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Summary 4

The perceptual consequences of cochlear synaptopathy are presently not well understood as a direct 5

quantification of synaptopathy is not possible in humans. To study its role for human hearing, recent studies 6

have instead correlated changes in basic supra-threshold psychoacoustic tasks with individual differences in 7

subcortical EEG responses, as a proxy measure for synaptopathy. It is not clear whether the reported 8

missing relationships between the psychoacoustic quantities and the EEG are due to the adopted methods, 9

or to a minor role of synaptopathy for sound perception. We address this topic by studying the theoretical 10

relationship between subcortical EEG and psychoacoustic methods for different sensorineural hearing deficits. 11

1 Introduction 12

The role of cochlear synaptopathy (i.e., the loss of inner-hair-cell auditory-nerve fiber synapses due to noise 13

exposure or aging; or hidden hearing loss) for supra-threshold hearing has been heavily contested in recent 14

human studies [1, 2, 3, 4] even though animal studies show clear histological evidence for synaptopathy [5, 6, 7]. 15

It is not clear whether the cause of the missing correlations between subcortical EEG measures, as a non- 16

invasive tool to quantify synaptopathy, and the suprathreshold psychoacoustic tasks stems from methodological 17

confounds. It might be that the adopted subcortical EEG methods (e.g. the envelope-following response, EFR 18

and auditory brainstem response, ABR) are not sensitive markers of synaptopathy in humans, or, that the EEG 19

methods are not targeting the same mechanisms involved in the psychoacoustic task, resulting in differential 20

effects of synaptopathy on both measures. To address these issues, we study the theoretical relationship between 21

the EFR and two common supra-threshold hearing tasks: tone-in-noise (TiN) and amplitude-modulation (AM) 22

detection for different degrees of sensorineural hearing loss. We employ a computational model of the human 23

auditory periphery that simulates neural responses to quantify psychoacoustic detection cues and subcortical 24

EEG metrics [8]. We simulate how different aspects of sensorineural hearing loss (synaptopathy, cochlear gain 25

loss and combinations) affect the theoretical relationship between the EFR and psychoacoustic metrics to assess 26

their sensitivity in quantifying synaptopathy in humans. 27
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2 Methods28

Participants were informed according to the ethical guidelines at Oldenburg University and paid for participa-29

tion. TiN detection: 11 normal-hearing (NH; 24±4.4 yrs, 9 females) subjects with normal audiograms (Auritec30

AT900) and 9 hearing-impaired (HI; 63 ± 6, 7 females) participants with a high-frequency sloping hearing loss31

(≤40 dB HL up to 6 kHz, with a 20 to 25 dB HL loss at 4 kHz). AM detection: 12 NH listeners (26±4, 732

females) with flat audiograms and a max. 15 dB HL threshold at 4 kHz. 8 HI listeners (70±5, 5 females) with33

sloping audiograms and a 4-kHz threshold between 20 and 40 dB HL.34

Psychoacoustic stimuli were delivered monaurally using insert ER-2 earphones connected to a TDT HB7 and35

Fireface UCX Soundcard and were calibrated using B&K 2669, 2610, 4153, 4134 products. All measurements36

were conducted in a sound-proof booth and consisted of a practice run followed by a 3-alternative forced choice,37

1-up-2-down procedure with 3 repetitions (AFC software). Stimuli were 500-ms long, followed by 500 ms of38

silence and thresholds were calculated as the mean over the last 6 reversals at the smallest step size. TiN39

detection: step sizes were 8-4-2-1 dB. A 65-dB SPL 4-kHz tone was embedded in a one-octave wide white noise40

masker (i.e., the reference) of varying level (SNR within one NH 4-kHz equivalent rectangular bandwidth was41

the tracking variable). AM detection: The initial modulation depth (MD) was -6 dB re 100% modulation and42

stepsizes were 10, 5, 3, 1 dB. The carrier was a 70-dB 4-kHz tone, the modulation frequency 100 Hz and stimulus43

levels for different MDs were normalized to remove loudness cues.44

EFRs were recorded on a 32-channel Biosemi amplifier using magnetically shielded ER-2s for sound delivery45

while subjects watched a silent movie in a reclining chair. The 16-kHz sampled Cz data was re-referenced to46

the offline averaged earlobe electrodes. Each of 600 stimulus repetitions lasted 600 ms followed by a uniformly47

distributed random silence jitter (>90 and <110ms). Stimuli were 100% modulated 120-Hz AM signals. For48

the TiN experiment, EFRs were recorded to a 4-kHz centered one-octave white noise carrier of 75 dB, whereas49

the carrier was a 70-dB 4-kHz pure-tone for EFRs in the AM experiment. Recordings were averaged, base-line50

corrected and filtered between 60 and 650 Hz before epoching and bootstrapping was performed to calculate51

the individual noise floors and confidence intervals [9]. The FFT was calculated from the averaged -0.01 to 0.6s52

window re trigger onset and EFR amplitudes were calculated by adding up spectral EFR peaks (re to the noise53

floor) at the modulation frequency and all available harmonics (in µV). The AM frequency in the psychoacoustic54

and EFR experiment were not identical but both greater than 80 Hz, consistent with brainstem generators of55

AM encoding [10].56

A computational model of the human auditory periphery was adopted [8] to simulate a 70-dB, 4-kHz tone and57

120-Hz AM tones of different modulation depths. Additionally, 20 different one-octave wide noise iterations58

with or without an embedded 4-kHz, 70-dB tone were averaged and simulated for a range of SNRs. Population59

responses were computed from simulating neural activity at the Inferior Colliculus (IC) stage of the model and60

by summing up time-waveforms across 401 simulated CFs spanning the human cochlear partition. Figure 1A61
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Figure 1: A: Simulated IC population responses to a 4-kHz pure tone and a 120-Hz, 4-kHz AM tone of 70
dB SPL. The detection cue is the rms of the difference signal of the waveforms. B: Difference signal between
simulated responses for noise and TiN epochs of a 70dB-SPL 4-kHz pure tones embedded in a one-octave wide
white noise for different SNRs. The rms of the difference signal is the simulated detection cue.

shows an example IC population response to the 4-kHz pure tone and a 120-Hz AM tone. The psychoacoustic 62

detection cue was derived from the difference signal between the IC population response to the pure-tone and 63

AM tone. Figure 1B shows the difference signal from IC population responses to a noise and a tone embedded 64

in noise at different SNRs. The rms of the difference signal was computed and transformed to dB to yield the 65

detection cues plotted in Figs.2A&2B. EFRs were simulated to 100% modulated 120-Hz AM tones by adding up 66

the population responses of the auditory-nerve (AN), cochlear nucleus and IC stages of the model to capture the 67

different sources contributing to the scalp-recorded potential. Eight hearing profiles were simulated: (i) a NH 68

model with normal QERBs and 3 low (1 spike/s; LS), 3 medium (10 spikes/s; MS) and 13 high (70 spikes/s, HS) 69

spontaneous rate AN fibers synapsing at each of the 401 inner-haircells (IHCs), (ii) a selective synaptopathy 70

model where all LS and MS fibers were removed (i.e., LS loss), (iii-iv) a synaptopathy model where all LS&MS 71

fibers as well as 50% or 75% of the HS fibers were removed (LS50%HS and LS75%HS). Lastly, (v)-(viii) HI 72

models with QERBs corresponding to a high-frequency sloping audiogram (above 1-kHz) up to 35 dB at 8 kHz 73

and synaptopathy profiles as in (i)-(iv). 74

3 Results 75

Psychoacoustics 76

Figures 2A&B depict simulated psychoacoustic detection cues for the AM and TiN detection experiment and 77

show that synaptopathy has a greater influence on shifting the NH curve downward than a high-frequency 78

sloping cochlear gain loss. In fact, the AM detection cue is somewhat stronger in the HI models for the same 79

degree of synaptopathy. In the model, this is explained by a lower effective drive to the IHC-AN complex caused 80

by cochlear gain loss, resulting in less saturated AN responses and enhanced AM sensitivity, corroborating ob- 81

servations in the chinchilla AN [11]. The psychoacoustic threshold for the NH model was set to the detection 82

cue corresponding to the modulation depth at which NH people performed (i.e., -29.5 dB; 2nd best human NH 83
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Figure 2: (Colour online) A: Simulated AM detection cues for different hearing loss models. LS: selective
LS&MS fiber loss, LS50%HS: LS&MS and 7 HS fibers lost at each CF, LS75%HS: LS&MS and 10 HS fibers
lost at each CF. The threshold line shows the shift from the reference NH AM detection threshold (-29.5 dB)
B: Simulated TiN detection cues. The threshold line indicates the SNR at the detection threshold shift in dB
from the NH human reference SNR (7.2 dB).

.

performer in Fig.3A). The gray threshold line in Fig. 2A shows that the AM threshold shifted by 8 dB and84

even by 15 dB for the LS50%HS and LS75%HS models respectively. Similarly, Fig.2B predicts the need for85

a 4-dB stimulus SNR increase for the LS50%HS models to reach the reference NH detection cue amount and86

performance.87

Figures 3A&B summarize the simulated detection cue shifts (black lines, filled markers) and EFR amplitude88

reductions (colored lines, filled markers) alongside human reference data (open markers) for NH and HI partic-89

ipants who performed significantly worse on all measures (p<0.01). As the simulated detection cue shifts for90

the HI models were similar to those of the NH models, we conclude that synaptopathy rather than cochlear91

gain loss was responsible for the degraded detection cues. The range of simulated AM detection thresholds92

caused by synaptopathy and the spread in the reference data corresponded well. The best thresholds in the93

reference AM experiment were in line with those in [12] and the data-spread was about 15-20 dB across listeners94

where NH aging studies predict age-related reductions between 5 and 10 dB in the absence of cochlear gain loss95

[13, 14]. Our simulations suggest that synaptopathy can explain a large degree of the individual performance96

despite co-existing elevated hearing thresholds. The absence of a relationship between the experimental 4-kHz97

pure-tone and AM detection thresholds supports this notion (R2=0.3; p=0.09). The ≈7dB spread in the TiN98

reference data corresponded well to the shift predicted by synaptopathy and corroborate reported 5-10 dB TiN99

threshold shift in a fixed 50-dB-SPL broadband noise when more than 60% of the IHC population is lost [15].100

However, in contrast to the AM thresholds, degraded TiN detection performance was also related to elevated101

pure-tone thresholds (R2=0.3; p=0.02).102

Relation between psychoacoustics and EFRs103

Figure 3 compares simulated and recorded EFR amplitudes re the reference NH EFR amplitude (blue and red).104

The spread of simulated and recorded EFR amplitude reductions around their mean coincide, although the105
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Figure 3: (Colour online) A: Simulated and recorded AM detection thresholds (70-dB, 4-kHz AM tone) and
EFRs to 100% modulated 120-Hz 4-kHz tones [in dB re best NH EFR] for different hearing loss profiles. B:
Simulated tone-in-noise detection thresholds (70-dB SPL tone) and EFRs to 100% modulated 120-Hz 4-kHz
tones [in dB re best NH EFR] for different hearing-loss profiles. Reference EFRs were recorded to 75-dB SPL,
one-octave wide, 4-kHz centered 100%, 120-Hz modulated white noises.
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Figure 4: (Colour online) Regression for simulated and recorded NH and HI measures. Model simulations (filled
circles and squares) refer to no-synaptopathy (bottom marker), LS, LS50%HS & LS75%HS (top marker). A:
AM detection threshold for 70 dB AM (100/120Hz) tone. The two crossed symbols were excluded from the
regression analysis as the EFR amplitudes (shown) were much less strong than those derived for the -4 or -8 dB
conditions (not shown), pointing to a problem with the EFR recordings. B: SNR at tone-detection threshold
for a 65/70-dB, 4-kHz pure tone in white noise.
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HI EFRs showed overall greater reductions than predicted, suggesting that synaptopathy differences may only 106

partly explain the individual spread in the human data. To test whether psychoacoustic metrics can be used as 107

a replacement for EFRs in the diagnosis of synaptopathy, we studied their relationship. While AM detection 108

and EFRs both rely on a robust coding of temporal envelope information, the sensitivity to small modulation 109

depths (the psychoacoustic task) may not be a predictor of the EFR amplitude to 100% modulated stimuli. 110

Regression fits between individual EFR and psychoacoustic metrics (irrespective of their NH or HI status) are 111

depicted in Fig. 4. The best simulated NH psychoacoustic threshold was matched to that of the best performing 112

NH listener, while simulated EFR amplitudes were not scaled in the analysis. Simulated detection cues and 113

EFR amplitudes related well (R2 >0.9) and the fit was somewhat better for the AM detection task due to 114

stimulus similarity. In the model, the regression is generally predictive of the degree of synaptopathy (not 115

cochlear gain loss). The experimental results show a larger spread around the regression line (R2 of 0.3 and 116

0.4) than predicted by the model, but nevertheless show a significant relationship. The regression for the AM 117

experiment extend the reported NH correlation between the EFR and AM detection [1] to HI listeners. The 118

experimental relationship between tone-in-noise detection SNR at threshold and the EFR amplitude has not 119

been reported earlier, but its existence is supported by the model simulations. 120

4 Discussion 121

Both supra-threshold psychoacoustic tasks were strongly affected by synaptopathy and only mildly by cochlear 122

gain loss for the considered stimulus configurations, suggesting that these tasks may differentially diagnose 123

synaptopathy in NH and HI listeners. Even though simulations are inherently limited by the quality of the 124

model (which does not account for plasticity or cognitive factors), we propose that the effect of synaptopathy on 125

supra-threshold psychoacoustsics is much greater than so far assumed. Signal detection theory predicts a 1.5-dB 126

or 5-dB shift in the TiN detection threshold for a respective loss of 50% and 90% of the available AN fibers 127

[2], whereas we observed that a 70% fiber loss (i.e., LS50%HS) in a functional model of the human auditory 128

periphery causes a threshold shift of 4 dB. For AM detection, a 70% or 85% (i.e., LS75%HS) fiber loss predicted 129

a respective 8 and 15-dB threshold shift, which matched the individual variability in the combined NH and HI 130

reference data well. Controversially, we propose that the reason why the HI listeners performed worse than the 131

NH listeners, was due to their synaptopathy and AN fiber loss and not because of their coexisting outer haircell 132

loss deficits. This latter aspect can be confirmed experimentally, as age-related synaptopathy was shown to 133

occur before outer haircell loss [16]. If our predictions are correct, ageing listeners with normal audiometric 134

thresholds suffering from synaptopathy should show EFRs, TiN and AM detection thresholds in range with 135

those of HI participants. 136
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