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Abstract 33 

Speech intelligibility can vary dramatically between individuals with similar clinically defined severity of 34 

hearing loss based on the audiogram. These perceptual differences, despite equal audiometric-threshold 35 

elevation, are often assumed to reflect central-processing variations. Here, we compared peripheral-36 

processing in auditory-nerve fibers of male chinchillas between two prevalent hearing-loss etiologies: 37 

metabolic hearing loss (MHL) and noise-induced hearing loss (NIHL). MHL results from age-related 38 

reduction of the endocochlear potential due to atrophy of the stria vascularis. MHL in the present study 39 

was induced using furosemide, which provides a validated model of age-related MHL in young animals 40 

by reversibly inhibiting the endocochlear potential. Effects of MHL on peripheral processing were 41 

assessed using Wiener-kernel (system-identification) analyses of single auditory-nerve fiber responses to 42 

broadband noise, for direct comparison to previously published auditory-nerve responses from animals 43 

with NIHL.  Wiener-kernel analyses show that even mild NIHL causes grossly abnormal coding of low-44 

frequency stimulus components. In contrast, for MHL the same abnormal coding was only observed with 45 

moderate-severe loss. For equal sensitivity loss, coding impairment was substantially less severe with 46 

MHL than with NIHL, probably due to greater preservation of the tip-to-tail ratio of cochlear frequency 47 

tuning with MHL compared to NIHL rather than different intrinsic auditory-nerve properties. Differences 48 

in peripheral neural coding between these two pathologies ─ the more severe of which, NIHL, is 49 

preventable ─ likely contribute to individual speech-perception differences. Our results underscore the 50 

need to minimize noise overexposure and for strategies to personalize diagnosis and treatment for 51 

individuals with sensorineural hearing loss. 52 

 53 

 54 

Significance Statement 55 

Differences in speech perception ability between individuals with similar clinically defined severity of 56 

hearing loss are often assumed to reflect central neural processing differences. Here, we demonstrate 57 

for the first time that peripheral neural processing of complex sounds differs dramatically between the 58 

two most common etiologies of hearing loss. Greater processing impairment with noise-induced 59 

compared to an age-related (metabolic) hearing-loss etiology may explain heightened speech-60 

perception difficulties in people overexposed to loud environments. These results highlight the need for 61 

public policies to prevent noise-induced hearing loss – an entirely avoidable hearing-loss etiology – and 62 

for personalized strategies to diagnose and treat sensorineural hearing loss. 63 

  64 
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Introduction 65 

 66 

Individuals with the same clinical severity of hearing loss measured with an audiogram can show large 67 

differences in their ability to understand amplified speech (Dubno et al., 1982; Halpin and Rauch, 2009). 68 

Speech perception differences are commonly thought to reflect differences in cochlear innervation 69 

density (Bharadwaj et al., 2015), central processing, and cognition (Humes et al., 2012). Differences due 70 

to the etiology of sensorineural hearing loss (SNHL) have also been considered (Moore et al., 1999; 71 

Lopez-Poveda and Johannesen, 2012; Dubno et al., 2013). However, suprathreshold auditory-nerve (AN) 72 

encoding of complex sounds has not been compared across different hearing-loss etiologies. 73 

Noise-induced hearing loss (NIHL) and metabolic hearing loss (MHL) are two common etiologies 74 

of SNHL, and often result in similar elevation of audiometric thresholds (Schuknecht and Gacek, 1993). 75 

In MHL, age-related deterioration of the stria vascularis reduces the electrochemical gradient (i.e., 76 

endocochlear potential) powering electromotility in outer hair cells and neurotransmitter release from 77 

inner hair cells (Mills et al., 2006; Schmiedt, 2010). With NIHL, threshold elevation arises differently due 78 

to scattered loss of and physical trauma to the delicate stereocilia of both hair-cell types; more severe 79 

NIHL involves hair-cell loss (Lurie et al., 1944; Liberman and Dodds, 1984; Sayles and Heinz, 2017). There 80 

are no previous studies on the effects of MHL on neural coding of complex sounds. It therefore remains 81 

unclear whether factors beyond the degree of threshold shift differ significantly between etiologies. 82 

Moreover, without direct comparison between NIHL and MHL it is unknown whether this clinical sub-83 

classification is meaningful in terms of neural coding, and could be potentially beneficial for 84 

individualized clinical rehabilitation. 85 

The healthy cochlea decomposes complex sounds into an array of bandlimited output signals, 86 

each representing the physical response of a frequency-tuned location within the cochlea. Each time-87 

domain output signal can be separated into a carrier signal (temporal fine structure; TFS) and envelope 88 

(ENV). TFS consists of oscillations near the characteristic frequency (CF) of the cochlear location while 89 

the ENV describes slower variation in carrier-signal amplitude over time. Both signals are encoded by AN 90 

fibers through spike timing (Joris and Yin, 1992). Fibers with CFs below 4-5 kHz encode both TFS and 91 

ENV, whereas higher-CF fibers encode primarily ENV (Recio-Spinoso et al., 2005). 92 

Previous studies have used systems-identification techniques (e.g., Wiener-kernel analyses) to 93 

characterize AN-fiber encoding of TFS and ENV with normal hearing and with NIHL (Recio-Spinoso et al., 94 

2005; Henry et al., 2016). Wiener-kernel analyses are based on responses to broadband noise, and 95 

hence quantify coding under suprathreshold conditions similar to those encountered in everyday life. 96 
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Wiener-kernel analyses identify the stimulus frequency components driving the fiber’s TFS and ENV 97 

responses (Fig. 1A). Whereas control AN fibers encode TFS and ENV tonotopically (i.e., encoded 98 

frequency components are near CF; Fig. 1B, top), mild NIHL introduces pathological coding of below-CF 99 

TFS (Fig. 1B, middle). With moderate NIHL, ENV coding also becomes pathologically tuned to below-CF 100 

frequencies (Fig. 1B, bottom). These results demonstrate profound distortion of AN coding with even 101 

mild NIHL, and that distortion progressively worsens to include ENV responses with increasing noise 102 

trauma. 103 

The present study used Wiener-kernel analyses to quantify the effects of MHL on temporal 104 

coding in chinchilla AN fibers to allow direct comparison between MHL and NIHL effects. MHL was 105 

induced with furosemide, which provides a validated model of age-related MHL in young animals by 106 

reversibly inhibiting the endocochlear potential (Sewell, 1984; Ruggero and Rich, 1991; Rybak et al., 107 

1992; Mills and Rubel, 1994; Schmiedt et al., 2002; Fitzgibbons and Gordon-Salant, 2010; Schmiedt, 108 

2010). This approach allowed collection of neurophysiological responses associated with normal hearing 109 

and as a function of the degree of MHL in the same isolated fiber; i.e., each neuron serves as its own 110 

control. Differences in suprathreshold AN coding of complex sounds following similar degrees of MHL 111 

and NIHL would help to explain individual differences in speech perception and provide physiological 112 

support for translational efforts to dissect clinical sub-categories of SNHL. 113 

 114 

 115 

Materials and Methods 116 

 117 

Animal procedures 118 

 119 

All procedures were performed in male chinchillas (n=7) and approved by the Purdue Animal Care and 120 

Use Committee. Anesthesia was induced with xylazine (1-2 mg/kg, subcutaneous) followed after several 121 

minutes by ketamine (50-65 mg/kg, intraperitoneal). Atropine (0.05 mg/kg, intramuscular) was given to 122 

control mucous secretions and eye ointment was applied. Anesthesia was maintained with bolus 123 

injections of sodium pentobarbital (~15 mg/kg, intravenous) or ketamine (20-40 mg/kg) with diazepam 124 

(1-2 mg/kg, intramuscular), given once per ~2 hour period for the duration of experimental procedures 125 

(typically 10-12 hours). Physiological saline (1-2 ml/2 hr, intravenous) and lactated Ringer’s solution (20-126 

30 ml/24 hr, subcutaneous) were also given, and a tracheotomy was performed to maintain a low-127 

resistance airway. Anesthetized animals were positioned with a stereotaxic device, and body 128 
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temperature was maintained at 37 degrees C using a feedback-controlled heating pad (Harvard 129 

Apparatus 50-7220F). 130 

The skin and muscles overlying the skull were reflected to expose the bony ear canals and 131 

bullae. Both ear canals were dissected to allow insertion of hollow ear bars close to the tympanic 132 

membrane. The AN bundle was exposed at its exit from the internal acoustic meatus via a posterior-133 

fossa craniotomy and aspiration cerebellotomy. Acoustic stimuli were presented monaurally through an 134 

ear bar with a dynamic loudspeaker (Beyerdynamic DT48 or Etymotic ER2) and calibrated using a probe 135 

microphone placed within a few mm of the tympanic membrane (Etymotic ER7C). Neurophysiological 136 

recordings were made using 10-50 MΩ impedance glass micropipettes advanced into the auditory nerve 137 

using a hydraulic microdrive. Recordings were amplified (Dagan 2400A) and band-pass filtered from 138 

0.03-6 kHz (Krohn-Hite 3550). Spikes were identified using a time-amplitude window discriminator (BAK 139 

Electronics) and stored as spike times with 10-μs resolution. 140 

 Single fibers were isolated by listening for spikes on a monitor speaker while advancing the 141 

electrode through the AN during repeated stimulation with broadband noise. When a fiber was 142 

encountered, a tuning curve was recorded using an automated procedure that tracked, as a function of 143 

stimulus frequency, the minimum SPL of a 50-ms tone required to evoke at least 1 more spike than a 144 

subsequent 50-ms silent period (Chintanpalli and Heinz, 2007). Next, a rate-level function was recorded 145 

with broadband Gaussian noise stimuli to determine the noise threshold. Noise stimuli were 2.5 s in 146 

duration with a bandwidth of 16.5 kHz and 1-s silent interval between stimuli. Finally, ten independent 147 

Gaussian-noise stimuli were presented repeatedly for 3-5 minutes at 10-20 dB above the noise 148 

threshold until approximately 5,000-10,000 driven spikes were recorded. These responses were used to 149 

compute the Wiener kernels. 150 

Following collection of control data, furosemide was administered intravenously (25 mg/kg) to 151 

induce MHL. Pure-tone tuning curves (2 min), noise rate-level functions (1 min), and suprathreshold 152 

noise responses (3-5 min) were recorded repeatedly in this order until the fiber was lost (40-60 minutes 153 

in most cases). The sound level used for the suprathreshold noise response was selected based on the 154 

preceding noise rate-level function to be 10-20 dB above threshold, and varied from 35-100 dB SPL 155 

depending on the degree of MHL. Data from noise-exposed and additional control fibers were collected 156 

in a previous study (Henry et al., 2016) using the same methods. Intravenous injections of physiological 157 

saline during AN recordings had no impact on neural response properties in noise-exposed and control 158 

fibers.   159 
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 Tuning curve characteristic frequency (CF) was identified as the frequency of best sensitivity 160 

(i.e., threshold) to pure-tone stimuli. In rare cases where tuning curves lacked a clear tip (MHL: 0% of 161 

fibers; NIHL: 4.7% of fibers), CF was estimated using the breakpoint in the high frequency slope of the 162 

tuning curve (Liberman, 1984). Tip-to-tail ratio (TTR) was calculated as the threshold 1.5 octaves below 163 

CF minus the threshold at CF (Temchin et al., 2008). Normalized TTR was calculated by subtracting the 164 

mean value in normal-hearing control fibers of the same CF. Mean TTR in chinchilla AN fibers increases 165 

from 27.5 dB for CFs below 3 kHz to 48 dB above 4 kHz (Temchin et al., 2008). In addition to CF, best 166 

frequency (BF, the frequency of maximal response amplitude) was used to characterize suprathreshold 167 

tuning from broadband-noise responses. 168 

 169 

 170 

Wiener-kernel analyses of neural responses 171 

 172 

The basic Wiener-kernel computations have been described previously (Eggermont et al., 1983; van Dijk 173 

et al., 1994; Lewis et al., 2002; Recio-Spinoso et al., 2005; van Drongelen, 2010). Briefly, h1 and h2 were 174 

calculated based on 1st and 2nd-order cross-correlations, respectively, between the noise stimulus 175 

waveform x(t) and response train of N=5,000-10,000 driven spikes. Only spikes occurring more than 20 176 

ms after stimulus onset and before stimulus offset were included in the correlations, which were 177 

calculated with a sampling period of 0.02 ms and maximum time lag  of 10.2 ms (512 points) or 20.4 ms 178 

(1024 points; for CFs <3 kHz). h1 was calculated as 1
1 R
A

, where A is the mean power of the noise 179 

stimulus and )(1
1

1

N

i
itxN

R  is the reverse-correlation function and ti the time of the ith spike 180 

expressed relative to stimulus onset. So computed, h1 is a time waveform that reflects the normalized 181 

mean pattern of TFS preceding a spike (Fig. 1A, top left). The BF of TFS coding was calculated as the 182 

frequency of the dominant component in the Fourier transform of h1 (Fig. 1A, bottom right, black). The 183 

amplitude of TFS coding was calculated as the peak of the Hilbert envelope of h1. The strength of below-184 

CF TFS coding was calculated as the peak of the Hilbert envelope of a low-pass filtered h1. Low-pass 185 

filtering was accomplished in the frequency domain by calculating the Fourier transform of h1, 186 

multiplying components with frequencies greater than CF/2 by 0, and calculating the inverse Fourier 187 

transform. 188 
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h2(τ1,τ2) was calculated as )](),([
2
1

12212 xxR
A

, where τ1 and τ2 are time lags, 189 

)()(1, 21
1

212 i

N

i
i txtx

N
R  is the 2nd-order reverse-correlation function, and xx  is the 190 

autocorrelation function of the stimulus. So computed, h2 is a surface that captures nonlinear 191 

interaction in the response to two impulses (Fig. 1A, top right). The 1-dimesional Fourier transform of h2 192 

provides a representation of the spectro-temporal receptive field, or mean stimulus spectrogram 193 

occurring before a spike (Lewis and van Dijk, 2004) (Fig. 1A, bottom left). In practice, h2 can contain 194 

bands running parallel to the diagonal, reflecting phase locking to ENV, and perpendicular to the 195 

diagonal, reflecting nonlinearity in the phase-locked response to TFS. When both occur in a single fiber, 196 

a checkerboard pattern emerges. The spectral energy of the ENV-based component of h2 is restricted to 197 

the 2nd and 4th quadrants of its 2-dimensional Fourier transform, while the spectral energy of the TFS-198 

based component is restricted to the 1st and 3rd quadrants (Recio-Spinoso et al., 2005). We multiplied 199 

the contents of the 1st and 3rd quadrants by zero to yield a filtered 2nd-order kernel based primarily on 200 

ENV coding (Henry et al., 2016). We used eigenvector decomposition to quantify the properties of h2 as 201 

in previous studies (Lewis et al., 2002; Recio-Spinoso et al., 2005). Eigenvector decomposition of h2 202 

yielded one or sometimes two pairs of eigenvectors (in quadrature phase) with significant amplitude (≥3 203 

standard deviations above the noise floor). The BF of ENV coding was determined from the Fourier 204 

transform of these eigenvectors (Fig. 1A, bottom right, red). The amplitude of ENV coding was calculated 205 

as the peak of the Hilbert envelope of the first h2 eigenvector. The strength of below-CF ENV coding was 206 

calculated as the peak of the Hilbert envelope of a low-pass filtered first eigenvector. Filtering was 207 

performed in the frequency domain as described above for TFS with a cutoff frequency of CF/2. 208 

 209 

 210 

Experimental Design and Statistical Analysis 211 

 212 

Coding deficits were analyzed in R (version 3.4.1) using linear mixed-effects models (Bates et al., 2015). 213 

Dependent variables were the BF shift of coding, calculated as the frequency difference in octaves 214 

between BF and the tuning-curve CF, and below-CF coding amplitude. Fixed effects included hearing-215 

loss type (MHL vs. NIHL), coding mechanism (TFS vs. ENV), and CF threshold. A unique identifier for each 216 

AN fiber was used as the random effect. Interactions were included between fixed effects and dropped 217 

when not significant (p<0.05) in order of decreasing p value. Degrees of freedom for F tests and pairwise 218 
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comparisons of least-squared means were calculated based on the Satterthwaite approximation (Bates 219 

et al., 2015). Visual inspection of model results showed that residuals were normally distributed after 220 

log transformation of below-CF coding amplitude. No transformation of BF shift was required. 221 

 222 

 223 

Results 224 

 225 

Effects of MHL on AN coding of broadband sounds were studied in seven animals, and compared to the 226 

effects of NIHL reported in a previous study (Henry et al., 2016). System-identification (Wiener-kernel) 227 

analyses were applied to spike-train responses to broadband noise (n=75) obtained from 28 fibers, 228 

including 14 fibers tested across multiple levels of furosemide-induced MHL. 229 

Control responses, recorded immediately prior to furosemide injection, showed typical 230 

tonotopic coding of TFS and ENV, consistent with previous results in normal-hearing animals (Recio-231 

Spinoso et al., 2005). For AN fibers with CFs below 4-5 kHz, the best frequencies (BFs) of suprathreshold 232 

TFS and ENV coding were both closely tuned to the threshold CF of the pure-tone tuning curve (a 233 

traditional index of cochlear location) (Liberman, 1982). In fibers of higher CF, the BF of ENV coding 234 

closely matched CF, while TFS coding was weak or not significant due to a decline in TFS response 235 

amplitude with increasing CF (Fig. 2, top row) that was consistent with the roll-off in phase locking for 236 

pure-tone responses (Johnson, 1980). Notably, AN responses associated with ‘normal’ thresholds (≤ 30 237 

dB SPL) showed no substantial temporal (TFS or ENV) coding of stimulus components more than 1 238 

octave below CF (Figs 3C,D; blue triangles: furosemide experiments, n=28; black crosses: control 239 

experiments, n=37 [from Henry et al. 2016]). 240 

 Tuning-curve thresholds at CF increased by 30-70 dB within two minutes of furosemide 241 

injection, followed by a gradual recovery of sensitivity over 30-120 minutes (Fig. 2, left column; Fig. 4A). 242 

Tonotopic coding of TFS and ENV were largely maintained with mild-moderate MHL, during which CF 243 

thresholds ranged from 30-65 dB SPL. Figure 4 shows representative longitudinal data from a fiber 244 

across varying degrees of mild-moderate MHL. Peak threshold elevation was associated with minor 245 

downward BF shifts in suprathreshold TFS/ENV coding (Fig. 4B), increased tuning bandwidth, and slightly 246 

stronger encoding of below-CF stimulus components (Fig. 4C). To compare response properties across 247 

fiber populations, BF shifts of suprathreshold TFS and ENV coding were calculated relative to CF on an 248 

octave scale. As in control fibers, the BF of ENV coding in the mild-moderate MHL fiber population 249 

remained tuned near CF (typically within 0.5 octaves; Fig. 3B; blue triangles, n=28), while TFS coding 250 
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remained either tuned near CF (Fig. 2, 10-21 minutes post injection; see also Fig. 4) or low in amplitude 251 

(for higher CFs, as in control fibers; Fig. 3A; blue triangles, n=28). Mild-moderate MHL was associated 252 

with a modest increase in the below-CF amplitude of TFS coding, but minimal change in ENV coding (Fig. 253 

3C,D). 254 

Moderate-severe MHL, during which thresholds exceeded 65 dB SPL, was commonly associated 255 

with (1) a substantial downward shift in the BF of TFS coding below the tuning-curve CF and (2) a 256 

concomitant increase in the amplitude of abnormal below-CF TFS coding (Fig. 3A,C; blue triangles, 257 

n=17). Indeed, coding of low-frequency TFS occurred even in high-CF fibers that showed no TFS coding 258 

prior to furosemide injection (e.g., Fig. 2; 4-10 minutes post injection). These patterns likely results from 259 

furosemide-induced changes in cochlear frequency tuning and nonlinear suppression (Ruggero and Rich, 260 

1991; Ruggero et al., 1992), including lower tip-to-tail ratio as further considered below. Some cases of 261 

moderate-severe MHL also caused downward shifts in the BF of ENV coding and an increase in the 262 

amplitude of below-CF ENV coding (Fig. 3B,D). Tonotopic coding deficits were generally smaller for ENV 263 

than for TFS, for the same severity of threshold elevation.  264 

Broadband noise responses from previous NIHL experiments (Henry et al., 2016) were re-265 

analyzed to allow direct comparison of AN coding between MHL and NIHL as a function of degree of 266 

hearing loss.  As with MHL, coding deficits with NIHL included (1) downward BF shifts in TFS and ENV 267 

coding and (2) related increases in the amplitude of below-CF coding (Fig. 3; red circles, n=62). As with 268 

MHL, tonotopic coding deficits were greater for TFS than for ENV coding. Notably, NIHL produced 269 

substantially larger tonotopic coding deficits than MHL for equal impaired CF threshold. Indeed, the 270 

substantial tonotopic deficits in TFS coding observed with mild NIHL (thresholds ≥30-40 dB SPL) were 271 

observed only in moderate-severe instances of MHL (thresholds ≥60-70 dB SPL). 272 

Mixed-model analyses of the subset of responses associated with mild-moderate loss (CF 273 

thresholds between 30-65 dB SPL) confirmed greater tonotopic coding deficits with NIHL (n=57) than 274 

with MHL (n=28). The analysis of BF shifts showed significant effects of hearing-loss type (MHL vs. NIHL; 275 

F1,2.4=58.11, p<0.0001), coding mechanism (TFS vs. ENV; F1,110.1=56.28, p<0.0001), and the hearing-loss 276 

type by coding mechanism interaction (F1,108.8=18.12, p<0.0001). The effect of CF threshold over this 277 

limited range was non-significant (F1,49.6=3.25, p=0.078). Pairwise differences in least-squared means 278 

(±SE) showed that compared to MHL, NIHL caused larger downward shifts in TFS-coding BF (-1.307 279 

±0.163 octaves; t55.7=-8.04, p<0.0001; Fig. 3A) and, to a lesser extent, ENV coding BF (-0.399 ±0.146 280 

octaves; t43.9=-2.73, p=0.009; Fig. 3B). The analysis of log-transformed below-CF coding amplitude 281 

showed significant effects of hearing-loss type (F1,49.2=48.90, p<0.0001), coding mechanism 282 
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(F1,98.4=212.21, p<0.0001), CF threshold (F1,139.5=42.15, p<0.0001), and hearing-loss type by coding 283 

mechanism interaction (F1,98.4=5.35,p=0.023). Compared to MHL, NIHL induced stronger below-CF coding 284 

of TFS (11.19 ±1.52 dB; t68.3=7.35, p<0.0001; Fig. 3C) and ENV (8.50 ±1.52 dB; t68.3=5.58, p<0.0001; Fig. 285 

3D). 286 

These substantial tonotopic coding differences across hearing-loss types must result from 287 

differences in the effects of NIHL and MHL beyond what is captured simply by CF threshold.  The tuning-288 

curve tip-to-tail ratio (TTR; i.e., threshold difference between the below-CF tail region and the CF tip) 289 

provides a different tuning index that depends on various factors associated with cochlear hearing loss 290 

that may differ between NIHL and MHL (Liberman and Dodds, 1984). TTR was reduced as CF threshold 291 

increased for both NIHL and MHL (Fig. 5). The reduction in TTR was less with MHL than with NIHL for 292 

comparable CF thresholds (Fig. 5), consistent with hypersensitive tails that occur following NIHL 293 

(Liberman and Dodds, 1984) but not following MHL (Sewell, 1984).  Notably, the temporal coding 294 

deficits were much more similar between NIHL and MHL when plotted as a function of TTR reduction 295 

(Fig. 6) than when plotted as a function of CF threshold (Fig. 3).  These findings suggest that the factors 296 

underlying TTR – putatively related to differences in cochlear micromechanics – may largely account for 297 

the variation in deficits observed for broadband-sound encoding, independent of hearing-loss type (MHL 298 

vs. NIHL); however, some evidence for greater effects with NIHL remain for ENV coding, suggesting that 299 

while TTR may be the primary factor, other factors may also contribute. 300 

We used a simple auditory-nerve model to help address whether changes in the TTR of cochlear 301 

frequency tuning can account for the observed coding deficits without requiring an explicit deficit in the 302 

ability of AN fibers to phase lock. The first stage of the model was a linear band-pass filter with tip and 303 

tail components (500-point FIR), to simulate the mechanical response of the 4-kHz location within the 304 

cochlea (Fig. 7A; tuning curves show the inverted frequency response of the filter). Output from the 305 

filter was half-wave rectified and low-pass filtered to capture the low-pass nature of inner hair cell 306 

responses and AN phase locking (Heinz et al., 2001). Suprathreshold coding of TFS and ENV were 307 

quantified using Wiener-kernel analyses of the model response to broadband noise (Fig. 7B), as applied 308 

above to physiological AN responses. The normal-hearing model fiber with TTR of 40 dB showed 309 

tonotopic encoding of TFS and ENV as expected. Decreasing TTR to 15 and then 5 dB increased 310 

suprathreshold encoding of low-frequency TFS and, to a lesser extent, of ENV structure. These results 311 

are consistent with more physiologically specific computational modeling (Heinz and Henry, 2013), and 312 

suggest that differences in the TTR of cochlear frequency tuning underlie the observed tonotopic coding 313 
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deficits for broadband sound, including greater impairment of TFS coding than ENV coding and greater 314 

impairment with NIHL than MHL. 315 

 316 

Discussion 317 

 318 

Similar to NIHL, MHL can induce pathological changes in tonotopic coding of temporal information. 319 

Moderate-severe MHL induced pathological AN coding of low-frequency TFS, well below CF, during 320 

stimulation with broadband noise. Deficits in ENV coding also occurred, but were smaller than TFS 321 

coding deficits.  For both MHL and NIHL, temporal-coding degradation increased with the degree of 322 

hearing loss, but with greater coding impairment for NIHL than for MHL when compared at equal 323 

impaired threshold (Fig. 3).  Differences in the degree of temporal-coding deficits between MHL and 324 

NIHL were largely unified when considered in terms of tuning-curve TTR (Fig. 6), suggesting that deficits 325 

result from changes in cochlear frequency tuning rather than intrinsic temporal properties of AN fibers. 326 

Furthermore, these results suggest that factors beyond the degree of hearing loss are important for 327 

dissecting the clinical category of SNHL when considering suprathreshold processing of complex sounds. 328 

Pathological coding of low-frequency TFS with moderate-severe MHL is likely a consequence of 329 

significantly reduced OHC gain resulting from a greatly diminished endocochlear potential (Ruggero and 330 

Rich, 1991). This reduction in “battery power” for cochlear amplification decreases sensitivity to 331 

frequency components near CF (the “tip”), and ultimately decreases the ratio of tip sensitivity to below-332 

CF “tail” sensitivity. Diminished OHC function (lower TTR) decreases the ability of AN fibers to reject low-333 

frequency input, consistent with the abnormal response to low-frequency TFS and the observed 334 

relationships between coding defects and CF-normalized TTR (Fig. 6). Healthy OHCs enable normal fibers 335 

with high TTRs to encode temporal structure in the on-CF band rather than the tail region of the 336 

stimulus (i.e., to maintain tonotopicity). 337 

Translationally, the most important result was that deficits in temporal coding arising from a 338 

certain degree of hearing loss were more severe when they arose from NIHL rather than MHL. This 339 

result suggests that not all SNHL etiologies affect AN coding of complex sounds identically. Pathological 340 

coding of low-frequency TFS, for instance, required CF thresholds only in excess of 30-40 dB SPL with 341 

NIHL, versus 60-70 dB SPL with MHL (Fig. 3). Moreover, loss of ENV coding near CF, as indicated by BF 342 

shifts greater than one octave, was observed for NIHL with moderate threshold elevation (>50 dB SPL), 343 

but was never observed with MHL even when CF thresholds exceeded 90 dB SPL. 344 
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Greater coding deficits with NIHL were closely associated with greater reductions in TTR for 345 

NIHL than for MHL with equal CF thresholds (Figs 5 and 6). Both changes in cochlear function (i.e., 346 

suprathreshold coding of complex sounds and threshold tuning curves), likely arise from the same 347 

mechanisms.  As with MHL, nonlinear OHC gain is reduced (thus elevating tips) with NIHL, but perhaps 348 

to a greater degree based on previous studies showing greater preservation of two-tone suppression 349 

(Schmiedt et al., 1990) and otoacoustic emissions (Mills et al., 1993; He and Schmiedt, 1996; Schmiedt et 350 

al., 2002) with MHL compared to NIHL. Uniquely contributing to NIHL is the phenomenon of 351 

hypersensitive tails, where below-CF thresholds can be reduced (rather than elevated) following 352 

selective outer hair cell damage (Liberman and Dodds, 1984). Mechanisms underlying tail 353 

hypersensitivity are not well understood, but may relate to reduced Organ of Corti stiffness associated 354 

with loss of the physical coupling (via the outer hair cells) between the reticular lamina and tectorial 355 

membrane. Note that reduced stiffness generally decreases the resonant frequency of a passive physical 356 

system. In summary, the combined effects of greater OHC-gain reduction and tail hypersensitivity 357 

mechanisms appear to heighten the effect of NIHL on suprathreshold coding of complex sounds 358 

compared to MHL, even in cases of mild-moderate hearing loss. 359 

Due to threshold elevation, higher levels were used for NIHL (47-93 dB SPL) and for MHL (35-100 360 

dB SPL) compared to control experiments (32-66 dB SPL), raising the question of how these groups 361 

would compare at equal sound level. While not addressed directly in the present study, previous 362 

Wiener-kernel analyses of normal-hearing AN responses show that tonotopic coding of broadband noise 363 

is maintained at stimulus levels up to at least ~80 dB SPL, even in low-threshold AN fibers with high 364 

spontaneous discharge rates (Recio-Spinoso et al., 2005; Henry et al., 2016). These studies found small 365 

downward BF shifts in AN suprathreshold coding with increasing stimulus level (~5% decrease in BF from 366 

45-80 dB SPL in Fig. 14 or Recio-Spinoso et al. 2005) and broader tuning bandwidth, but no abnormal 367 

response to low-frequency stimulus components as occurred here with hearing loss. Thus, coding 368 

deficits observed with moderate-severe MHL and with mild NIHL do not simply reflect the higher 369 

stimulus levels used to evoke these responses.  370 

Overall, our findings provide physiological support for diagnostic efforts to dissect the single 371 

clinical category of SNHL based on different etiologies, which may be possible based on audiogram 372 

configuration (Dubno et al., 2013). To the extent that speech intelligibility depends on robust tonotopic 373 

encoding of TFS and ENV cues (Lorenzi et al., 2006; Jørgensen et al., 2013), our results comparing MHL 374 

and NIHL effects between AN fibers at equal threshold elevation suggest that differences in speech 375 

perception among individuals with similar audiograms may (at least partially) reflect differences in 376 
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peripheral coding associated with specific cochlear pathologies.  The less-severe effects of MHL here are 377 

consistent with general findings from human temporal-bone studies where patients with strial 378 

presbycusis (metabolic hearing loss) may retain excellent word-discrimination scores (Schuknecht and 379 

Gacek, 1993). Behavioral tests with low-frequency maskers, which are predicted based on our results to 380 

disproportionately impair perception in cases of NIHL, may be useful for diagnosing the extent of NIHL 381 

vs MHL in the clinic. 382 

Hearing aids are currently fit based on individual-frequency thresholds in the audiogram, 383 

without explicitly factoring in the across-frequency configuration that has proven to be a successful basis 384 

for classifying NIHL and MHL etiologies in animal models (Schmiedt et al., 2002; Schmiedt, 2010) and in 385 

humans (Dubno et al., 2013). Our results highlighting the importance of the TTR in accounting for the 386 

coding of complex sounds provide physiological reasons why current hearing-aid fitting approaches may 387 

be inadequate. Different signal-processing strategies are needed to address fundamentally different 388 

peripheral coding deficits in individuals with the same degree of hearing loss but different cochlear 389 

pathologies (i.e., MHL vs. NIHL). Successful strategies may be particularly difficult to develop for 390 

individuals with NIHL given the profound tonotopic distortion of AN temporal coding demonstrated 391 

here. Finally, our results have important implications for public-health awareness, given the increasing 392 

prevalence of NIHL and the important fact that it is preventable. 393 

 394 
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Fig. 1. Neural system-identification analyses of single-unit auditory-nerve fiber responses reveal a 409 

significant loss of tonotopicity following noise-induced hearing loss (NIHL) for both temporal fine 410 

structure (TFS) and envelope (ENV) coding. (A) Wiener-kernel analyses of auditory-nerve fiber 411 

responses to Gaussian noise, used to study coding of TFS and ENV cues. The 1st-order Wiener kernel (h1) 412 

is the mean stimulus waveform before a spike. The 2nd-order kernel (h2) is related to the spectro-413 

temporal receptive field (fft[h2]), or mean stimulus spectrogram before a spike. h1 identifies the 414 

frequency tuning of TFS coding. The 1st eigenvector of h2 identifies the dominant frequency tuning of 415 

ENV coding, i.e., the carrier-frequency band driving the fiber’s time-varying response to ENV 416 

fluctuations. Best frequency (BF) of suprathreshold tuning is given in kHz for both TFS (black) and ENV 417 

(red) coding. (B) Effects of NIHL on auditory-nerve-fiber coding of TFS and ENV. Pure-tone tuning curves 418 

(left) were obtained from a control fiber (top) and two fibers with similar characteristic frequency (CF) 419 

but different severity of NIHL. Hearing loss increases moving from top to bottom. CF of the threshold 420 

tuning curve is given in kHz near the tip. Threshold (Th) and tip-to-tail ratio (TTR) are given in dB SPL and 421 

dB, respectively. The right column shows the frequency tuning of TFS coding and ENV coding, obtained 422 

from Wiener-kernel analyses. Best frequency (BF) of suprathreshold TFS/ENV coding is given in kHz near 423 

the peak of each curve (n.s. indicates non-significant coding amplitude <3 standard deviations above the 424 

noise floor). The control fiber encodes only ENV structure near CF. Mild NIHL introduces pathological 425 

coding of low-frequency TFS. Moderate NIHL shifts coding of both TFS and ENV to low frequency (data 426 

from Henry et al., 2016). 427 

 428 

Fig. 2. Variation over time following furosemide injection in threshold tuning curves (left panels) and 429 

suprathreshold temporal coding (right panels) of a representative auditory-nerve fiber. TFS and ENV 430 

coding remain tuned near CF during moderate metabolic hearing loss (MHL). Severe MHL, during which 431 

CF thresholds exceed 70 dB SPL, introduces pathological coding of low-frequency TFS. CF, threshold, and 432 

TTR are given for tuning curves and BF for suprathreshold TFS/ENV coding as in Fig. 1. Spontaneous rate 433 

decreased from 76.6 to 2.2 spikes/s following furosemide injection before increasing to 10.6 spikes/s 434 

after 21 minutes of recovery. Lower spontaneous rate near the end of the recovery period in this fiber 435 

(i.e., bottom row) may explain the slight enhancement of CF-tuned TFS/ENV coding compared to control 436 

data. 437 

 438 

Fig. 3. TFS and ENV coding deficits are greater with NIHL than with MHL for the same impaired CF 439 

threshold. Coding metrics include BF shifts in TFS coding (A), BF shifts in ENV coding (B), below-CF 440 
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amplitude of TFS coding (C), and below-CF amplitude of ENV coding (D). Metrics are compared between 441 

MHL, NIHL, and control fibers (see legend) as a function of the tuning-curve threshold at CF. BF shift 442 

indicates the frequency difference in octaves between the BF of coding and the tuning-curve CF. Below-443 

CF amplitude indicates the strength of coding for stimulus components one or more octaves below CF. 444 

Note that for both metrics of temporal coding (for both TFS and ENV), significant degradations are 445 

observed following NIHL for CF thresholds as low as 30 dB SPL, whereas similar degrees of degradations 446 

are not seen following MHL until ~65 dB SPL CF thresholds. Trend lines show the moving average (16 447 

points) for MHL and NIHL. NS, not significant.  CFs range from 1.24-10.5 kHz. 448 

 449 

Fig. 4. Dynamic variation in suprathreshold temporal coding over varying degrees of mild-moderate 450 

MHL in a representative auditory-nerve fiber. Change over time following furosemide injection in 451 

tuning curve threshold and TTR (A), BFs of suprathreshold TFS/ENV coding and tuning-curve CF (B), and 452 

below-CF amplitude of TFS/ENV coding (C). Vertical lines in B indicate the 10-dB bandwidth of frequency 453 

tuning. Limits of the y-axis in C match Fig. 3C,D for direct comparison of the smaller MHL effects 454 

compared with NIHL effects. MHL peaked from 5-10 minutes following furosemide injection and 455 

recovered almost completely within 35 minutes. Tonotopic coding of TFS and ENV was generally well 456 

preserved during mild-moderate MHL. 457 

  458 

Fig. 5. Reduction in tuning-curve tip-to-tail ratio (TTR) is greater with NIHL than with MHL for the same 459 

impaired CF threshold. TTR was quantified 1.5 octave below CF and normalized for the CF dependence 460 

in normal-hearing animals (Temchin et al., 2008). Trend lines show the moving average (16 points) for 461 

MHL and NIHL. CFs range from 1.24-10.5 kHz. 462 

 463 

Fig. 6. Greater TFS coding deficits for NIHL than for MHL are accounted for when compared at equal 464 

reduction in tip-to-tail ratio (TTR). However, ENV coding remains somewhat worse for NIHL than for 465 

MHL even when TTR is considered. Thus, reduction in TTR appears to be the primary (but not only) 466 

factor, rather than CF threshold, in explaining the degradations in TFS and ENV tonotopic coding.  Coding 467 

metrics are the same as in Figures 3 and 4. Trend lines show the moving average (16 points) for MHL and 468 

NIHL. CFs range from 1.24-10.5 kHz. 469 

 470 

Fig. 7. Predicted relationship between TTR of cochlear frequency tuning and suprathreshold AN 471 

encoding of broadband sound. The model consists of a band-pass filter with tip and tail components (A) 472 
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followed by half-wave rectification and low-pass filtering to capture the roll-off of AN phase locking with 473 

increasing frequency. (B) Suprathreshold coding of TFS and ENV, quantified using Wiener-kernel 474 

analyses of model responses to broadband noise. Lower TTR of cochlear frequency tuning is associated 475 

with increased coding of low-frequency stimulus component and greater coding deficits for TFS than 476 

ENV, as observed physiologically. Note that the roll-off of AN phase locking remained unchanged in the 477 

model, suggesting that effects of NIHL/MHL on AN temporal coding result from changes in the TTR of 478 

cochlear frequency tuning, rather than an explicit deficit in the fundamental phase locking ability of AN 479 

fibers. 480 

 481 
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