can be attributed to these factors, especially as

our analyses included groups with considerable age differences. Nevertheless,

g5 the matrix test is designed to minimize memory effects by randomly generat-

ing word sequences and by minimizing the cognitive load through immediate

recall of just five words at a time. As EFR recordings to stimuli with high

modulation frequencies are believed to be free from top-down attention (e.g.

Varghese et al., 2015) or memory effects, the strong correlations between

a0 the RAM-EFR and SRTgn.gp scores suggest that cognitive contributions

are not a unique dominating factor, but rather interact with peripheral en-

coding deficits (Johannesen et al., 2016). We argue that for the purpose of

this study, pooling of data from different homogeneous groups is a valid, and

even necessary, approach to be able to disentangle the relative contributions
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aas  of OHC damage and synaptopathy to speech intelligibility.

Conclusion

We conclude that age-related synaptopathy is an important hearing health
issue, as we provide experimental and theoretical evidence that it strongly
affects auditory TENV coding and speech intelligibility in noise. Sensitive

so hearing diagnostics is the first and foremost step towards understanding the
role of synaptopathy for impaired sound perception. The adopted RAM-EFR
marker can be considered a robust, widely applicable and selective marker
for cochlear synaptopathy, and enabled us to draw these conclusions. With
the established finding that synaptopathy is involved in speech perception
&5 declines in aging, future therapeutic interventions that aim to compensating

for synaptopathy and its functional consequences can be developed.
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Figure 1: Pure-tone hearing thresholds (dB HL) at frequencies between 0.125-8 kHz.
Groups were based on audiogram thresholds and age (yNH: young normal-hearing, oNH:
old normal-hearing, oHI: old hearing impaired). Thick traces represent the group mean
and thin traces represent individual audiogram profiles.
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Figure 2: Two cycles of the SAM (A) and RAM (B) stimuli used for EFR recordings. The
modulation depth was 95%, modulation frequency 120 Hz, and carrier frequency 4 kHz.
The RAM stimulus had a duty cycle of 25%.
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Figure 3: Comparison between human (top) and Budgerigar (bottom) EFR recordings and
analysis for single subjects. For each species, the top row corresponds to the SAM stimulus
and the bottom row to the RAM stimulus. Time-domain responses show the filtered EEG
recording along with the reconstructed time-domain waveform that was based on five
frequency components (hg-hy) and their respective phases, following Eq.3. The reported
EFR amplitudes were extracted from the reconstructed time-domain EFR. The Budgerigar
recordings are shown for the same animal before or after Kainic-Acid (KA) administration.
Post-KA spectral peaks and reconstructed EFRs were smaller.
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Figure 4: A EFR amplitudes from three budgerigars (B132, B120, B125) before or several
weeks after the administration of kainic acid. B Representative cross sections of the
budgerigar cochlea from a control ear (left) and from an ear exposed to 1-mM kainic-
acid solution (12 weeks post exposure; right). Sections are stained for DAPI and Myosin
7A, and are from the location 50-60% of the distance from the apex to the base (=2-
kHz cochlear frequency; see Wang et al., 2023). Kainic-acid exposure causes marked
reduction of auditory-nerve (AN) peripheral axons and cell bodies in the AN ganglion,
without impacting the hair-cell epithelium. C Boxplots and individual data points of the
budgerigar SAM and RAM EFR amplitudes before or after KA-administration. Connected
lines correspond to data from the same animal. D Boxplots and individual data points
of human SAM and RAM EFR amplitudes. Younger subjects are marked with white and
older subjects with gray symbols. Data is show for different subgroups based on age or
normal or impaired THpps.
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Figure 5: Speech reception thresholds for the OLSA matrix sentence test presented in
quiet (A) and in speech-shaped noise (B) for three conditions: original (BB), low-pass
filtered speech and noise material (f.=1.5 kHz; LP), high-pass filtered speech and noise
material (f.=1.65 kHz; HP). SRTs are grouped by the selection groups (yNHcontrol, ONH,
oHI), as well as pooled in an older group. Lastly, the entire cohort was subdivided in
post-hoc groups with THppoag,aki, above (HIpp) or below 25 dB SPL (HIpp). Younger
listeners (mean age: 24.7) are represented with white symbols and older listeners (mean
age: 64.2) with gray symbols. Pairwise comparisons were computed for the quiet and noise
conditions separate in an ANOVA with variables condition (BB, LP, HP) and group. The
following group combinations were considered: (yNHeontro1, ONH, oHI), or (yYNHcontrol,
older), or (HIpp, HIpp). Bonferroni correction was performed for either 36 (three groups)
or 15 (two groups) tests. Significance codes: *** . p<pponferroni, **F : p<0.001, ** :
p<0.01, * : p<0.05, . : p< 0.1
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Figure 6: Regression plots between SRTgiq and the EFR amplitudes for RAM (top) and
SAM stimuli (bottom). Analyses are performed for the broadband (A,D), low-pass (B,E)
and high-pass filtered condition (C,F). Subjects belonging to the yNHcontrol, ONH, oHI
groups are color-coded and the two yNH subjects who did not meet the THpp criterion
to be included in the yNH ontro1 group are marked with blue dots.
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Figure 7: Regression plots between SRTs;n and the EFR amplitudes for RAM (top) and
SAM stimuli (bottom). Analyses are performed for the broadband (A,D), low-pass (B,E)
and high-pass filtered condition (C,F). Subjects belonging to the yNHcontro1, ONH, oHI
groups are color-coded and the two yNH subjects who did not meet the THpp criterion
to be included in the yNH¢ontro1 group are marked with blue dots.
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