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On the use of envelope 
following responses to estimate 
peripheral level compression 
in the auditory system
Gerard Encina‑Llamas*, Torsten Dau & Bastian Epp 

Individual estimates of cochlear compression may provide complementary information to traditional 
audiometric hearing thresholds in disentangling different types of peripheral cochlear damage. 
Here we investigated the use of the slope of envelope following response (EFR) magnitude‑level 
functions obtained from four simultaneously presented amplitude modulated tones with modulation 
frequencies of 80–100 Hz as a proxy of peripheral level compression. Compression estimates in 
individual normal hearing (NH) listeners were consistent with previously reported group‑averaged 
compression estimates based on psychoacoustical and distortion‑product oto‑acoustic emission 
(DPOAE) measures in human listeners. They were also similar to basilar membrane (BM) compression 
values measured invasively in non‑human mammals. EFR‑based compression estimates in hearing‑
impaired listeners were less compressive than those for the NH listeners, consistent with a reduction 
of BM compression. Cochlear compression was also estimated using DPOAEs in the same NH listeners. 
DPOAE estimates were larger (less compressive) than EFRs estimates, showing no correlation. Despite 
the numerical concordance between EFR‑based compression estimates and group‑averaged estimates 
from other methods, simulations using an auditory nerve (AN) model revealed that compression 
estimates based on EFRs might be highly influenced by contributions from off‑characteristic frequency 
(CF) neural populations. This compromises the possibility to estimate on‑CF (i.e., frequency‑specific or 
“local”) peripheral level compression with EFRs.

Hearing impairment is one of the most common chronic troublesome conditions for elderly people in the ageing 
Western  societies1, and can imply a significant functional  limitation2. Although cell regeneration techniques are 
under  development3,4, their success is dependent on reliable and precise diagnostic measures that can differentiate 
between types of peripheral cellular damage in individual patients. A reliable estimate of cochlear compression 
could be used to assess differential damage of inner hair cells (IHC) and outer hair cells (OHC)5. An important 
characteristic of the healthy mammalian auditory system is the compressive transformation of the large dynamic 
range of input sound pressure levels (SPL) to a narrower range of levels that can be processed by the sensory 
cells. Part of this compressive transformation is a consequence of the processing by the OHCs in the cochlea. 
Although there is still some controversy about the precise mechanism underlying OHC function (e.g.,6–10), it is 
broadly accepted that OHC electro-motility provides a level-dependent gain to the movement of the BM in the 
healthy cochlea. This leads to a high sensitivity to low-level sounds and a compressive input/output (I/O) func-
tion at the characteristic place of the BM for tonal  stimuli11. In addition to increasing sensitivity, OHC function 
has also been associated with high frequency selectivity and a normal loudness growth with  level12.

Invasive physiological recordings in living non-human mammals allow precise measures of place-specific 
BM velocity-level functions using pure-tone stimuli (e.g.,13–17). For a pure tone, the envelope of the resulting 
travelling wave shows a maximum at one specific cochlear place. Magnitude-level functions measured at or near 
this place (“on-CF”) show a compressive growth of BM velocity with increasing SPL, consistent with the idea of 
a level-dependent amplification. Basal and apical to this place (“off-CF”), the magnitude-level functions show 
a linear growth (Figs. 6 and 7  in15). The combination of non-linear on-CF and linear off-CF magnitude-level 
functions leads to a level-dependent BM excitation pattern with sharp tuning at low levels and broader tuning 
at higher levels. In the case of OHC dysfunction, on-CF magnitude-level functions show reduced compression. 
This leads to a lower on-CF response amplitude and a less level-dependent tuning of the BM excitation  pattern18. 
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Direct measurements of BM velocity are not possible in-vivo in humans due to ethical considerations. Instead, 
behavioural measurements using forward-masking paradigms (e.g.,19–24) as well as objective measurements based 
on distortion-product oto-acoustic emission (DPOAE) amplitudes (e.g.,25,26) have been considered to estimate 
BM compression in humans.

Oto-acoustic emissions (OAE) are low-level sounds recorded in the ear  canal27 generated in the cochlea as a 
side-effect of the non-linear processing induced by the OHC’s electro-motility. The slope of DPOAE magnitude-
level functions has been proposed as an estimate of cochlear  compression25. Group-averaged DPOAE slopes in 
NH listeners showed a compressive growth with increasing stimulus level. In hearing-impaired (HI) listeners, 
group-averaged DPOAE slopes showed a reduced range and amount of compression, together with a higher 
stimulus level required to evoke a measurable  DPOAE26. However, these studies reported high variability of 
DPOAE slopes across individual  listeners28, compromising their predictive value for an individual  listener25.

The envelope following response (EFR) represent another objective and non-invasive measure to investigate 
auditory function. EFRs, also referred to as auditory steady-state response (ASSR), are gross electroencepha-
lographic (EEG) potentials elicited by populations of neurons that respond synchronously (phase-locked) to 
the envelope of an acoustic stimulus. The EFR amplitude varies depending on the modulation frequency, with 
a predominant peak at 40Hz (the so-called 40Hz potential) and a smaller peak around 80–100 Hz (the 80Hz 
potential)29. It has been suggested that, when the traditional clinical vertical electrode montage is used, EFRs 
to 80–100 Hz modulations are mainly generated by brainstem-midbrain  sources30, although cortical sources 
may also  contribute31–33. EFRs to 40Hz modulations are thought to have more dominant sources from cortical 
 stages30. Due to their narrow bandwidth, multiple sinusoidally amplitude modulated (SAM) tones have been 
used to record EFRs evoked at multiple cochlear regions simultaneously to speed up clinical  assessment34–36. 
While the carrier frequency of each SAM tone determines the cochlear region to be excited, different modula-
tion frequencies produce different peaks in the recorded EEG  spectrum37, making it possible to separate the 
responses in the frequency domain. It has been demonstrated that EFRs can be recorded using four simultaneous 
SAM tones modulated between 80–100  Hz35, a technique currently implemented in clinical systems to estimate 
hearing thresholds (e.g.,38). At supra-threshold levels, EFR magnitudes as a function of stimulus level (EFR 
magnitude-level functions) elicited from single SAM tones show a monotonic  growth39–41. It was shown that EFR 
magnitudes evoked by multiple SAM tones presented simultaneously, separated one octave apart and modulated 
around 80–100 Hz, grow monotonically up to about 60 dB SPL followed by a  plateau42. EFR magnitudes are 
also influenced by the modulation depth. For a fixed stimulus level and modulation frequency, the magnitude 
of the EFR drops when reducing the modulation depth of the  stimulus39,41,43. Given that the modulation depth 
of a SAM tone is reduced when passed through a compressive non-linearity (e.g., on-CF BM processing), the 
EFR magnitudes may be lower for a system with high compression compared to a system with low compres-
sion  (see44). Consequently, the slope of the EFR magnitude-level function as a function of stimulus level should 
be shallower for a more compressive system compared to a less compressive system, potentially revealing the 
compressive growth of the BM.

In the present study, EFR magnitude-level functions elicited by four simultaneous SAM tones modulated at 
80–100 Hz were measured in NH and HI listeners. DPOAE magnitude-level functions were also measured in 
the same NH listeners for comparison. Even though EFRs evoked by a 80–100 Hz modulation may be predomi-
nantly elicited at brainstem-midbrain auditory  stages30,45,46, the compression estimates derived from the slope 
of the EFR magnitude-level functions may reflect a combination of various compressive processes at cochlear 
and retro-cochlear levels (i.e., brainstem-midbrain and even primary  cortex31–33). Modulation frequencies of 
80-100 Hz were chosen to find a balance between strong EFR amplitudes and as peripheral as possible EFR 
generating sources. Potential variations of generating sources with increasing stimulus levels were investigated 
by analysing the phases (or latencies) of the recorded EFRs. Assuming that all sources of compression beyond 
cochlear processing are not, or only minimally affected by OHC dysfunction, a change in BM compression will 
be reflected at more central levels in the auditory pathway (i.e., brainstem-midbrain). Such a change will then be 
represented in the magnitude of the EFR. This assumption could be compromised by the presence of cochlear 
synaptopathy (CS), the loss of the synaptic terminals of peripheral auditory nerve (AN) neurons innervating 
the  IHCs47. CS could lead to a change in the slope of EFR magnitude-level  functions41,48. This assumption 
was investigated using computational simulations for realistic CS  profiles49. The aim of the present study was 
to investigate whether peripheral level compression can be estimated simultaneously at four different carrier 
frequencies using EFR magnitude-level functions. It was anticipated that the amount of compression estimated 
through the EFR will be higher in NH listeners compared to HI listeners due to the reduced contribution of BM 
compression in the HI listeners with sensorineural hearing loss. Prior to proposing the potential clinical use 
of the slope of the EFR magnitude-level functions as an estimate of peripheral compression, the stability of the 
measure must be demonstrated. An EFR test–retest repeatability analysis was performed in NH listeners both 
for individual EFR data points and for EFR slopes. In addition to the analysis of the experimental data, a well-
established phenomenological computer model of the  AN50 was used to investigate the mechanisms underlying 
the peripheral contributions to the EFRs generation. Due to the frequency-specific (on-CF) nature of BM com-
pression, special attention was dedicated to analyse the effect of off-CF AN contributions to the compression 
estimates derived from the simulated EFR magnitude-level functions. Effects of OHC and IHC dysfunction 
on the EFR-based compression estimates, as well as AN fibre loss, were systematically investigated within the 
modelling framework. Compression estimates derived from EFRs were compared to compression estimates from 
DPOAEs in the same NH listeners.
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Methods
Listeners. Twenty adult listeners (10 females, 34.0 ± 15.9 years) participated in this study. Listeners were 
separated into groups of 13 NH (8 females, 24 ± 3.2 years) and 7 HI (2 females, 56.2 ± 12.7 years). All NH listen-
ers had audiometric thresholds below 15 dB hearing level (HL) at octave frequencies between 125 and 8000Hz . 
All HI listeners were selected to have normal-hearing thresholds ( ≤ 20 dB HL) below 4000Hz and a mild hearing 
impairment at 4000Hz and above, with audiometric thresholds between 20 and 45 dB HL.

All participants provided informed consent and all experiments were approved by the Science-Ethics Com-
mittee for the Capital Region of Denmark (reference H-3-2013-004). The experiments were carried out in 
accordance with the corresponding guidelines and regulations on the use of human subjects. The listeners were 
economically compensated for participating in the experiments.

Apparatus. The EFR and DPOAE recordings were performed in a dark, soundproof and electrically shielded 
booth, where the participants were seated in a comfortable reclined armchair. The participants were instructed 
to close their eyes and relax to avoid moving and were allowed to sleep. The recording and data analysis routines 
were implemented in MATLAB (The MathWorks, Inc., Natick, Massachusetts, USA). All acoustic stimuli were 
generated in MATLAB and presented using PLAYREC 2.1 (Humphrey, R., www. playr ec. co. uk, 2008–2014) via 
a RME Fireface UCX soundcard (sampling rate fs|sound = 48 kHz, 24 bits). The analogue acoustic signal was 
passed to a headphone buffer (HB7, Tucker–Davis Technologies) with a gain of −6 dB (stimulus levels > 55 dB 
SPL) or −27 dB (stimulus levels ≤ 55 dB SPL). The attenuated signal was presented through a pair of ER-2 insert 
earphones (Etymotic Research Inc.) mounted on an ER-10B+ low-noise DPOAE microphone probe (Etymotic 
Research Inc.) with ER10-14 foam eartips, from which the DPOAE was recorded.

EFRs were recorded using a Biosemi ActiveTwo system (sampling rate fs|EFR = 8192 Hz, speed mode 6, 
24 bits). Five active pin-type electrodes were used. Three electrodes were mounted at positions P10, P9 (right 
and left extremes of the parietal coronal line) and Cz (vertex) following the 10-20  system51. The remaining two 
electrodes (common mode sense (CMS) and driven right leg (DRL)) were placed at the centre of the parieto-
occipital coronal line (on either side of electrode POz). The electrodes CMS and DRL form a feedback loop that 
replace the “ground” electrode (the zero) in conventional EEG  systems52. Conductive electrode gel was applied 
and the offset voltage was stabilised at < 20mV for each electrode. The recorded EEG signals were hardware 
low-pass filtered by the EEG amplifier with a bandwidth limit of 1

5th
 of the sampling frequency (anti-aliasing 

filter) and down sampled by a factor of 2 by the Biosemi software. The EEG data were stored to hard disk. The 
results shown in this study represent the Cz-P10 potential in response to right-ear stimulation, and the Cz-P9 
potential in response to left-ear stimulation.

DPOAE were recorded using the same stimulus presentation apparatus as for the EFR measurements, but 
the ER-10B+ ear probe was connected to the ER-10B+ pre-amplifier (with a gain of 20 dB ). The microphone 
signal was bandpass filtered using a cascade of a high-pass filter (Rockland model 852, Butterworth 48 dB/octave, 
cut-off frequency 100 Hz) and a low-pass filter (cut-off frequency 9 kHz , otherwise identical to the high-pass 
filter). The recorded signal was digitised using the sound card at fs|sound = 48 kHz and 24 bits resolution and 
stored to hard disk.

EFR recordings. The EFR data were recorded in two sessions. In the first session (approx. two hours in dura-
tion), the EFR magnitude-level functions were recorded in the NH listeners using input levels in the range from 
20 to 80 dB SPL, in steps of 5 dB . The second recording session (approx. 45 minutes in duration) took place on a 
different day usually about one month later than the first session. Three input levels (35, 55 and 70 dB SPL) were 
recorded again in the same NH listeners to evaluate the test–retest repeatability of the results. In all NH listeners, 
the right ear was stimulated. In the HI group, the multi-frequency recording was carried out in the level range 
from 30 to 80 dB SPL, in steps of 5 dB . Here, the recording ear was chosen depending on the individual listener’s 
audiogram, such that the amount of sensitivity loss due to the hearing impairment was as similar as possible 
within the group. There was no second recording session to evaluate repeatability for this subject group.

A multi-frequency stimulus consisting of four SAM tones was used. The SAM tones had carrier frequencies 
of 498, 1000, 2005 and 4011Hz (referred to as 500, 1000, 2000 and 4000Hz throughout this work) modulated 
at 81, 87, 93 and 98Hz , respectively. The modulation depth was set to m = 85% . The four SAM tones were cali-
brated individually to the desired root mean squared (RMS) value using a B&K 4157 ear simulator, and were 
added later together (resulting in a final stimulus level that was 6 dB higher than that of each individual SAM 
tone). The stimuli were digitally generated as 1-s long epochs and continuously presented to the listener, where 
a trigger signal marked the beginning of a new epoch for later averaging. The total stimulus duration depended 
on the stimulus intensity to achieve a statistically significant EFR signal-to-noise ratio (SNR), based on a pilot 
study. Table 1 shows the stimulus duration used for each input level in the EFR recordings.

The recorded EEG data were filtered using a fourth-order Butterworth digital band-pass filter with corner 
frequencies of 60 and 400Hz , applied serially in forward and backward direction to yield zero phase. All recorded 
epochs with a maximum absolute amplitude that exceeded a voltage threshold of 80µV in any of the channels 
were rejected to remove artefacts and noisy events from the average pool. Sixteen 1-s long epochs of EEG data 

Table 1.  Duration of EFR stimuli for each input level used in the NH listeners.

Input level (dB SPL) 20 25 30 35 40 45 50 55 60 65 70 75 80

Duration (min) 12 12 11.2 10.13 8.53 8.53 7.73 7.2 7.2 6.67 5.6 5.6 5.6

http://www.playrec.co.uk
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were concatenated forming a trial to achieve a higher frequency resolution in the EFR spectrum analysis. In order 
to increase the SNR, the 16-s long trials were ensemble weighted averaged, where the inverse of the variance 
on each 1-s long epochs was used as  weights53. A fast Fourier transform (FFT) was performed on the averaged 
waveform and the EFR magnitude and phase values were read out from each of the modulation frequency bins 
of interest. Unwrapped EFR phases (in degrees) were delayed by 90 ◦ to compensate for sine starting phases in 
the stimuli, and converted to latency dividing by 360 · fm , where fm is the modulation frequency.

DPOAE recordings. DPOAE were measured (except for listener NH03, who could not participate) during 
the second recording session. DPOAE were measured using a sweeping  technique54 and the non-linear distor-
tion source was unmixed using a time-windowing  method55,56. The sweeping primaries consisted of two upward 
sweeps of equal level with a duration of 10-s and a sweep rate of half an octave per  second54. Primary f2 ranged 
from 250 to 8000Hz , while keeping the frequency ratio constant at f2f1 = 1.22 . The distortion-source DPOAE 
magnitude-level functions of the 2f1 − f2 component were recorded at primary levels of 30 to 65 dB SPL, in steps 
of 5 dB . The acoustic waveforms recorded in the ear canal were analysed in overlapping, windowed time frames 
(Hanning window of 24000 samples with a step size of 600 samples) using a least-squares-fit procedure which 
estimated the magnitude and phase of a sinusoid to the expected DPOAE frequency  component54.

The recorded sweeps were averaged to increase the SNR of the DPOAE. Prior to averaging, noisy frames 
were rejected in an online procedure that estimated the SNR in a pair of time frames. The background noise was 
estimated by averaging two consecutive frames after inverting the phase of the second one by π rad to remove 
deterministic components. The SNR estimation was defined as the difference between the magnitudes of the 
DPOAE non-linear distortion component and the estimated background noise. Two stopping rules were defined. 
The recording ended when the SNR in all four frequency bins of interest (0.5, 1, 2 and 4 kHz ) were larger than 
10 dB or when 8 pairs of sweeps had been recorded. For an individual listener, the recording of the complete 
DPOAE magnitude-level functions lasted approximately 20min.

Fitting functions. To estimate compression from the slope of each individual EFR magnitude-level func-
tion, a piecewise linear function with two segments was fitted using a non-linear least squares method described 
by:

where Ls represents the stimulus input level, s1 the lower slope, s2 the upper slope and bx and by represent the 
value on the abscissa and the ordinate at the break-point, respectively. Motivated by the BM I/O function char-
acteristics observed either in direct animal physiological recordings (e.g.,15) or used for human psychoacoustical 
estimates of cochlear compression (e.g.,12,19–21), the lower slope was forced to be larger than the upper slope (i.e. 
s1 > s2 ). Otherwise a first-order polynomial (single slope) was used: f (Ls) = s · Ls + a , where s is the slope and 
a the intercept. In case that a first-order polynomial model was found to provide a better fit than the two-slopes 
piecewise functions (based on an adjusted R2 statistic), this simpler model was used. The two-slopes piecewise 
function was only considered if at least 3 significant data points were present on each segment of the fitting func-
tion. Only EFR readings significantly above the background noise floor were included in the fitting procedure.

For individual DPOAE magnitude-level functions, a simple first-order polynomial model was fitted to the 
statistically significant data points. The value of the slope of the fitted model (s) was considered to be the cochlear 
compression estimate, as proposed  in25.

Statistical analysis. Statistically significant EFRs were identified by means of a F-test that compared the 
spectral power at the modulation frequency (EFR frequency) to the noise power in the range of 3Hz below and 
above the modulation  frequency29,57. The power ratio (F-ratio) was calculated as the power in the EFR frequency 
bin divided by the averaged power in 3Hz below and above the modulation frequency (96 bins). The probability 
(p) of the EFR power being different from the noise power can be calculated as 1− F , with F representing the 
cumulative distribution function of the power ratio. The F-test was defined to be positive if p ≤ 0.01 (F critical 
value ≤ 4.8333, SNR > 5.84 dB ), implying that the EFR frequency was statistically significant from the noise esti-
mate. The F-test was custom implemented in MATLAB. In the case of DPOAE recordings, statistical significance 
was determined when the SNR of the DPOAE for a given frequency was ≥ 10 dB.

In order to test whether the estimated EFR slopes, DPOAE slopes and EFR breakpoints from two different 
conditions (frequency or hearing status) were statistically different from each other, a two-sample permutation 
test for equality of the means was  used58,59. The test evaluates the hypothesis that the estimated parameter for two 
conditions were a random partition all data added together, against the alternative hypothesis that the estimated 
parameter from one condition were part of a population with a different mean than the other condition. The test 
was performed using 50,000 permutations using the Permute package implemented in  Python60. P-values were 
corrected for multiple comparisons using the false discovery rate  method61.

The dependence of EFR latency on stimulus level was analysed using a linear mixed-effects model (LMM) 
(“lme4” R-package, v1.1.2362 fitted using the “lmerTest” R-package v3.1.263,64) implemented in R 3.2.2 (R Core 
Team 2015). Stimulation level and frequency were treated as fixed effects, while listeners, hearing status (i.e., 
NH or HI) and the interactions between level and frequency and between hearing and frequency were treated 
as random effects. F-tests using the Satterthwaite’s method to approximate the denominator degrees of freedom 
were used to calculate the p-values for the fixed effects. The p-values for the random effects were calculated based 
on a likelihood ratio  test64.

(1)f (Ls) =

{

s1 · (Ls − bx)+ by if Ls < bx
s2 · (Ls − bx)+ by if Ls > bx
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EFR test–retest repeatability. The accuracy of the fitted slope to the EFR magnitude-level function will 
depend on the test–retest variability of each individual EFR data point. In order to have an estimate of the meas-
urement variability, the repeatability of individual EFR magnitudes at three stimulus levels was assessed using a 
Bland–Altman  analysis65. Data was also analysed using a one-way, random-effects, single-rater intra-class cor-
relation (ICC)  coefficient66,67, interpreted using the guidelines provided  by68. Normality was ensured by means 
of a visual inspection of the corresponding quantile–quantile (Q-Q)  plots69 and by computing a Shapiro–Wilk 
normality  test70 (not shown). In the Bland–Altman analysis, the test–retest difference values (i.e., the value of 
the retest subtracted to the value of the test) were plotted against the mean response amplitude between two test 
runs. This method defines the limits of agreement (LoA) as 1.96 times the standard deviation of the differences. 
The method proposed  by71 was used to compute 95% confidence interval (CI) for the mean of the differences 
and for the upper and lower LoA. The same repeatability analysis was performed on the EFR slopes. At frequen-
cies 500, 1000 and 2000Hz , only the stimulus levels of 35 and 55 dB SPL were used both for the test and retest, 
because the level of 75 dB does not belong to the compressive part in the EFR magnitude-level functions. For 
these frequencies, the EFR slope was estimated as the difference between the EFR magnitudes at 55 and 35 dB 
divided by 20. At 4 kHz , all three repeated levels were used (35, 55 and 75 dB ), and the EFR slope was estimated 
by fitting a first order polynomial to the three data points in both the test and the retest. In any case, only statisti-
cally significant EFR data points (positive F-test) were considered in the repeatability analysis, discarding those 
test–retest pairs that contained missing data points.

AN model. A humanised phenomenological AN  model50 was used to simulate the activity of the AN. In 
short, the input acoustic stimulus waveform is processed by a linear filter mimicking the middle-ear filtering. 
The BM is modelled as a time-varying level-dependent filter-bank where a gain parameter models the effect 
induced by OHC motion. The IHC transmembrane potential is modelled by a rectifying non-linearity coupled 
to a low-pass filter that limits phase-locking. Fast and slow power-law functions are used to model offset adapta-
tion and long-term adaptation observed in single AN unit  recordings72. Short-term onset adaptation is modelled 
as an adaptive redocking mechanism with four synaptic release sites. The implementation of the AN model is 
similar to one used  in41. Each simulation computes a total of 32000 AN fibres, distributed non-uniformly (with 
more density of fibres at mid CFs based  on73) through 300 CFs (cochlear segments or IHCs) ranging from 125Hz 
to 20 kHz . For each CF, a 61% of high-spontaneous rate (SR) (HSR) fibres, 23% of medium-SR (MSR) fibres and 
16% of low-SR (LSR) fibres were  considered74. Hair-cell dysfunction was implemented by fitting the listener’s 
audiogram using the fitaudiogram2 MATLAB function implemented  by72. This function allows to define the 
proportion of threshold elevation that is attributed to either OHC or IHC dysfunction.

To simulate EFR magnitude-level functions at the level of the AN, throughout the manuscript referred to 
as EFRAN , the same stimulus as the one used in the recordings consisting of four simultaneous SAM tones was 
presented to the model but of a duration of 1.2-s. The stimuli were calibrated and presented to the AN model 
ranging from 5 to 100 dB SPL in steps of 5 dB . The spike trains obtained from the independently computed AN 
neurons for a given CF and fibre type were added together to obtain the summed AN activity at that CF, which 
is comparable to the peri-stimulus time histogram (PSTH) used to describe data from single neurons in experi-
mental recordings. In order to analyse the steady-state encoding of a modulation, a 1-s long steady-state response, 
excluding onsets and offsets, was considered. A FFT was performed on the resulting summed AN activity and 
the magnitude value at the modulation frequency bin was considered the simulated EFRAN.

In order to visualise which CFs may contribute to the total EFRAN response, heatmap plots showing EFRAN 
magnitude as a function of CF and stimulus levels were used (see Fig. 5a–g). In those plots, for each combination 
of CF and stimulus level, the colour represents the magnitude of the EFRAN obtained from the frequency bin 
corresponding to the modulation frequency of interest (different for each carrier frequency) in the spectrum of 
the summed AN activity at that CF (the PSTH for that particular CF). The simulated EFRAN magnitude-level 
functions (see Fig. 5h–k) are obtained by summing all the AN simulated activity across CFs and reading the 
magnitude at the modulation frequency bin from the spectrum of the summed PSTHs. For the analysis done at 
the on- and off-CF bands, the same procedure is performed over the summed AN activity of all CFs within the 
definition of on-CF band, or over the summed AN activity of all CFs except the ones of the on-CF band (off-
CFs). The on-CF band was defined as the CFs ranging from 1

2
-octave lower and 1

3
-octave higher than the carrier 

frequency of the SAM tone (a fractional bandwidth of ≈ 28% ), based on velocity-intensity functions recorded 
directly in the BM of non-human  animal15.

Results
The data reported in this article are publicly available in a Zenodo repository (https:// doi. org/ 10. 5281/ zenodo. 
844833)75.

EFR and DPOAE magnitude‑level functions. Normal-hearing listeners. Figure 1 shows the record-
ed EFR (panels a–d) and DPOAE (panels e–h) magnitude-level functions for one representative NH listener 
(NH01) for 500Hz , 1000Hz , 2000Hz and 4000Hz , respectively. The complete sets of EFR and DPOAE data for 
all NH listeners are shown in Supplementary Fig. S1 and in Supplementary Fig. S3, respectively. All EFR mag-
nitude-level functions were found to grow monotonically and compressively (with slopes 1 dB/dB ) for stimulus 
levels between 20 and 50-65 dB SPL. The EFR magnitude-level functions obtained for the carrier frequencies 
500, 1000 and 2000Hz (panels a–c in Fig. 1 and Supplementary Fig. S1) showed a different trend than that for 
the 4 kHz carrier (panel d). At 500, 1000 and 2000Hz , the EFR magnitudes saturated, or slightly decreased, for 
stimulus levels above 50-65 dB SPL, leading to a break-point in the magnitude-level function. Figure 2e (blue 
symbols) shows box-plots indicating the fitted break-point levels at the four carrier frequencies. The median 

https://doi.org/10.5281/zenodo.844833
https://doi.org/10.5281/zenodo.844833
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values for the break-point levels varied between 50 to 65 dB SPL, and non of the conditions were statistically 
different. In contrast, no break-point was observed at 4 kHz (hence the absence of a NH box-plot at 4 kHz). At 
this frequency, the magnitude-level function was found to grow monotonically with a single slope (see also Sup-
plementary Table S1). Figure 2a (blue symbols) shows the estimated EFR slopes. Median values amounted to 
0.24 dB/dB at 500Hz , 0.31 dB/dB at 1000Hz , 0.27 dB/dB at 2000Hz and 0.21 dB/dB at 4000Hz . The estimated 
EFR slopes in the NH listeners were not statistically different across frequency.

The distortion-component of the DPOAE magnitude-level functions (panels e–h in Fig. 1 and Supplemen-
tary Fig. S3) grew monotonically with increasing stimulation level, generally well represented by the fitted line 
(see also Supplementary Table S3). The estimated DPOAE slopes showed a large variability across frequency 
and listeners (Fig. 2b), even though DPOAE sources were unmixed. The median values for the DPOAE slopes 
in the NH listeners were 0.5 dB/dB at 500Hz , 0.74 dB/dB at 1000Hz , 0.44 dB/dB at 2000Hz and 0.72 dB/dB at 
4000Hz . The pair-wise comparisons between 500 and 1000Hz (Test statistic = -0.2401 ( 95% CI: -0.3788, -0.0971), 
p = 0.0146 ) and between 1000 and 2000Hz (Test statistic = 0.2082 ( 95% CI: 0.0476, 0.3684), p = 0.0434 ) were 
found to be statistically different.

Hearing-impaired listeners. Figure 3 shows the EFR magnitude-level functions for one representative HI lis-
tener (HI01). The complete set of EFR data for all HI listeners is shown in Supplementary Fig. S2. The EFR 
magnitude-level functions for 500, 1000 and 2000Hz carrier frequencies (panels a–d) showed similar trends 
as the ones observed for the NH listeners (shown in Fig. 1 and Supplementary Fig. S1). At 4 kHz (Fig. 3d), the 
EFR magnitudes for stimulus levels up to 60 dB SPL were not statistically different from the EEG background 
noise, whereas significant EFR magnitudes were obtained above 60 dB SPL for this particular listener, showing 
a compressive growth with level (slope < 1 dB/dB ). This frequency is within the region of reduced sensitivity in 
this listeners’ audiogram (red arrow in panel d). Overall, the EFR magnitudes recorded in some of the HI listen-
ers showed lower SNRs than in the NH listeners, resulting in a larger number of statistically non-significant data 
points (see Supplementary Table S2).

The slopes of the EFR magnitude-level functions at 500, 1000 and 2000Hz (i.e. the frequencies where all lis-
teners were considered to have “normal” audiometric thresholds) were not statistically different between the NH 
and the HI listeners (see Fig. 2a). In contrast, the EFR slopes at 4 kHz were significantly steeper (higher values) 
for the HI listeners than for the NH listeners (Test statistic = 0.2963 ( 95% CI: 0.1779, 0.4187), p = 0.0192 ). The 
median values of the EFR slopes for the HI listeners were 0.40 dB/dB , 0.33 dB/dB , 0.26 dB/dB and 0.57 dB/dB for 
the carrier frequencies 500, 1000, 2000 and 4000Hz , respectively.

Figure 1.  EFR (panels a–d) and DPOAE (panels e–h) magnitude-level functions recorded in one representative 
NH listener (NH01) for the frequencies of 500Hz (panels a,e), 1000Hz (panels b,f), 2000Hz (panels c and 
g) and 4000Hz (panels d,h). EFR and DPOAE magnitudes are represented as filled circles and squares, 
respectively, in case of statistically significant responses. Open symbols show statistically non-significant data 
points. Grey shaded areas show the estimated background noise. In panels (a–d), black circles indicate EFR 
magnitudes recorded in the first recording session, and red circles indicate retest EFR magnitudes recorded in 
the second recording session. Fitted models to significant data points are represented by the solid dark-grey 
functions. A linear reference with a slope of 1 dB/dB is indicated by the dotted line.
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Figure 2.  Group statistics of EFR and DPOAE data for NH and HI listeners. Panel (a) shows box-plots with 
the fitted EFR slopes obtained for each carrier frequencies in the NH (blue) and HI (red) listeners. Panel (b) 
shows box-plots with the fitted EFR slopes for same the NH listeners. Panels (c,d) show EFR latency increment 
(referenced to the shortest recorded latency) as a function of frequency and stimulus level, respectively. Panel (e) 
shows EFR break-point levels for the different carrier frequencies when the two-slopes piecewise fit was used. 
The bottom and the top of each box represent the first and third quartiles, respectively, and the horizontal line 
inside each box represents the second quartile (the median). Whiskers indicate 1.5 times the interquartile range 
(IQR) of the lower and upper quartiles. The circles depict the raw observations. Statistical significance, based on 
a two-sample permutation test for equality of the means, is represented by the asterisks, where * corresponds to 
p ≤ 0.05.

Figure 3.  EFR magnitude-level functions recorded in one representative HI listener (HI01) for carrier 
frequencies of (a) 500Hz , (b) 1000Hz , (c) 2000Hz and (d) 4000Hz . Same representation as in Fig. 1 but not 
including the repeatability measurements. The small red arrow in panel (d) indicates the behavioural hearing 
threshold of the listener at 4000Hz in dB SPL.
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EFR latency. It was assumed that the main EFR generator for the used modulation frequencies (80–100 Hz) 
was located at the level of the brainstem-midbrain30. In order to investigate potential large phase discontinui-
ties, which could indicate different EFR generating sources, EFR latencies were analysed as a function of fre-
quency and stimulation level (panels c and d in Fig. 2, respectively). A LMM revealed that there was a significant 
dependency of level ( β = 0.059ms/dB SPL ( 95% CI: 0.0566, 0.0612), t-value = 16.951, df = 61.65, p < 2e−16 ), 
but not of frequency ( p > 0.05 ). A similar phase analysis using the AN model indicated that such level depend-
ency could be of a peripheral origin (see the Discussion section for further details). EFR latencies are shown as 
an increment ( � latency) with respect to the shortest measured latency. This is because the absolute latency can 
be misleading due to phase ambiguities in steady-state  responses38, as the number of preceding full cycles cannot 
be resolved with the recording method used here. EFR � latencies ranged from about 3 to 6ms.

EFR test–retest repeatability. Figure 4 shows the main results of the test–retest repeatability analysis of 
individual EFR magnitudes (panels c–h) and EFR slopes (panels a and b). The test–retest relation of the EFR 
slopes (panel a) led to an ICC coefficient of 0.341 (− 0.22, 0.74), indicating a “poor” correlation. Panel b) shows 
a Bland–Altman plot of the same data. The solid black horizontal line indicate the mean of the differences and 
the grey band surrounding it indicate its 95% CI. The mean of the slope difference was 0.05 dB/dB , indicating 
no systematic bias. The dashed lines show the upper and lower LoA, amounting 0.34 dB/dB and −0.24 dB/dB , 
respectively, with its 95% CI depicted as grey surrounding areas. This indicates also the poor repeatability of the 
EFR slopes, as repeating a measurement of the EFR slope (using only two or three data points, see Methods) can 
lead to mean variations as large as about ± 0.3 dB/dB . Panel c shows the relation between individual EFR test and 
retest magnitudes, agnostic to carrier frequency and stimulation level. Carrier frequencies are indicated as dif-
ferent intensities of blue colour. The top and right margins show the kernel density function of the distributions 
of each frequency, showing the absence of a frequency-dependent structure in the data. The ICC coefficient was 
0.793 (0.71, 0.86), indicating a “good” correlation. Panel d) shows the corresponding Bland–Altman analysis. 
The mean of the difference in EFR magnitudes ( 0.14 dB ) did not show a systematic bias, and the LoAs indicated 
that the EFR test–retest repeatability was within about ± 5 dB . The analysis performed by segmenting the data 
by carrier frequency (panels e–h) showed a similar EFR test–retest repeatability for all carrier frequencies, with 
a slightly lower LoA for the 4 kHz carrier. The ICC coefficients for each carrier frequency were: 0.679 ( 95% CI: 
0.38, 0.85) at 500Hz , 0.751 ( 95% CI: 0.54, 0.87) at 1 kHz , 0.817 ( 95% CI: 0.64, 0.91) at 2 kHz and 0.849 ( 95% CI: 
0.68, 0.93) at 4 kHz ; interpreted as “good” repeatability for all frequencies except at 500Hz , which is “moderate”. 
The repeatability results obtained in this study were similar to those presented in previous  studies67,76,77, even 
though the EEG recording systems, stimuli and listeners differed across studies. The test–retest repeatability 
analysis was performed considering only statistically significant EFR data points. Non-significant data points 
were treated as missing data. The recording success rate, defined as the percentage of significant responses from 
the total number of recordings, was of 63.6% for the test EFRs, 77.6% for the retest EFRs and 65.4% for all the 
recording pooled together.

AN model simulations. Since BM compression represents a frequency-specific (on-CF)  phenomenon15, a 
model of the AN was used to investigate the peripheral contributions to the EFR from each CF. Figure 5 shows 
simulated neural activity derived from the AN model  by50 in response to the same four SAM tones (rows) as 
considered in the experimental recordings. Simulated envelope-based AN activity (for details regarding the cal-
culation of EFRAN from the AN model output, see the Methods section), both for NH and HI are presented as a 
function of CF and stimulus level, as well as a summed across CFs. The AN responses for the carrier frequencies 
500, 1000 and 2000Hz were similar for the NH and the HI simulations (panels a-f), resulting in almost identi-
cal EFRAN magnitude-level functions (panels i-k). At 4 kHz , EFRAN magnitudes for the HI simulations (panel 
h and red diamonds in panel l) were not statistically significant from the noise floor at low stimulus intensities, 
consistent with a threshold elevation. Here, at threshold (i.e., at about 30–40 dB SPL), AN neurons tuned to a 
broader range of CFs responded phase-locked to the modulation frequency compared to the very narrow range 
of CFs in the case of the NH simulations (panel g and blue function in panel l), that showed a threshold at 
about 0 dB SPL. This is consistent with the broadening of frequency tuning observed in AN neurons in cochlear 
regions with OHC  dysfunction78. Thus, hair-cell dysfunction led to abnormal EFRAN magnitude-level functions, 
with non-significant responses at low input levels, followed by a steeper (less compressive) growth function at 
medium input levels that converged towards the compressive growth observed in the NH case (blue circles) at 
higher input levels.

The broadening of the range of contributing AN neurons with increasing stimulus level was found for all 
carrier frequencies (panels a–h). For each carrier frequency, the AN activity is limited to a narrow on-CF region 
at low stimulus levels (indicated by the horizontal orange-dashed lines in panels a–h). With increasing stimulus 
level, the range of AN activity broadens towards off-CF regions due to the recruitment of neurons tuned to higher 
CFs. This broadening is continuous for the 4 kHz carrier whereas there is a saturation in the EFRAN magnitude-
level functions (panels i–k) obtained for the three lower-frequency carriers due to an interference between the 
neural activity of a higher frequency carrier onto a lower frequency carrier.

Solid blue and red lines in panels i–l in Fig. 5 show the growth of the BM output in the model for NH and HI, 
respectively, for each carrier frequency. The BM magnitude-level functions show a linear growth at low stimulus 
levels that bends towards a compressive growth at medium-to-high levels. This is less clear at 500Hz because 
the BM gain in the model is lower at this  frequency80. With a mild hearing impairment (panel l) the BM output 
shows reduced sensitivity at low stimulus levels but residual compression at higher levels. The compression values 
estimated from the output of the BM in the model are relatively similar to the compression values estimated from 
simulated EFRAN magnitude-level functions. The same piecewise linear function with two segments as used in 
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Figure 4.  Test–retest repeatability analysis of the EFR magnitudes and the EFR slopes in the NH listeners. Panel 
a) show the relation between the test and retest data of the EFR slope. Top and right margins show a histogram 
and kernel density function of the data. The black-solid line and grey area in the main plot show the fit of a 
linear regression model and its 95% CI. Panel (b) shows the difference of the test–retest EFR slopes as a function 
of the test–retest mean (a Bland–Altman plot). The solid-black horizontal line show the mean of the differences. 
The dashed-grey horizontal lines show the upper and lower LoA. The corresponding values are indicated in the 
right side of each line, while the grey semitransparent bands show the 95% CI for each line. Panel (c) show the 
relation between the test and retest EFR magnitudes pooled across carrier frequency and level. EFR values for 
each carrier frequency are indicated as different intensities of blue colour. Top and right margins show kernel 
density functions of the distribution of the data. Panel (d) shows a Bland–Altman plot of the EFR test–retest 
data pooled across frequencies and levels. Panel (e–h) show Bland–Altman plots of the EFR test–retest data 
for the carrier frequencies of 500Hz , 1 kHz , 2 kHz and 4 kHz , respectively. Different markers indicate the 
stimulation level of each EFR data point, as shown in the legend in panel h). Only statistically significant EFRs 
were considered in the repeatability analysis, indicated by the N value in the bottom-left part of each Bland–
Altman plot.
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the experimental EFR data was used here for the model simulations. The compression values from the simulated 
NH BM output amounted 0.62, 0.33, 0.26 and 0.27 dB/dB at the four carrier frequencies, respectively; versus 
0.58, 0.34, 0.39 and 0.23 dB/dB at the same frequencies for the EFRAN magnitude-level functions. In the case of 
simulated HI, BM compression values were 0.66, 0.33, 0.27 and 0.32 dB/dB versus 0.59, 0.32, 0.36 and 0.25 dB/dB 
for the EFRsAN . Despite the similarity, one should bear in mind that the BM output for a given carrier frequency 
reflects the response of the cochlear segment tuned to that specific frequency, i.e., an on-CF response; whereas 
EFRAN magnitude-level functions result from the addition of any CF responding to the modulation frequency, 

Figure 5.  Simulated EFRs at the level of the AN ( EFRAN ) obtained with four simultaneously presented SAM 
tones as the ones used in the experiments. Panels (a–h) show EFRAN magnitudes as a function of stimulus 
levels and CF for each of the four carrier frequencies (rows). The colour gradient indicate significant EFRAN 
magnitudes. The horizontal orange dashed lines indicate the on-CF range as defined  in15. The vertical 
grey shaded areas show input level ranges outside the level ranges considered in the experiments. The two 
leftmost columns show simulated EFRAN for the mean audiogram of the NH (left) and HI listeners (middle), 
respectively. Panels (i–j) in the rightmost column show the corresponding EFRAN magnitude-level functions 
obtained by summing up all AN activity across CF. Blue circles show NH simulations and red diamonds 
represent HI simulations. The thin blue and red dotted lines represent noise floor estimates (only visible in 
panels (i,j). The blue and red solid lines show BM I/O functions from the BM output of the model for NH and 
HI, respectively. The black dotted lines show a linear reference. A combination of 2

3
 of OHC dysfunction and 1

3
 of 

IHC  dysfunction5,79 was assumed to adjust the AN model parameters to account for the mean audiogram values 
in each listener’s group.
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as shown in colour gradient in panels a-h in Fig. 5. A comparison between on- and off-CF contributions to the 
EFRAN is discussed below.

Discussion
Compression estimates based on EFR magnitude‑level functions. The slopes of the experimental 
EFR magnitude-level function for the NH listeners varied between 0.2 and 0.35 dB/dB . They were not statisti-
cally different from the slopes at the non-impaired frequencies (500, 1000 and 2000Hz ) for the HI listeners (see 
Fig. 2a). On a group average, these values are similar to BM compression estimates obtained using direct invasive 
methods in healthy non-human animal models, and with non-invasive physiological and behavioural compres-
sion estimates in NH humans. Compression values estimated from the slope of BM velocity-intensity I/O func-
tions in chinchillas at medium-to-high stimulation levels (40–90  dB SPL) varied between 0.2 and 0.5 dB/dB
15. Group-averaged psychoacoustical compression estimates in NH humans were found to be between 0.15 to 
0.35 dB/dB (e.g.,19,20,81–85). Compression estimates using group-averaged DPOAE magnitude-level functions 
were shown to be of about 0.2 dB/dB in NH listeners at moderate stimulus levels (50 to 70 dB SPL) (e.g.,25,26,28).

Some of the characteristics in the data of the HI listeners seemed also consistent with the results in literature 
obtained using other cochlear compression estimates. The slopes at 4 kHz (where the HI listeners showed a 
mild hearing loss) were significantly steeper than the corresponding slopes for the NH listeners (Fig. 2a). The 
steeper growth function in the HI listeners is consistent with the concept of reduced BM compression observed 
or estimated with other methods (e.g.,18–20,28,86). In addition, the increase of the lowest stimulus level at which an 
EFR could be measured in the HI listeners is consistent with the corresponding increased pure-tone threshold at 
that frequency (see  also39,87–92). Thus, based on the group-averaged numerical values, the similarity of the com-
pression estimates obtained across the different methods, including the EFR, may suggest that similar aspects of 
peripheral auditory processing are reflected in the different measures.

However, while the slope of the compressive part of the respective level-growth functions is similar across 
methods, the overall shape of the magnitude-level functions differs. For example, while a change in the slope of 
the magnitude-level functions (often referred to as a “break-point” or “knee point”) can be identified both in the 
EFR results as well as in the behavioural measures, there are substantial differences. In fact, in the behavioural 
studies, a break-point has typically been estimated at stimulus levels at or below about 45 dB SPL (e.g.,12,20,81,84,93), 
whereby the slope of the estimated BM I/O function has been usually approximates linear growth at lower levels. 
The slope beyond the break-point, at medium-to-high levels, commonly grows compressively in NH listeners. 
In contrast, for the EFR magnitude-level functions obtained in the present study, no linear growth was found, 
in any of the listeners at any frequency, at the lowest levels considered. While this characteristic of the EFR 
magnitude-level seems inconsistent with the behaviourally estimated BM I/O functions, it is not inconsistent 
with data from non-human animal recordings. These recordings show that linearised BM growth can occur at 
stimulus levels below 20 dB SPL (see Fig. 3  in15), which were input levels not tested in the present study. In addi-
tion, the simulated EFRAN magnitude-level functions showed growth ratios close to 1 dB/dB only at very low 
stimulus levels below 30 dB SPL (panels i–l in Fig. 5), impossible to see from the recorded data. Furthermore, 
the experimental EFR magnitude-level functions showed a break-point at about 50–65 dB SPL (see Fig 2e); i.e., 
at higher levels than in the behavioural studies. This break-point actually reflected the transition between the 
compressive growth at low-medium stimulus levels and the level region where the EFR magnitudes saturated 
(at 500, 1000 and 2000Hz ), consistent with a previous  study42. Thus, the characteristic of the EFR magnitude-
level function, including its compressive behaviour, do not seem to reflect the same processes that underlie the 
behaviourally estimated BM I/O function. The same may hold in relation to the level-growth functions obtained 
with non-invasive physiological methods such as DPOAEs as well as the invasive (non-human) measures, as 
further outlined below.

It was assumed that EFR elicited by modulation frequencies of 80-100 Hz were mainly generated at the level 
of the brainstem-midbrain30. In order to investigate the effect of stimulus level on the EFR generation, EFR 
phases converted to latency-level  functions94 were analysed (Fig. 2d). A LMM indicated a significant effect of 
level on EFR latency with a growth of 0.059ms/dB , but no effect of frequency. Such increase of EFR latency with 
increasing stimulus level is in agreement with the results  in95, but in disagreement with another study from the 
same  group94, although the later study tested only two stimulus levels. The average change of latency amounted 
to 3.55ms (from 20–80 dB SPL), similar to about 3.8ms (from 40 to 80 dB SPL)  in95 and 2.4ms (from 35-to 75 dB 
SPL)  in94, which may indicate a similar generator across level. To investigate the potential peripheral origin of 
the level dependency, phase-level slopes were estimated from the simulated EFRAN functions and subtracted to 
the experimental EFR phase-level functions. Applying the same LMM, stimulus level became statistically non-
significant ( β = 0.005ms/dB SPL ( 95% CI: 0.0017, 0.0078), t-value=1.105, df=43.74, p = 0.2751 ). Thus, it seems 
that this small increase in latency with increasing level is of peripheral origin.

Comparison of compression estimates using EFRs and DPOAEs. Figure  6 shows the relation 
between estimated EFR and DPOAE slopes in the same NH listeners. Correlation analysis using Shepherd’s 
pi  correlation96 resulted in a correlation coefficient of r = 0.1689 ( 95% CI: −  0.12, 0.43, adj. r2 = − 0.0146 , 
p = 0.2618 ), indicating a poor relation. In general, DPOAE compression estimates were higher (less compres-
sive) and more variable than EFR compression estimates (panels a and b in Fig. 2 and marginal histograms 
in Fig. 6). The lack of correspondence between different methods proposed to estimate cochlear compression 
is not new. One study showed that cochlear compression estimates using DPOAEs were not correlated with 
behavioural compression estimates in the same individual  listeners97. Another study showed a correlation only 
at 4 kHz but not at lower  frequencies82, and the correlation did not become stronger when efforts were made to 
reduce the DPOAE  variability98.
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EFR compression estimates (median values between 0.2 and 0.35 dB/dB ) were more in agreement with 
cochlear compression estimates derived using other methods reported in literature than DPOAE compression 
estimates (median values between 0.5 and 0.74 dB/dB ). At a first glance, this could indicate that peripheral 
compression is better estimated with EFR slopes than with DPOAE slopes, or at least that different underlying 
mechanisms are being captured by the different methods. The AN modelling analysis, where such underlying 
mechanisms can be elucidated, suggested that EFR slopes do not reflect cochlear compression (see below in the 
Discussion). The DPOAE slopes reported here are consistent with slopes reported in some  studies28,99, but are 
much larger (less compressive) than in other  studies25,26. Different experimental parameters such as primary levels 
and primary frequency ratios, or physiological aspects like OHC status could explain the discrepancy between 
studies and the large variability observed across listeners. For example, it has been suggested that the place on 
the BM where the second primary ( f2 ) travelling wave peaks, which affects the main DPOAE generation site, 
depends on the used primary level  paradigm100. Biophysical cochlear models could be used to determine the 
optimal set of parameters needed to estimate cochlear compression with OAE, but this is beyond the scope of 
the current study.

EFR test–retest repeatability. The repeatability analysis of individual EFR recordings showed a “good”68 
test–retest repeatability based on the ICC method. The Bland–Altman method indicated that EFRs can fluctuate 
between about ± 5 dB from session to session. However, the test–retest repeatability of the EFR slope between 35 
and 55 dB SPL (for 500, 1000 and 2000Hz ) and based on the three retest data points at 4 kHz was “poor”, prob-
ably due to error propagation, as more than one EFR data point is used for estimating the slope. This is prob-
lematic for a potential clinical use of the EFR slope. The repeatability results of individual EFRs were consistent 
with other reported analyses. The repeatability of individual EFR magnitudes was reported to be corresponding 
to ICC = 0.93 (“excellent”) and ICC = 0.71 (“good”) for fully modulated ( m = 100% ) and shallow modulated 
( m = 50% ) EFRs,  respectively67, leaving the repeatability coefficient found in the present study with modulation 
depths of m = 85% in between the two other reported studies (ICC = 0.792). Similarly, the Pearson correlation 
was reported to be r = 0.91 in another study that used single carriers modulated at m = 100% presented at 50 dB 
 HL77. Moreover, the LoAs of EFRs elicited also by a single carrier frequency modulated at m = 100% presented 
at 50 dB HL were found to be of about ± 40% of the mean linear EFR amplitude, corresponding to about ± 3 dB
76, in comparison to about ± 5 dB in the present study.

On‑ versus off‑CF contributions to EFR compression estimates. The compressive growth of BM 
I/O functions measured locally in animal models reflects on-CF responses at a narrow BM range. At off-CF 
places, BM I/O functions have been demonstrated to grow linearly (see Figs. 6 and 7  in15). Thus, in order to 
estimate on-CF (i.e., place- or frequency-specific) compression using EFRs (or any other method), the response 
needs to be dominated by such on-CF processing. At low intensities, a narrow-band stimulus (e.g., a SAM tone) 
excites a narrow region of the BM and a small part the AN population. Thus, the EFR responses are likely to 
be dominated by the activity of a small population of neurons tuned to the centre frequency of the stimulus. 

Figure 6.  Relation between EFR slopes and DPOAE slopes in the same NH listeners. Frequencies are indicated 
as different intensities of blue colour. The dashed dark-grey line show a 1:1 ratio. Top and right marginal 
histograms and kernel density functions show the EFR and DPOAE slopes distributions (pooled across 
frequency), respectively.
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However, at medium and high stimulus levels, the excitation pattern of the BM broadens and a larger population 
of AN neurons tuned to frequencies remote from the centre frequency contribute to the gross activity. Indeed, 
based on simulations of neural activity at the level of the AN using the model  by72,101, it was shown that responses 
to a single SAM tone presented at medium-to-high stimulus levels are dominated by contributions from off-CF 
HSR  fibres41. This is despite the fact that the maximum of the BM excitation is located at on-CF.

When presenting more than one SAM tone simultaneously, the presence of a SAM tone of higher carrier 
frequency prevented a SAM tone at a lower frequency to recruit AN neurons tuned to higher CFs (Fig. 5, see 
panels a-f). This was not the case for the 4 kHz component (panels g and h), where off-CF basal neurons could 
be recruited without interference from another SAM tone. This is supported by findings from invasive recordings 
in non-human animals showing that AN fibres can follow the periodicity of a high level tone with frequency 
energy below the CF of the fibre (e.g.,102,103). Also, EFRs recorded in rats have shown the effect of a second, 
high-frequency SAM carrier onto the encoding of a low-frequency SAM  carrier104. Consistent with the model 
simulations in the present study, the study  by104 concluded that the presence of the second SAM tone basal to the 
place of the main low-frequency SAM tone caused a reduction of the EFR to the lower-frequency component 
due to reduced recruitment of AN fibres located basally relative to the on-CF location. Such interaction of a 
high-frequency SAM carrier onto the AN activity induced by a lower-frequency carrier is the reason underlying 
the saturation of the simulated EFRAN magnitude-level functions above 50–60 dB SPL, as observed at 500, 1000 
and 2000Hz (panels i and j in Fig. 5). At 4 kHz , the model shows a monotonic growth of EFRAN magnitudes at 
stimulus levels above 30 dB SPL in the NH simulations (panel l in Fig. 5). This is consistent with the single-slope 
growth function observed in the experimental EFR data (panel d in Fig. 1 and panel b in Fig. 2). This is because 
off-CF basal neurons could be recruited at high stimulus levels without interference, strongly contributing to the 
compound response. Similarly, simulated EFRAN magnitude-level functions using a single SAM tone at 2 kHz 
resulted also in non-saturating (monotonically increasing) growth functions (see Fig. 4a  in41). Thus, the model 
offers a comprehensive explanation for the saturation of the EFR magnitude-level functions observed at 500, 
1000 and 2000Hz in the recorded data (see panels a–c in Fig. 1 and Fig. 3).

The orange-dashed lines in Fig. 5 (panels a–h) indicate the limits of the on-CF range as derived from direct 
BM recordings in non-human  mammals15. Within this on-CF range, the EFRAN magnitude first increases with 
input level, shows a maximum at about 25-30 dB above threshold, and then decreases with increasing stimulus 
level. This is more clearly shown in the dashed-blue function in Fig. 7a. At medium-to-high stimulus levels, 
the modulation (and therefore the EFRAN ) was found to be more dominant at off-CFs than at on-CFs (see also 
panels a and b in Fig. 7). At these higher levels, many on-CF HSR fibres will saturate in rate and do not strongly 

Figure 7.  Analysis of on- vs off-CF contributions and OHC vs IHC dysfunction on the simulated EFRAN 
magnitude-level functions from the 4 kHz component. Panel (a) shows NH simulated EFRAN magnitude-level 
function after summing contributions across CF (circles), the contribution to EFRAN from neurons in the on-CF 
range (dashed line) and the contributions from off-CF neurons (dotted line). The solid line shows the growth of 
the BM output. Panel (b) shows the same as panel a but assuming hearing impairment with a combinations of 2

3
 

of OHC dysfunction and 1
3
 of IHC dysfunction. Panel (c) shows the same simulated HI EFRAN magnitude-level 

functions as in panel (b) (summed across CFs) but assigning the threshold elevation to only OHC dysfunction 
(red crosses, dashed line) or to only IHC dysfunction (red squares, dotted line). The NH simulation is shown by 
blue circles as a reference. The grey-dotted line in all panels indicate a linear growth.
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encode the modulations. In contrast, AN neurons tuned to off-CFs (including HSR fibres) are still excited below 
saturation level, due to their lower off-CF sensitivity (as reflected in their tuning curves). Thus, the off-CF HSR 
neurons more robustly encode the amplitude modulations at these higher levels. This is consistent with physi-
ological recordings from the cat AN showing that off-CF AN fibres exhibit higher synchrony to high intensity 
SAM tones than on-CF AN  fibres105. Nonetheless, the EFRAN magnitude-level function obtained after summing 
across CF continued to grow monotonically due to a further increase of off-CF contributions. Panels a) and b) in 
Fig. 7 show the overall contribution of on- and off-CFs to the compound response to the 4 kHz SAM tone. The 
NH simulations are shown in blue and the HI simulations are indicated in red. The compressive slope estimated 
by fitting the piecewise function to the EFRAN magnitude-level function (blue circles in panel a) results from the 
mixture of on- (dashed-blue line) and off-CF (dotted-blue line) contributions. The solid-blue line shows the BM 
output at 4 kHz , which reflects a purely on-CF response, and hence shows a compressive growth at medium-to-
high stimulus level. At the same level range, the corresponding EFRAN on-CF response (dashed-blue line) shows 
a decreasing function with increasing level, consistent with physiological results in non-human  animals105. For 
this particular carrier frequency, the compression value from the simulated BM was 0.27 dB/dB , very similar 
to the 0.23 dB/dB compression value from the total simulated EFRAN magnitude-level function. But it was 
completely different from the slightly negative growth of − 0.02 dB/dB from the on-CF EFRAN , and similar to 
the 0.29 dB/dB growth from the off-CF EFRAN . The same effect can be seen in the HI simulations (see Fig. 7b). 
Therefore, while BM compression purely reflects on-CF processing, the estimates of compression obtained from 
EFR magnitude-level functions do not exclusively reflect on-CF cochlear compression, because its generation in 
the AN is strongly influenced by off-CF contributions, according to the model. This is conceptually consistent 
with the limitations of estimating place-specific cochlear dispersion using  EFRs106.

IHC dysfunction (but intact OHC function) is considered to lead to a BM I/O function with comparable com-
pression estimates as in the NH listeners (e.g.,81). Figure 7c shows simulations of the 4 kHz EFRAN magnitude-
level function when accounting for the mild threshold elevation with only OHC dysfunction (red crosses, dashed 
line) or with only IHC dysfunction (red squares, dotted line). Even though both types of hair-cell dysfunction 
led to a similar threshold elevation of 30-40 dB SPL, the growth function showed different shapes. In the case 
of only OHC dysfunction, EFRsAN grew steeply just above threshold and became as compressive as in the NH 
case (blue circles) at levels beyond about 60 dB SPL. This steeply growing part, dominated by on-CF process-
ing (see dashed-red line in panel b), resulted as a consequence of the loss of local on-CF gain due to simulated 
OHC dysfunction. The compressive growth that follows it at levels beyond 60 dB SPL resulted from the off-CF 
processing of the 4 kHz SAM tone by basally tuned AN neurons (i.e., off-CF contributions). These neurons are 
not affected by OHC dysfunction because they are excited through the tails of their tuning  curve78. In the case 
of only IHC dysfunction, processing of both on- and off-CF AN neurons was affected, as their whole tuning 
curve shifts towards higher  levels78. Even though cochlear gain was not reduced (see the sharply tuned response 
in Supplementary Fig. S5h) and residual BM compression was “normal” (see the solid-red line in panel b), this 
resulted in an EFRsAN function increasing monotonically with a mildly compressive single slope (red squares, 
dotted line in Fig. 7c). Therefore, the reduction of BM compression due to OHC dysfunction cannot be extracted 
from the simulated EFRsAN magnitude-level functions because of the dominance of off-CF contributions at 
higher stimulus levels.

It was assumed in the hypothesis that all possible compressive sources beyond the BM were similarly affected 
by a reduction of BM compression due to OHC dysfunction. This assumption could be compromised by the 
effect of CS on the slope of EFR magnitude-level functions. In mice, in contrast to noise-induced  CS107, age-
induced CS produce a wide-spread loss of AN synapses along the tonotopical  axis48. Changes of EFR slope 
were reported  in48, but only for mice older than 64 weeks which also presented signs of OHC dysfunction. As 
shown in Fig. 7c, on-CF OHC dysfunction can lead to changes in the slope and shape of EFR magnitude-level 
functions. In ageing human temporal bones, CS was found to be wide-spread  too49. This may lead to an overall 
reduction of EFR  magnitudes108,109 but may not produce a significant change in EFR  slopes41. To confirm this, 
we simulated EFRsAN magnitude-level functions imposing synaptic losses (agnostic to AN fibre type) according 
to the age groups of 1-50 and 50-75 years old  in49 (Fig. 7c), that could account for the about 30 years difference 
between our NH and HI listeners. The estimated EFRsAN slopes for the 1-50 and 50-75 years old groups were 
0.23 dB/dB and 0.18 dB/dB , respectively; in contrast to 0.23 dB/dB in the healthy model. We consider that this 
subtle change in slope in the older age group does not invalidate our assumption. In addition, one could argue 
that a predominant loss of low-SR fibres could produce a change in slope by reducing more the EFR magnitude 
to higher stimulus  levels110. However, a similar modelling analysis showed that the impact of selective medium- 
and low-SR loss on EFRs was  marginal41. In addition, recent physiological results from single-unit bushy cells 
in the cochlear nucleus (CN) predominantly innervated by medium- and low-SR AN fibres showed that these 
neurons respond only to the onsets, and not to the steady-state when stimulated by train  pulses111. This suggests 
that these neurons may not contribute to responses such as the EFR or the frequency following response (FFR).

The assumption of reflecting frequency-specific local compression might also be challenged in the case of 
other measurement paradigms, such as those based on DPOAEs or psychoacoustical masking paradigms. The 
slope of DPOAE magnitudes-level functions was proposed to be used as an estimate of local BM  compression25. 
The distortion source of the emission is usually simplified as a single source located at the peak of the travelling 
wave envelope (at on-CF) of the f2 primary, although many distortion sources might be induced in the region 
where the travelling waves of the two primaries  overlap112. The extent of potential off-CF contributions to the 
non-linear component of the DPOAE at high stimulus levels is not yet fully  understood113, which could be a 
potential confound in the estimate of BM compression. Regarding behaviourally obtained estimates of BM I/O 
functions, on- and off-CF maskers have been used in a forward-masking paradigm. Using high-level off-CF 
maskers may thereby lead to an overestimation of compression by as much as a factor of  2114. Furthermore, 
physiological recordings in non-human mammals demonstrated that the amount of forward masking in the 
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AN is not large enough to account for the behavioural forward masking, whereas physiological masking at the 
level of the inferior colliculus seems to be reflecting behavioural  patterns115. Thus, behaviourally estimated BM 
I/O functions derived from forward masking paradigms may reflect mechanisms beyond cochlear processing. A 
modelling analysis as the one provided in the current study for evaluating the potential peripheral neural genera-
tors contributing to the EFRs might be useful also for exploring the contributing factors underlying level-growth 
functions obtained with, e.g., DPOAEs and psychoacoustical masking measures that have been used to estimate 
cochlear compression. For instance, cochlear transmission-line models (e.g.,116,117) could be used to validate 
methods based on DPOAEs (or other oto-acoustic emissions), and an integration of the current AN  model50 with 
signal detection theory methods (e.g.,118,119) could be applied to validate behavioural estimates of compression.

Conclusion
The recorded EFR magnitude-level functions showed a compressive growth with slopes comparable to compres-
sion estimates using direct physiological recording in non-human mammals, and group-averaged results from 
psychoacoustical methods as well as DPOAE magnitude-level functions. In the case of a mild threshold eleva-
tion, the estimated slopes were higher than in the case of NH, also consistent with the interpretation of a less 
compressive response due to a reduction of cochlear gain. The slope of DPOAE magnitude-level function was 
used as another physiological estimate of cochlear compression in the same NH listeners. Compression estimates 
from DPOAEs were found to be larger (less compressive) than EFR-based estimates, and there was no correlation 
between the two metrics. This could indicate different potential underlying mechanisms. Moreover, a test–retest 
analysis revealed that, while the individual EFR recordings showed good repeatability, the repeatability of the 
slope estimated from EFR magnitude-level functions was poor due to error propagation.

A computer model of the AN was used to simulate EFRsAN magnitude-level functions. The model was able to 
correctly account for the saturation of the EFRs above 60 dB SPL observed at the carrier frequencies of 0.5, 1 and 
2 kHz , and it was able to account for the single-slope monotonic growth at the highest carrier frequency of 4 kHz . 
A model analysis revealed that the compression values estimated from the simulated EFRAN magnitude-level 
functions, obtained by summing up contributions from responding neurons across CF, was similar to the com-
pression values estimated from the growth of the BM output, obtained at the on-CF cochlear segment. However, 
the model suggested that EFRAN magnitudes at medium-to-high stimulus levels contained substantial off-CF 
contributions. According to the model, this was the underlying mechanism leading to the compressive growth 
of the EFRAN magnitude-level functions. Indeed, the on-CF contribution of simulated EFRAN magnitude-level 
functions decreased with increasing level, which is at odds with the increasing compressive growth in the BM. In 
conclusion, despite the numerical match between the compressive growth of EFR magnitude-level functions and 
estimates of cochlear compression using other methods, the model suggested that the compressive growth of the 
EFR magnitude-level functions may result from off-CF contributions, and not from the local on-CF compressive 
growth in the BM. This compromises the use of EFRs to estimate peripheral compression, together with the poor 
test–retest repeatability of the estimated slopes.

Received: 14 February 2020; Accepted: 8 March 2021

References
 1. National Center for Health Statistics (USA). National Health Interview Survey (2018).
 2. Eurostat—European Commission. Ageing Europe—Looking at the lives of older people in the EU, https:// doi. org/ 10. 2785/ 

628105 (2020).
 3. Rubel, E. W., Furrer, S. A. & Stone, J. S. A brief history of hair cell regeneration research and speculations on the future. Hear 

Res.https:// doi. org/ 10. 1016/j. heares. 2012. 12. 014 (2013).
 4. Shibata, S. B., Budenz, C. L., Bowling, S. A., Pfingst, B. E. & Raphael, Y. Nerve maintenance and regeneration in the damaged 

cochlea. Hear. Res. 281, 56–64. https:// doi. org/ 10. 1016/j. heares. 2011. 04. 019 (2011).
 5. Lopez-Poveda, E. A. & Johannesen, P. T. Behavioral estimates of the contribution of inner and outer hair cell dysfunction to 

individualized audiometric loss. J. Assoc. Res. Otolaryngol. 13, 485–504. https:// doi. org/ 10. 1007/ s10162- 012- 0327-2 (2012).
 6. Gummer, A. W., Meyer, J., Frank, G., Scherer, M. P. & Preyer, S. Mechanical transduction in outer hair cells. Audiol. Neurootol. 

7, 13–16. https:// doi. org/ 10. 1159/ 00004 6856 (2002).
 7. Dallos, P. Cochlear amplification, outer hair cells and prestin. Curr. Opin. Neurobiol. 18, 370–376. https:// doi. org/ 10. 1016/j. 

conb. 2008. 08. 016 (2008).
 8. Ashmore, J. Cochlear outer hair cell motility. Physiol. Rev. 88, 173–210. https:// doi. org/ 10. 1152/ physr ev. 00044. 2006 (2008).
 9. Dong, W. & Olson, E. S. Detection of cochlear amplification and its activation. Biophys. J. 105, 1067–1078. https:// doi. org/ 10. 

1016/j. bpj. 2013. 06. 049 (2013).
 10. Guinan, J. J. New insights into cochlear amplification. Biophys. J. 105, 839–840. https:// doi. org/ 10. 1016/j. bpj. 2013. 07. 016 (2013).
 11. Robles, L. & Ruggero, M. A. Mechanics of the mammalian cochlea. Physiol. Rev. 81, 1305–1352. https:// doi. org/ 10. 1152/ physr 

ev. 2001. 81.3. 1305 (2001).
 12. Plack, C. J. Cochlear compression: recent insights from behavioural experiments. Adv. Exp. Med. Biol. 787, 31–38. https:// doi. 

org/ 10. 1007/ 978-1- 4614- 1590-9_4 (2013).
 13. Rhode, W. S. & Robles, L. Evidence from Mössbauer experiments for nonlinear vibration in the cochlea. J. Acoust. Soc. Am. 55, 

588–596. https:// doi. org/ 10. 1121/1. 19145 69 (1974).
 14. Nuttall, A. L. & Dolan, D. F. Steady-state sinusoidal velocity responses of the basilar membrane in guinea pig. J. Acoust. Soc. Am. 

99, 1556–1565. https:// doi. org/ 10. 1121/1. 414732 (1996).
 15. Ruggero, M. A., Rich, N. C., Recio, A., Narayan, S. S. & Robles, L. Basilar-membrane responses to tones at the base of the chin-

chilla cochlea. J. Acoust. Soc. Am. 101, 2151–2163. https:// doi. org/ 10. 1121/1. 418265 (1997).
 16. Recio, A., Rich, N. C., Narayan, S. S. & Ruggero, M. A. Basilar-membrane responses to clicks at the base of the chinchilla cochlea. 

J. Acoust. Soc. Am. 103, 1972–1989. https:// doi. org/ 10. 1121/1. 421377 (1998).
 17. Rhode, W. S. & Recio, A. Study of mechanical motions in the basal region of the chinchilla cochlea. J. Acoust. Soc. Am. 107, 

3317–3332. https:// doi. org/ 10. 1121/1. 429404 (2000).

https://doi.org/10.2785/628105
https://doi.org/10.2785/628105
https://doi.org/10.1016/j.heares.2012.12.014
https://doi.org/10.1016/j.heares.2011.04.019
https://doi.org/10.1007/s10162-012-0327-2
https://doi.org/10.1159/000046856
https://doi.org/10.1016/j.conb.2008.08.016
https://doi.org/10.1016/j.conb.2008.08.016
https://doi.org/10.1152/physrev.00044.2006
https://doi.org/10.1016/j.bpj.2013.06.049
https://doi.org/10.1016/j.bpj.2013.06.049
https://doi.org/10.1016/j.bpj.2013.07.016
https://doi.org/10.1152/physrev.2001.81.3.1305
https://doi.org/10.1152/physrev.2001.81.3.1305
https://doi.org/10.1007/978-1-4614-1590-9_4
https://doi.org/10.1007/978-1-4614-1590-9_4
https://doi.org/10.1121/1.1914569
https://doi.org/10.1121/1.414732
https://doi.org/10.1121/1.418265
https://doi.org/10.1121/1.421377
https://doi.org/10.1121/1.429404


16

Vol:.(1234567890)

Scientific Reports |         (2021) 11:6962  | https://doi.org/10.1038/s41598-021-85850-x

www.nature.com/scientificreports/

 18. Ruggero, M. A. & Rich, N. C. Furosemide alters organ of Corti mechanics: Evidence for feedback of outer hair cells upon the 
basilar membrane. J. Neurosci. 11, 1057–1067. https:// doi. org/ 10. 1523/ jneur osci. 11- 04- 01057. 1991 (1991).

 19. Oxenham, A. J. & Plack, C. J. A behavioral measure of basilar-membrane nonlinearity in listeners with normal and impaired 
hearing. J. Acoust. Soc. Am. 101, 3666–3675. https:// doi. org/ 10. 1121/1. 418327 (1997).

 20. Nelson, D. A., Schroder, A. C. & Wojtczak, M. A new procedure for measuring peripheral compression in normal-hearing and 
hearing-impaired listeners. J. Acoust. Soc. Am. 110, 2045–2064. https:// doi. org/ 10. 1121/1. 14044 39 (2001).

 21. Lopez-Poveda, E. A., Plack, C. J. & Meddis, R. Cochlear nonlinearity between 500 and 8000 Hz in listeners with normal hearing. 
J. Acoust. Soc. Am. 113, 951–960. https:// doi. org/ 10. 1121/1. 15348 38 (2003).

 22. Lopez-Poveda, E. A. & Alves-Pinto, A. A variant temporal-masking-curve method for inferring peripheral auditory compres-
sion. J. Acoust. Soc. Am. 123, 1544–1554. https:// doi. org/ 10. 1121/1. 28354 18 (2008).

 23. Plack, C. J. et al. Estimates of compression at low and high frequencies using masking additivity in normal and impaired ears. 
J. Acoust. Soc. Am. 123, 4321–4330. https:// doi. org/ 10. 1121/1. 29082 97 (2008).

 24. Krishnan, A. & Plack, C. J. Auditory brainstem correlates of basilar membrane nonlinearity in humans. Audiol. Neurotol. 14, 
88–97. https:// doi. org/ 10. 1159/ 00015 8537 (2009).

 25. Neely, S. T., Gorga, M. P. & Dorn, P. A. Cochlear compression estimates from measurements of distortion-product otoacoustic 
emissions. J. Acoust. Soc. Am. 114, 1499–1507. https:// doi. org/ 10. 1121/1. 16041 22 (2003).

 26. Dorn, P. A. et al. Distortion product otoacoustic emission input/output functions in normal-hearing and hearing-impaired 
human ears. J. Acoust. Soc. Am. 110, 3119–3131. https:// doi. org/ 10. 1121/1. 14175 24 (2001).

 27. Kemp, D. T. Stimulated acoustic emissions from within the human auditory system. J. Acoust. Soc. Am. 64, 1386–1391. https:// 
doi. org/ 10. 1121/1. 382104 (1978).

 28. Neely, S. T., Johnson, T. A., Kopun, J., Dierking, D. M. & Gorga, M. P. Distortion-product otoacoustic emission input/output 
characteristics in normal-hearing and hearing-impaired human ears. J. Acoust. Soc. Am. 126, 728–738. https:// doi. org/ 10. 1121/1. 
31588 59 (2009).

 29. Picton, T. W., John, M. S., Dimitrijevic, A. & Purcell, D. Human auditory steady-state responses. Int. J. Audiol. 42, 177–219, 
https:// doi. org/ 10. 3109/ 14992 02030 91013 16 (2003). arXiv: 1011. 1669v3.

 30. Herdman, A. T. et al. Intracerebral sources of human auditory steady-state responses. Brain Topogr. 15, 69–86. https:// doi. org/ 
10. 1023/A: 10214 70822 922 (2002).

 31. Coffey, E. B. J., Herholz, S. C., Chepesiuk, A. M. P., Baillet, S. & Zatorre, R. J. Cortical contributions to the auditory frequency-
following response revealed by MEG. Nat. Commun. 7, 11070. https:// doi. org/ 10. 1038/ ncomm s11070 (2016).

 32. Coffey, E. B., Musacchia, G. & Zatorre, R. J. Cortical correlates of the auditory frequency-following and onset responses: EEG 
and fMRI evidence. J. Neurosci. 37, 830–838. https:// doi. org/ 10. 1523/ JNEUR OSCI. 1265- 16. 2017 (2017).

 33. Bidelman, G. M. Subcortical sources dominate the neuroelectric auditory frequency-following response to speech. Neuroimage 
175, 56–69. https:// doi. org/ 10. 1016/j. neuro image. 2018. 03. 060 (2018).

 34. Lins, O. G. & Picton, T. W. Auditory steady-state responses to multiple simultaneous stimuli. Electroencephalogr. Clin. Neuro-
physiol. Potentials Sect. 96, 420–432. https:// doi. org/ 10. 1016/ 0168- 5597(95) 00048-W (1995).

 35. John, M. S., Lins, O. G., Boucher, B. L. & Picton, T. W. Multiple auditory steady-state responses (MASTER): Stimulus and record-
ing parameters. Int. J. Audiol. 37, 59–82. https:// doi. org/ 10. 3109/ 00206 09980 90729 62 (1998).

 36. Herdman, A. T., Picton, T. W. & Stapells, D. R. Place specificity of multiple auditory steady-state responses. J. Acoust. Soc. Am. 
112, 1569–1582. https:// doi. org/ 10. 1121/1. 15063 67 (2002).

 37. Picton, T. W. Human Auditory Evoked Potentials (Plural Publishing, 2010).
 38. John, M. S. & Picton, T. W. MASTER: A Windows program for recording multiple auditory steady-state responses. Comput. 

Methods Programs Biomed. 61, 125–150. https:// doi. org/ 10. 1016/ S0169- 2607(99) 00035-8 (2000).
 39. Kuwada, S., Batra, R. & Maher, V. L. Scalp potentials of normal and hearing-impaired subjects in response to sinusoidally 

amplitude-modulated tones. Hear. Res. 21, 179–192 (1986).
 40. Picton, T. W., Skinner, C. R., Champagne, S. C., Kellett, A. J. & Maiste, A. C. Potentials evoked by the sinusoidal modulation of 

the amplitude or frequency of a tone. J. Acoust. Soc. Am. 82, 165–178. https:// doi. org/ 10. 1121/1. 395560 (1987).
 41. Encina-Llamas, G., Harte, J. M., Dau, T., Shinn-Cunningham, B. & Epp, B. Investigating the effect of cochlear synaptopathy on 

envelope following responses using a model of the auditory nerve. J. Assoc. Res. Otolaryngol. 20, 363–382. https:// doi. org/ 10. 
1007/ s10162- 019- 00721-7 (2019).

 42. Picton, T. W., Van Roon, P. & John, M. S. Human auditory steady-state responses during sweeps of intensity. Ear Hear. 28, 
542–557. https:// doi. org/ 10. 1097/ AUD. 0b013 e3180 6dc2a7 (2007).

 43. Boettcher, F. A., Poth, E. A., Mills, J. H. & Dubno, J. R. The amplitude-modulation following response in young and aged human 
subjects. Hear. Res. 153, 32–42. https:// doi. org/ 10. 1016/ S0378- 5955(00) 00255-0 (2001).

 44. Rønne, F. M., Elberling, C., Harte, J. M. & Dau, T. Modeling Auditory Evoked Potentials to Complex Stimuli. Ph.D. thesis, Technical 
University of Denmark (2013).

 45. Kiren, T., Aoyagi, M., Furuse, H. & Koike, Y. An experimental study on the generator of amplitude modulation following 
response. Acta Otolaryngol. 114, 28–33. https:// doi. org/ 10. 3109/ 00016 48940 91282 97 (1994).

 46. Kuwada, S. et al. Sources of the scalp-recorded amplitude-modulation following response. J. Am. Acad. Audiol. 13, 188–204 
(2002).

 47. Kujawa, S. G. & Liberman, M. C. Adding insult to injury: Cochlear nerve degeneration after “temporary” noise-induced hearing 
loss. J. Neurosci. 29, 14077–14085. https:// doi. org/ 10. 1523/ JNEUR OSCI. 2845- 09. 2009 (2009).

 48. Parthasarathy, A. & Kujawa, S. G. Synaptopathy in the aging cochlea: Characterizing early-neural deficits in auditory temporal 
envelope processing. J. Neurosci. 38, 7108–7119. https:// doi. org/ 10. 1523/ JNEUR OSCI. 3240- 17. 2018 (2018).

 49. Wu, P.-Z., O’Malley, J. T., de Gruttola, V. & Liberman, M. C. Age-related hearing loss is dominated by damage to inner ear sensory 
cells, not the cellular battery that powers them. J. Neurosci.https:// doi. org/ 10. 1523/ jneur osci. 0937- 20. 2020 (2020).

 50. Bruce, I. C., Erfani, Y. & Zilany, M. S. A phenomenological model of the synapse between the inner hair cell and auditory nerve: 
Implications of limited neurotransmitter release sites. Hear. Res. 360, 40–54. https:// doi. org/ 10. 1016/j. heares. 2017. 12. 016 (2018).

 51. American Clinical Neurophysiology Society. Guideline 5: Guidelines for standard electrode position nomenclature. Am. J. 
Electroneurodiagnostic Technol. 46, 222–225. https:// doi. org/ 10. 1080/ 10865 08x. 2006. 11079 580 (2006).

 52. Metting van Rijn, A. C., Peper, A. & Grimbergen, C. A. High-quality recording of bioelectric events—Part 1 Interference reduc-
tion, theory and practice. Med. Biol. Eng. Comput. 28, 389–397. https:// doi. org/ 10. 1007/ BF024 41961 (1990).

 53. John, M. S., Dimitrijevic, A. & Picton, T. W. Weighted averaging of steady-state responses. Clin. Neurophysiol. 112, 555–562. 
https:// doi. org/ 10. 1016/ S1388- 2457(01) 00456-4 (2001).

 54. Long, G. R., Talmadge, C. L. & Lee, J. Measuring distortion product otoacoustic emissions using continuously sweeping primaries. 
J. Acoust. Soc. Am. 124, 1613–1626. https:// doi. org/ 10. 1121/1. 29495 05 (2008).

 55. Kalluri, R. & Shera, C. A. Distortion-product source unmixing: A test of the two-mechanism model for DPOAE generation. J. 
Acoust. Soc. Am. 109, 622–637. https:// doi. org/ 10. 1121/1. 13345 97 (2001).

 56. Knight, R. D. & Kemp, D. T. Wave and place fixed DPOAE maps of the human ear. J. Acoust. Soc. Am. 109, 1513–1525. https:// 
doi. org/ 10. 1121/1. 13541 97 (2001).

https://doi.org/10.1523/jneurosci.11-04-01057.1991
https://doi.org/10.1121/1.418327
https://doi.org/10.1121/1.1404439
https://doi.org/10.1121/1.1534838
https://doi.org/10.1121/1.2835418
https://doi.org/10.1121/1.2908297
https://doi.org/10.1159/000158537
https://doi.org/10.1121/1.1604122
https://doi.org/10.1121/1.1417524
https://doi.org/10.1121/1.382104
https://doi.org/10.1121/1.382104
https://doi.org/10.1121/1.3158859
https://doi.org/10.1121/1.3158859
https://doi.org/10.3109/14992020309101316
http://arxiv.org/abs/1011.1669v3
https://doi.org/10.1023/A:1021470822922
https://doi.org/10.1023/A:1021470822922
https://doi.org/10.1038/ncomms11070
https://doi.org/10.1523/JNEUROSCI.1265-16.2017
https://doi.org/10.1016/j.neuroimage.2018.03.060
https://doi.org/10.1016/0168-5597(95)00048-W
https://doi.org/10.3109/00206099809072962
https://doi.org/10.1121/1.1506367
https://doi.org/10.1016/S0169-2607(99)00035-8
https://doi.org/10.1121/1.395560
https://doi.org/10.1007/s10162-019-00721-7
https://doi.org/10.1007/s10162-019-00721-7
https://doi.org/10.1097/AUD.0b013e31806dc2a7
https://doi.org/10.1016/S0378-5955(00)00255-0
https://doi.org/10.3109/00016489409128297
https://doi.org/10.1523/JNEUROSCI.2845-09.2009
https://doi.org/10.1523/JNEUROSCI.3240-17.2018
https://doi.org/10.1523/jneurosci.0937-20.2020
https://doi.org/10.1016/j.heares.2017.12.016
https://doi.org/10.1080/1086508x.2006.11079580
https://doi.org/10.1007/BF02441961
https://doi.org/10.1016/S1388-2457(01)00456-4
https://doi.org/10.1121/1.2949505
https://doi.org/10.1121/1.1334597
https://doi.org/10.1121/1.1354197
https://doi.org/10.1121/1.1354197


17

Vol.:(0123456789)

Scientific Reports |         (2021) 11:6962  | https://doi.org/10.1038/s41598-021-85850-x

www.nature.com/scientificreports/

 57. Dobie, R. A. & Wilson, M. J. A comparison of t test, F test, and coherence methods of detecting steady-state auditory-evoked 
potentials, distortion-product otoacoustic emissions, or other sinusoids. J. Acoust. Soc. Am. 100, 2236–2246. https:// doi. org/ 10. 
1121/1. 417933 (1996).

 58. Fisher, R. A. The Design of Experiments (Oliver and Boyd, Edinburgh, 1935).
 59. Ernst, M. D. Permutation methods: A basis for exact inference. Stat. Sci. 19, 676–685. https:// doi. org/ 10. 1214/ 08834 23040 00000 

396 (2004).
 60. Millman, K. J., Stark, P. B., Ottoboni, K. & van der Walt, S. Permute: A Python package for permutation tests and confidence 

sets (2015).
 61. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. 

Stat. Soc. Ser. B 57, 289–300. https:// doi. org/ 10. 1111/j. 2517- 6161. 1995. tb020 31.x (1995).
 62. Bates, D., Mächler, M., Bolker, B. M. & Walker, S. C. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67, 1–48, 

https:// doi. org/ 10. 18637/ jss. v067. i01 (2015). arXiv: 1406. 5823.
 63. Kuznetsova, A., Christensen, R. H. B., Bavay, C. & Brockhoff, P. B. Automated mixed ANOVA modeling of sensory and consumer 

data. Food Qual. Prefer. 40, 31–38. https:// doi. org/ 10. 1016/j. foodq ual. 2014. 08. 004 (2014).
 64. Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. lmerTest package: Tests in linear mixed effects models. J. Stat. Softw. 

82, 1–26. https:// doi. org/ 10. 18637/ jss. v082. i13 (2017).
 65. Martin Bland, J. & Altman, D. G. Statistical methods for assessing agreement between two methods of clinical measurement. 

Lancet 327, 307–310. https:// doi. org/ 10. 1016/ S0140- 6736(86) 90837-8 (1986).
 66. Shrout, P. E. & Fleiss, J. L. Intraclass correlations: Uses in assessing rater reliability. Psychol. Bull. 86, 420–428. https:// doi. org/ 

10. 1037/ 0033- 2909. 86.2. 420 (1979).
 67. Guest, H., Munro, K. J., Prendergast, G. & Plack, C. J. Reliability and interrelations of seven proxy measures of cochlear synap-

topathy. Hear. Res.https:// doi. org/ 10. 1016/J. HEARES. 2019. 01. 018 (2019).
 68. Koo, T. K. & Li, M. Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr. 

Med. 15, 155–163. https:// doi. org/ 10. 1016/j. jcm. 2016. 02. 012 (2016).
 69. Wilk, M. B. & Gnanadesikan, R. Probability plotting methods for the analysis of data. Biometrika 55, 1–17. https:// doi. org/ 10. 

1093/ biomet/ 55.1.1 (1968).
 70. Shapiro, S. S. & Wilk, M. B. An analysis of variance test for normality (complete samples). Biometrika 52, 591–611. https:// doi. 

org/ 10. 1093/ biomet/ 52.3- 4. 591 (1965).
 71. Carkeet, A. Exact parametric confidence intervals for Bland–Altman limits of agreement. Optom. Vis. Sci. 92, e71–e80. https:// 

doi. org/ 10. 1097/ OPX. 00000 00000 000513 (2015).
 72. Zilany, M. S. A., Bruce, I. C., Nelson, P. C. & Carney, L. H. A phenomenological model of the synapse between the inner hair 

cell and auditory nerve: Long-term adaptation with power-law dynamics. J. Acoust. Soc. Am. 126, 2390–2412. https:// doi. org/ 
10. 1121/1. 32382 50 (2009).

 73. Spoendlin, H. & Schrott, A. Analysis of the human auditory nerve. Hear. Res. 43, 25–38. https:// doi. org/ 10. 1016/ 0378- 5955(89) 
90056-7 (1989).

 74. Liberman, M. C. Auditory-nerve response from cats raised in a low-noise chamber. J. Acoust. Soc. Am. 63, 442–455. https:// doi. 
org/ 10. 1121/1. 381736 (1978).

 75. Encina-Llamas, G., Dau, T. & Epp, B. On the use of envelope following responses to estimate peripheral level compression in 
the auditory system [Data set]. Zenodo.https:// doi. org/ 10. 5281/ zenodo. 844833 (2017).

 76. Wilding, T. S., McKay, C. M., Baker, R. J. & Kluk, K. Auditory steady state responses in normal-hearing and hearing-impaired 
adults: An analysis of between-session amplitude and latency repeatability, test time, and f ratio detection paradigms. Ear Hear. 
33, 267–278. https:// doi. org/ 10. 1097/ AUD. 0b013 e3182 30bba0 (2012).

 77. D’Haenens, W. et al. Auditory steady-state responses in normal hearing adults: A test–retest reliability study. Int. J. Audiol. 47, 
489–98. https:// doi. org/ 10. 1080/ 14992 02080 21161 36 (2008).

 78. Liberman, M. C. & Dodds, L. W. Single-neuron labeling and chronic cochlear pathology. III. Stereocilia damage and alterations 
of threshold tuning curves. Hear. Res. 16, 55–74. https:// doi. org/ 10. 1016/ 0378- 5955(84) 90025-X (1984).

 79. Spongr, V. P., Flood, D. G., Frisina, R. D. & Salvi, R. J. Quantitative measures of hair cell loss in CBA and C57BL/6 mice through-
out their life spans. J. Acoust. Soc. Am. 101, 3546–3553. https:// doi. org/ 10. 1121/1. 418315 (1997).

 80. Zilany, M. S. A. & Bruce, I. C. Representation of the vowel/epsilon/in normal and impaired auditory nerve fibers: Model predic-
tions of responses in cats. J. Acoust. Soc. Am. 122, 402–17. https:// doi. org/ 10. 1121/1. 27351 17 (2007).

 81. Plack, C. J., Drga, V. & Lopez-Poveda, E. A. Inferred basilar-membrane response functions for listeners with mild to moderate 
sensorineural hearing loss. J. Acoust. Soc. Am. 115, 1684–1695. https:// doi. org/ 10. 1121/1. 16758 12 (2004).

 82. Johannesen, P. T. & Lopez-Poveda, E. A. Cochlear nonlinearity in normal-hearing subjects as inferred psychophysically and 
from distortion-product otoacoustic emissions. J. Acoust. Soc. Am. 124, 2149–2163. https:// doi. org/ 10. 1121/1. 29686 92 (2008).

 83. Jepsen, M. L. & Dau, T. Characterizing auditory processing and perception in individual listeners with sensorineural hearing 
loss. J. Acoust. Soc. Am. 129, 262–281. https:// doi. org/ 10. 1121/1. 35187 68 (2011).

 84. Fereczkowski, M., Jepsen, M. L., Dau, T. & MacDonald, E. N. Investigating time-efficiency of forward masking paradigms for 
estimating basilar membrane input-output characteristics. PLoS One 12, e0174776. https:// doi. org/ 10. 1371/ journ al. pone. 01747 
76 (2017).

 85. Fereczkowski, M., Jepsen, M. L., Dau, T. & MacDonald, E. N. PLoS\_One\_Gap\_method. Dataset on Zenodohttps:// doi. org/ 
10. 5281/ ZENODO. 344536 (2017).

 86. Johannesen, P. T., Pérez-González, P. & Lopez-Poveda, E. A. Across-frequency behavioral estimates of the contribution of inner 
and outer hair cell dysfunction to individualized audiometric loss. Front. Neurosci. 8, 214. https:// doi. org/ 10. 3389/ fnins. 2014. 
00214 (2014).

 87. Dimitrijevic, A. et al. Estimating the audiogram using multiple auditory steady-state responses. J. Am. Acad. Audiol. 13, 205–224 
(2002).

 88. Herdman, A. T. & Stapells, D. R. Thresholds determined using the monotic and dichotic multiple auditory steady-state response 
technique in normal-hearing subjects. Scand. Audiol. 30, 41–49. https:// doi. org/ 10. 1080/ 01050 39017 50069 563 (2001).

 89. Herdman, A. T. & Stapells, D. R. Auditory steady-state response thresholds of adults with sensorineural hearing impairments. 
Int. J. Audiol. 42, 237–248. https:// doi. org/ 10. 3109/ 14992 02030 90783 43 (2003).

 90. Picton, T. W., Dimitrijevic, A., Perez-Abalo, M. C. & Van Roon, P. Estimating audiometric thresholds using auditory steady-state 
responses. J. Am. Acad. Audiol. 16, 140–156. https:// doi. org/ 10. 3766/ jaaa. 16.3.3 (2005).

 91. Rance, G. & Rickards, F. Prediction of hearing threshold in infants using auditory steady-state evoked potentials. J. Am. Acad. 
Audiol. 13, 236–245 (2002).

 92. Van Maanen, A. & Stapells, D. R. Comparison of multiple auditory steady-state responses (80 versus 40 Hz) and slow cortical 
potentials for threshold estimation in hearing-impaired adults. Int. J. Audiol. 44, 613–624. https:// doi. org/ 10. 1080/ 14992 02050 
02586 28 (2005).

 93. Plack, C. J. & Skeels, V. Temporal integration and compression near absolute threshold in normal and impaired ears. J. Acoust. 
Soc. Am. 122, 2236–2244. https:// doi. org/ 10. 1121/1. 27698 29 (2007).

 94. John, M. S. & Picton, T. W. Human auditory steady-state responses to amplitude-modulated tones: Phase and latency measure-
ments. Hear. Res. 141, 57–79 (2000).

https://doi.org/10.1121/1.417933
https://doi.org/10.1121/1.417933
https://doi.org/10.1214/088342304000000396
https://doi.org/10.1214/088342304000000396
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.18637/jss.v067.i01
http://arxiv.org/abs/1406.5823
https://doi.org/10.1016/j.foodqual.2014.08.004
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/S0140-6736(86)90837-8
https://doi.org/10.1037/0033-2909.86.2.420
https://doi.org/10.1037/0033-2909.86.2.420
https://doi.org/10.1016/J.HEARES.2019.01.018
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1093/biomet/55.1.1
https://doi.org/10.1093/biomet/55.1.1
https://doi.org/10.1093/biomet/52.3-4.591
https://doi.org/10.1093/biomet/52.3-4.591
https://doi.org/10.1097/OPX.0000000000000513
https://doi.org/10.1097/OPX.0000000000000513
https://doi.org/10.1121/1.3238250
https://doi.org/10.1121/1.3238250
https://doi.org/10.1016/0378-5955(89)90056-7
https://doi.org/10.1016/0378-5955(89)90056-7
https://doi.org/10.1121/1.381736
https://doi.org/10.1121/1.381736
https://doi.org/10.5281/zenodo.844833
https://doi.org/10.1097/AUD.0b013e318230bba0
https://doi.org/10.1080/14992020802116136
https://doi.org/10.1016/0378-5955(84)90025-X
https://doi.org/10.1121/1.418315
https://doi.org/10.1121/1.2735117
https://doi.org/10.1121/1.1675812
https://doi.org/10.1121/1.2968692
https://doi.org/10.1121/1.3518768
https://doi.org/10.1371/journal.pone.0174776
https://doi.org/10.1371/journal.pone.0174776
https://doi.org/10.5281/ZENODO.344536
https://doi.org/10.5281/ZENODO.344536
https://doi.org/10.3389/fnins.2014.00214
https://doi.org/10.3389/fnins.2014.00214
https://doi.org/10.1080/010503901750069563
https://doi.org/10.3109/14992020309078343
https://doi.org/10.3766/jaaa.16.3.3
https://doi.org/10.1080/14992020500258628
https://doi.org/10.1080/14992020500258628
https://doi.org/10.1121/1.2769829


18

Vol:.(1234567890)

Scientific Reports |         (2021) 11:6962  | https://doi.org/10.1038/s41598-021-85850-x

www.nature.com/scientificreports/

 95. Lins, O. G., Picton, P. E., Picton, T. W., Champagne, S. C. & Durieux-Smith, A. Auditory steady-state responses to tones 
amplitude-modulated at 80–110 Hz. J. Acoust. Soc. Am. 97, 3051–3063. https:// doi. org/ 10. 1121/1. 411869 (1995).

 96. Samuel Schwarzkopf, D., de Haas, B. & Rees, G. Better ways to improve standards in brain-behavior correlation analysis. Front. 
Hum. Neurosci. 6, 200. https:// doi. org/ 10. 3389/ fnhum. 2012. 00200 (2012).

 97. Rodríguez, J., Neely, S. T., Jesteadt, W., Tan, H. & Gorga, M. P. Comparison of distortion-product otoacoustic emission growth 
rates and slopes of forward-masked psychometric functions. J. Acoust. Soc. Am. 129, 864–875. https:// doi. org/ 10. 1121/1. 35233 
40 (2011).

 98. Johannesen, P. T. & Lopez-Poveda, E. A. Correspondence between behavioral and individually “optimized” otoacoustic emission 
estimates of human cochlear input/output curves. J. Acoust. Soc. Am. 127, 3602–3613. https:// doi. org/ 10. 1121/1. 33770 87 (2010).

 99. Popelka, G. R., Osterhammel, P. A., Nielsen, L. H. & Rasmussen, A. N. Growth of distortion product otoacoustic emissions with 
primary-tone level in humans. Hear. Res. 71, 12–22. https:// doi. org/ 10. 1016/ 0378- 5955(93) 90016-T (1993).

 100. Boege, P. & Janssen, T. Pure-tone threshold estimation from extrapolated distortion product otoacoustic emission I/O-functions 
in normal and cochlear hearing loss ears. J. Acoust. Soc. Am. 111, 1810–1818. https:// doi. org/ 10. 1121/1. 14609 23 (2002).

 101. Zilany, M. S. A., Bruce, I. C. & Carney, L. H. Updated parameters and expanded simulation options for a model of the auditory 
periphery. J. Acoust. Soc. Am. 135, 283–286. https:// doi. org/ 10. 1121/1. 48378 15 (2014).

 102. Kiang, N. Y. S. & Moxon, E. C. Tails of tuning curves of auditory-nerve fibers. J. Acoust. Soc. Am. 54, 274–275. https:// doi. org/ 
10. 1121/1. 19779 80 (1973).

 103. Anderson, D. J., Rose, J. E., Hind, J. E. & Brugge, J. F. Temporal position of discharges in single auditory nerve fibers within 
the cycle of a sine-wave stimulus: Frequency and intensity effects. J. Acoust. Soc. Am. 49, 1131–1139. https:// doi. org/ 10. 1121/1. 
19124 74 (1971).

 104. Parthasarathy, A., Lai, J. & Bartlett, E. L. Age-related changes in processing simultaneous amplitude modulated sounds assessed 
using envelope following responses. J. Assoc. Res. Otolaryngol. 17, 119–132. https:// doi. org/ 10. 1007/ s10162- 016- 0554-z (2016).

 105. Joris, P. X. & Yin, T. C. Responses to amplitude-modulated tones in the auditory nerve of the cat. J. Acoust. Soc. Am. 91, 215–232, 
https:// doi. org/ 10. 1121/1. 402757 (1992). arXiv: 1604. 00961.

 106. Paredes Gallardo, A., Epp, B. & Dau, T. Can place-specific cochlear dispersion be represented by auditory steady-state responses?. 
Hear. Res. 335, 76–82. https:// doi. org/ 10. 1016/j. heares. 2016. 02. 014 (2016).

 107. Shaheen, L. A., Valero, M. D. & Liberman, M. C. Towards a diagnosis of cochlear neuropathy with envelope following responses. 
J. Assoc. Res. Otolaryngol. 16, 727–745. https:// doi. org/ 10. 1007/ s10162- 015- 0539-3 (2015).

 108. Leigh-Paffenroth, E. D. & Fowler, C. G. Amplitude-modulated auditory steady-state responses in younger and older listeners. 
J. Am. Acad. Audiol. 17, 582–597 (2006).

 109. Keshishzadeh, S., Garrett, M., Vasilkov, V. & Verhulst, S. The derived-band envelope following response and its sensitivity to 
sensorineural hearing deficits. Hear. Res. 392, 107979. https:// doi. org/ 10. 1016/j. heares. 2020. 107979 (2020).

 110. Bharadwaj, H. M., Verhulst, S., Shaheen, L., Charles Liberman, M. & Shinn-Cunningham, B. G. Cochlear neuropathy and the 
coding of supra-threshold sound. Front. Syst. Neurosci. 8, 26. https:// doi. org/ 10. 3389/ fnsys. 2014. 00026 (2014).

 111. Wang, M. et al. Biased auditory nerve central synaptopathy exacerbates age-related hearing loss. J. Physiol.https:// doi. org/ 10. 
1101/ 2020. 06. 09. 142737 (2020).

 112. Shera, C. A. Mechanisms of mammalian otoacoustic emission and their implications for the clinical utility of otoacoustic emis-
sions. Ear Hear. 25, 86–97. https:// doi. org/ 10. 1097/ 01. AUD. 00001 21200. 90211. 83 (2004).

 113. Botti, T., Sisto, R., Sanjust, F., Moleti, A. & D’Amato, L. Distortion product otoacoustic emission generation mechanisms and 
their dependence on stimulus level and primary frequency ratio. J. Acoust. Soc. Am. 139, 658–673. https:// doi. org/ 10. 1121/1. 
49412 48 (2016).

 114. Wojtczak, M. & Oxenham, A. J. Pitfalls in behavioral estimates of basilar-membrane compression in humans. J. Acoust. Soc. Am. 
125, 270–281. https:// doi. org/ 10. 1121/1. 30230 63 (2009).

 115. Nelson, P. C., Smith, Z. M. & Young, E. D. Wide-dynamic-range forward suppression in marmoset inferior colliculus neurons 
is generated centrally and accounts for perceptual masking. J. Neurosci. 29, 2553–2562. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
5359- 08. 2009 (2009).

 116. Epp, B., Verhey, J. L. & Mauermann, M. Modeling cochlear dynamics: interrelation between cochlea mechanics and psychoa-
coustics. J. Acoust. Soc. Am. 128, 1870–1883. https:// doi. org/ 10. 1121/1. 34797 55 (2010).

 117. Verhulst, S., Bharadwaj, H. M., Mehraei, G., Shera, C. A. & Shinn-Cunningham, B. G. Functional modeling of the human auditory 
brainstem response to broadband stimulation. J. Acoust. Soc. Am. 138, 1637–1659. https:// doi. org/ 10. 1121/1. 49283 05 (2015).

 118. Heinz, M. G., Colburn, H. S. & Carney, L. H. Quantifying the implications of nonlinear cochlear tuning for auditory-filter 
estimates. J. Acoust. Soc. Am. 111, 996–1011. https:// doi. org/ 10. 1121/1. 14360 71 (2002).

 119. Lindahl, J. C. T., Encina-Llamas, G. & Epp, B. Analysis of a forward masking paradigm proposed to estimate cochlear compres-
sion using an auditory nerve model and signal detection theory. In Proceedings of ISAAR 2019 Auditory Learning in Biological 
and Artificial Systems 7th Symposium on Auditory and Audiological Research (2019).

Acknowledgements
The authors wish to thank to James M. Harte from Interacoustics Research Unit (IRU) for his valuable com-
ments and discussions. We are also thankful to Ian C. Bruce for facilitating us with a version of the AN model 
that outputs the response of the BM module. We are grateful to two anonymous reviewers for their very valuable 
comments that certainly improved our manuscript. This work was supported by the Oticon Centre of Excellence 
for Hearing and Speech Sciences (CHeSS) and the Novo Nordisk Foundation grant NNF17OC0027872 at the 
Technical University of Denmark (DTU).

Author contributions
T.D. and B.E. conceived the experiments, G.E.-L., T.D. and B.E. conceived the modelling analysis, G.E.-L. con-
ducted the experiments and the modelling analysis, G.E.-L. analysed the experimental and modelling results. 
G.E.-L. prepared the figures. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 85850-x.

Correspondence and requests for materials should be addressed to G.E.-L.

https://doi.org/10.1121/1.411869
https://doi.org/10.3389/fnhum.2012.00200
https://doi.org/10.1121/1.3523340
https://doi.org/10.1121/1.3523340
https://doi.org/10.1121/1.3377087
https://doi.org/10.1016/0378-5955(93)90016-T
https://doi.org/10.1121/1.1460923
https://doi.org/10.1121/1.4837815
https://doi.org/10.1121/1.1977980
https://doi.org/10.1121/1.1977980
https://doi.org/10.1121/1.1912474
https://doi.org/10.1121/1.1912474
https://doi.org/10.1007/s10162-016-0554-z
https://doi.org/10.1121/1.402757
http://arxiv.org/abs/1604.00961
https://doi.org/10.1016/j.heares.2016.02.014
https://doi.org/10.1007/s10162-015-0539-3
https://doi.org/10.1016/j.heares.2020.107979
https://doi.org/10.3389/fnsys.2014.00026
https://doi.org/10.1101/2020.06.09.142737
https://doi.org/10.1101/2020.06.09.142737
https://doi.org/10.1097/01.AUD.0000121200.90211.83
https://doi.org/10.1121/1.4941248
https://doi.org/10.1121/1.4941248
https://doi.org/10.1121/1.3023063
https://doi.org/10.1523/JNEUROSCI.5359-08.2009
https://doi.org/10.1523/JNEUROSCI.5359-08.2009
https://doi.org/10.1121/1.3479755
https://doi.org/10.1121/1.4928305
https://doi.org/10.1121/1.1436071
https://doi.org/10.1038/s41598-021-85850-x
https://doi.org/10.1038/s41598-021-85850-x


19

Vol.:(0123456789)

Scientific Reports |         (2021) 11:6962  | https://doi.org/10.1038/s41598-021-85850-x

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	On the use of envelope following responses to estimate peripheral level compression in the auditory system
	Methods
	Listeners. 
	Apparatus. 
	EFR recordings. 
	DPOAE recordings. 
	Fitting functions. 
	Statistical analysis. 
	EFR test–retest repeatability. 
	AN model. 

	Results
	EFR and DPOAE magnitude-level functions. 
	Normal-hearing listeners. 
	Hearing-impaired listeners. 

	EFR latency. 
	EFR test–retest repeatability. 
	AN model simulations. 

	Discussion
	Compression estimates based on EFR magnitude-level functions. 
	Comparison of compression estimates using EFRs and DPOAEs. 
	EFR test–retest repeatability. 
	On- versus off-CF contributions to EFR compression estimates. 

	Conclusion
	References
	Acknowledgements


