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Abstract
The middle-ear system relies on a balance of mass and stiffness characteristics for transmitting sound from the external 
environment to the cochlea and auditory neural pathway. Phase is one aspect of sound that, when transmitted and encoded 
by both ears, contributes to binaural cue sensitivity and spatial hearing. The study aims were (i) to investigate the effects of 
middle-ear stiffness on the auditory brainstem neural encoding of phase in human adults with normal pure-tone thresholds 
and (ii) to investigate the relationships between middle-ear stiffness-induced changes in wideband acoustic immittance and 
neural encoding of phase. The auditory brainstem neural encoding of phase was measured using the auditory steady-state 
response (ASSR) with and without middle-ear stiffness elicited via contralateral activation of the middle-ear muscle reflex 
(MEMR). Middle-ear stiffness was quantified using a wideband acoustic immittance assay of acoustic absorbance. Statisti-
cal analyses demonstrated decreased ASSR phase lag and decreased acoustic absorbance with contralateral activation of 
the MEMR, consistent with increased middle-ear stiffness changing the auditory brainstem neural encoding of phase. There 
were no statistically significant correlations between stiffness-induced changes in wideband acoustic absorbance and ASSR 
phase. The findings of this study may have important implications for understanding binaural cue sensitivity and horizontal 
plane sound localization in audiologic and otologic clinical populations that demonstrate changes in middle-ear stiffness, 
including cochlear implant recipients who use combined electric and binaural acoustic hearing and otosclerosis patients.

Keywords middle-ear stiffness · phase · auditory steady-state response · auditory brainstem

Introduction

This study investigated the effects of increased middle-
ear stiffness on the auditory brainstem neural encoding of 
phase using clinically translatable, non-invasive assays in 
human adults with normal pure-tone threshold sensitivity. 
The middle ear is responsible for transmitting mechanical 
sound waves from the low-impedance air-filled space of 
the outer and middle ear to the high-impedance fluid-filled 
cochlea [1]. Changes in middle-ear forward transmission, 
such as increased stiffness and mass, can alter the acoustic 

properties of sound arriving at the cochlea. Using a three-
dimensional finite element model, O’Connor et  al. [2] 
showed that increased tympanic membrane (TM) stiffness 
attenuated low-frequency acoustic transmission and con-
tributed to decreased middle-ear transmission group delay, 
while increasing the mass of the TM resulted in increased 
group delay.

The transmission of phase information is one aspect of 
sound that can be altered by increased middle-ear stiffness 
[3–5]. Phase is defined as a parameter of the acoustic sine 
wave that provides information related to the proportion of 
the periodic waveform, or cycle, that has been completed. 
The phase of an acoustic stimulus is encoded by each ear 
and contributes to monaural pitch (e.g., [6, 7]) and signal in 
noise percepts (e.g., [8]). The difference in the phase of the 
sound arriving at the two ears is the interaural phase differ-
ence (IPD) and is thought to contribute to sound localiza-
tion in azimuth (e.g., [9]). The auditory system is sensitive 
to interaural phase conveyed by the temporal fine structure 
and by the temporal envelope of an acoustic stimulus (e.g., 
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[10, 11]). In normal-hearing listeners, such cochlear encod-
ing of fine-structure phase at the group level is altered by 
an average of 30° when middle-ear stiffness increases due  
to activation of the middle-ear muscle reflex (MEMR, [3–5]).

The auditory steady-state response (ASSR), an auditory 
evoked potential that represents phase-locked synchronous 
neural firing to the envelope of an acoustic stimulus, can be 
used to assess middle-ear stiffness effects on the auditory 
neural encoding of phase. While the temporal fine structure 
conveys interaural information primarily for lower frequency 
acoustic stimuli, interaural differences in the stimulus enve-
lope contribute to horizontal plane sound localization for 
higher frequency acoustic stimuli [10, 11]. Many cochlear 
implant (CI) recipients only have access to interaural cues 
conveyed by the stimulus envelope (e.g., [10, 12]), further 
highlighting the importance of understanding middle-ear 
stiffness effects on the neural encoding of stimulus enve-
lope phase.

Two patient populations that can demonstrate changes 
in middle-ear stiffness are CI recipients and otosclerosis 
patients. Recent work showed decreased absorbance of 
low-frequency acoustic power into the middle-ear space, 
consistent with increased middle-ear stiffness, following CI 
surgery [13–15] that persists through at least 6 months post-
activation of the implant [16]. Increased middle-ear stiffness 
after placement of a cochlear implant may alter the transmis-
sion and encoding of acoustic information by an implanted 
ear with preserved acoustic hearing, leading to potential 
differences in the encoding of low-frequency acoustic 
phase information between ears in the sub-population of CI 
recipients who use combined electric and binaural acoustic 
(EAS) listening. Middle-ear stiffness-induced differences in 
the encoding of phase between ears may contribute to the 
poor horizontal plane sound localization abilities observed 
in some CI EAS listeners [12, 17–20].

Otosclerosis is an audiologic disorder characterized by 
increased stiffness of the ossicular chain in the middle-ear 
cavity due to sclerotic bone growth and fixation of the sta-
pedial footplate about its anterior annulus [21]. Otosclero-
sis can result in differing degrees of middle-ear stiffness 
between left and right ears, potentially leading to differences 
in phase encoding between ears that may impact functional 
spatial hearing. In fact, Redfors et al. [22] found that patients 
with otosclerosis self-reported difficulties with spatial 
hearing and sound localization that persisted even in those 
treated with hearing aids.

Understanding the effects of increased middle-ear stiff-
ness on the neural encoding of phase in a normal auditory 
system will form a basis for future work to understand the 
effects of stiffness-induced changes in clinical populations. 
The aims of this study were twofold: (i) to investigate the 
effects of increased middle-ear stiffness on ASSR phase elic-
ited by tonebursts presented separately at 3 stimulus levels 

in adults aged 18 to 50 years with normal pure-tone thresh-
olds and (ii) to investigate correlations between middle-ear 
stiffness-induced changes in wideband acoustic immittance 
(WAI) measures (i.e., acoustic absorbance and power trans-
mittance) and ASSR phase. We hypothesized that increased 
middle-ear stiffness would decrease ASSR phase with larger 
effects observed for higher ASSR stimulus levels and that 
positive correlations would be observed between middle-ear 
stiffness-induced changes in WAI measures and stiffness-
induced changes in ASSR phase.

Methods and Materials

Participant Demographics and Study Inclusion 
Criteria

Forty-three adults (32 females and 11 males; 38 White, 3 
Asian, 2 Hispanic/Latinx) between 18 and 50 years of age 
participated in this study. Seven participants were excluded 
after completing baseline audiometric testing because they 
did not meet the criteria for normal pure-tone thresholds 
(defined below). Four additional participants were excluded 
because their ASSR data were acquired using a shorter dura-
tion toneburst stimulus. Data from 1 final participant were 
excluded because they decided not to return for ASSR test-
ing after completing baseline audiometric testing due to con-
cerns related to the COVID-19 pandemic. Thus, the final 
participant cohort included data from 31 participants (24 
females and 7 males; 27 White, 3 Asian, 1 Hispanic/Latinx).

The 50-year age limit employed in this study was selected 
in order to focus on young and middle-aged adults with 
normal hearing. Studies of age-related hearing loss have 
used the 50- to 55-year age limit as the delineation between 
younger and older adulthood (e.g., Blue Mountains Hearing 
Study, [23], Baltimore Longitudinal Study of Aging, [24]). 
Participants were recruited from the Vanderbilt University 
and Vanderbilt University Medical Center (VUMC) com-
munities and from the greater Nashville, Tennessee area. 
All study procedures were approved by the VUMC IRB, 
and participants completed a VUMC IRB-approved consent 
process (IRB#210138) and were compensated for their time 
consistent with IRB guidelines. Inclusion criteria for this 
study included normal pure-tone threshold sensitivity from 
0.25 to 8 kHz including 3 and 6 kHz and normal middle-ear 
function as defined below. Exclusion criteria included any 
type or degree of hearing loss, a history of traumatic brain 
injury, or a history of a neurological disorder.

Baseline Testing

All participants completed baseline testing that consisted of 
(i) pure-tone audiometric threshold testing in standard and 



The Effects of Middle-Ear Stiffness on the Auditory Brainstem Neural Encoding of Phase

1 3

extended high-frequency ranges; (ii) tympanometry and ipsi-
lateral and contralateral MEMR testing; (iii) distortion prod-
uct otoacoustic emission (DPOAE) testing; and (iv) medial 
olivocochlear reflex (MOCR) testing using transient-evoked 
(TE) OAEs and contralaterally presented broadband noise 
(BBN) and click elicitors.

Normal hearing was defined as behavioral pure-tone 
thresholds ≤ 20 dB hearing level (HL) at octave frequencies 
from 0.25 to 8 kHz and inter-octave frequencies of 3 and 
6 kHz, in each ear. Extended high-frequency thresholds were 
measured at 9, 10, 11, 12, 14, and 16 kHz, but participants 
were not excluded based on having elevated extended high-
frequency pure-tone thresholds. All behavioral audiometric 
testing was completed using a calibrated Grason-Stadler 
Instruments (GSI) 61 audiometer with ER-3A insert ear-
phones (0.25 to 8 kHz) and Sennheiser supra-aural head-
phones (9 to 16 kHz).

Participants were required to have evidence of a mobile 
tympanic membrane as evidenced by middle-ear compli-
ance ≥ 0.2 mmho and normal tympanometric peak pres-
sure between − 100 and 100 decapascals for both ears to be 
included in this study. Participants’ ipsilateral and contralat-
eral MEMR thresholds were measured for both ears using a 
226-Hz probe tone and pure-tone elicitor stimuli from 0.5 to 
4 kHz and BBN. MEMR threshold was defined as the level 
at which a change in middle-ear compliance of ≥ 0.02 mmho 
occurred. This criterion represents the standard clinical pro-
tocol for MEMR threshold estimation; however, it may over-
estimate MEMR threshold (e.g., [5]). MEMR elicitors were 
presented 5 dB below and 5 dB above MEMR threshold to 
confirm growth of the MEMR with increased elicitor level. 
All tympanometry and MEMR testing was completed using 
the GSI Tympstar middle-ear test system.

DPOAEs were measured at the cubic distortion frequency 
of 2f1-f2 with f2 primary tones from 0.5 to 8 kHz tested at 
2 points per octave. Primary tone levels of L1 = 65 dB SPL 
and L2 = 55 dB SPL and a frequency ratio of f2/f1 = 1.22 
were used. All DPOAE testing was completed using the 
Mimosa Acoustics HearID hardware and software platforms 
coupled to an ER-10C probe with a foam ear tip. All par-
ticipants were required to have present DPOAEs defined 
as a signal-to-noise ratio (SNR; distortion product – noise 
floor) ≥ 6 dB for at least 6 out of the 9 frequencies tested 
for each ear.

MOCR strength was assessed using a TEOAE and con-
tralateral MOCR activator paradigm. TEOAEs were elicited 
by 100-μs click stimuli presented at 65 dB peak SPL (pSPL). 
All click stimuli were presented at the same level and the 
same polarity (sometimes referred to as a “linear” click 
paradigm). The MOCR was activated by 2 different elici-
tors, continuous BBN and clicks at a rate of 20/s, presented 
contralaterally at 60 and 65 dB SPL (BBN) and 60 and 
65 dB pSPL (clicks). All MOCR data were acquired using 

the Intelligent Hearing Systems USB hardware and Smart-
TrOAE software coupled to an ER-10D OAE probe with a 
foam ear tip. The order of MOCR conditions for click and 
BBN elicitors was (i) without contralateral elicitor (test), (ii) 
with contralateral elicitor (test), (iii) without contralateral 
elicitor (retest), and (iv) with contralateral elicitor (retest). 
Whether participants received the click or BBN elicitor first 
was counterbalanced among participants.

The Suppression Analysis Module in the SmartTrOAE 
software was used to analyze the MOCR data. MOCR 
strength was quantified for test and retest conditions as the 
difference in TEOAE amplitude in the 8- to 18-ms post-
stimulus time window for responses with versus without 
the contralateral elicitor. MOCR strength for test and retest 
conditions were averaged together for all participants and 
used as the dependent variable for MOCR analyses. Quan-
tifying TEOAE amplitude in the 8- to 18-ms range served 2 
purposes: (i) previous studies showed that MOCR strength 
is maximal in this temporal region [25, 26] and (ii) quantify-
ing TEOAE amplitude between 8 and 18 ms minimized the 
potential confound of stimulus artifact.

Obtaining measures of MOCR strength with a contralat-
eral BBN elicitor allowed for comparison of the study sam-
ple to established metrics of MOCR strength. MOCR testing 
using contralateral click stimuli as the reflex activator pro-
vided data about whether the contralateral stimuli used in the 
ASSR portion of this study elicited the MOCR. This aided 
in the interpretation of the findings of this study by allowing 
for differentiation between MOCR and MEMR effects on the 
auditory brainstem neural encoding of phase.

ASSR Recording Parameters

All ASSR data were acquired using the Intelligent Hearing 
Systems USB hardware and Advanced Auditory Research 
Module (AARM) software coupled to an ER-3A insert ear-
phone with a foam ear tip. Data were analyzed using the 
“Spectral Analysis” feature in the AARM software which 
provided polar and spectral plots of the data as well as the 
phase and amplitude of the physiologic response for spec-
tral bins from 0 to 19.995 kHz with a spectral resolution of 
4.89 Hz (n = 4096 total spectral bins).

ASSRs were recorded using silver/silver-chloride or gold 
surface disc electrodes and a two-channel electrode mon-
tage (ipsilateral channel: Cz to Aipsi; contralateral channel: 
Cz to Acontra; ground: Fpz, using international 10–20 system 
electrode position references). All electrode impedances 
were maintained below 5 kOhms throughout the duration 
of testing. Electroencephalographic (EEG) activity was 
amplified 100,000 times, high-pass filtered at 30 Hz, and 
low-pass filtered at 300 Hz. Each ASSR sweep consisted of 
a sequence of 15 0.5-kHz Blackman-windowed toneburst 
presentations. Each individual 0.5-kHz toneburst in the 
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sequence was 8 ms in duration, and tonebursts were pre-
sented at a rate of 78.125 Hz with a sampling rate of 20 kHz. 
ASSR sweeps were averaged together for a total of at least 
4 min of collection time that resulted in at least 1160 sweeps 
per recording. ASSR phase and amplitude measures were 
derived based on the average of at least 1160 sweeps (i.e., 
toneburst sequences) as opposed to being based on the num-
ber of individual toneburst presentations. The decision to 
utilize a toneburst presentation rate within the context of 
toneburst sequences rather than using amplitude modulated 
tones to elicit the ASSR is supported by findings from Dobie 
and Wilson [27] who demonstrated no difference in ASSRs 
generated by toneburst presentation rates and amplitude-
modulated tones in adults with normal hearing. See Fig. 1a, 
b for a comparison of the toneburst sequence paradigm used 
in this study to a standard toneburst repetition rate paradigm.

Figure 1c, d shows examples of ASSR analyses employed 
in this study for 1 representative participant (ME_Phase 
x0HOaA). ASSR data are represented in the temporal 
domain (Fig. 1c) and the spectral domain (Fig. 1d). Note the 
15 distinct peaks representing neural responses generated by 
the 15 tonebursts included in the toneburst sequence when 
the ASSR is analyzed in the temporal domain (Fig. 1c). 
Additionally, a robust spectral peak was observed at the 
78.125-Hz fundamental frequency, and a secondary spec-
tral peak was observed at the 156.25-Hz harmonic fre-
quency demonstrating successful elicitation of the ASSR 
by the toneburst sequence paradigm (Fig. 1d). The phase 
and amplitude of the ASSR was obtained for the 78.125-
Hz spectral region. These phase and amplitude measures 
were used to calculate the slope and shift values as described 
below which served as the dependent variables for statistical 
analyses.

The 78.125-Hz toneburst presentation rate was selected 
to maximize contributions from rostral auditory brainstem 
structures in the generation of the physiologic response (e.g., 
Kuwada et al. [28], but see [29]. This study employed a 
0.5-kHz toneburst frequency because increased middle-ear 
stiffness primarily affects lower frequencies. Additionally, 
unpublished data from the Auditory Physiology Labora-
tory (PI: Linda J. Hood, PhD) at VUMC showed that WAI-
MEMR magnitude is largest for 0.5- and 0.7-kHz half-octave 
bands. The decision to use a 0.5-kHz ASSR stimulus rather 
than 0.7 kHz was based on increasing the clinical appli-
cation of the findings of this study. Specifically, CI EAS 
patients are more likely to have acoustic hearing preserva-
tion in the lower audiometric frequencies (i.e., 0.5 kHz and 
below). Thus, the methodology developed by this study can 
be applied by future studies including CI EAS patients.

 Noise in the physiologic recordings was estimated using 
the average amplitude of electrical activity for the 6 spec-
tral bins immediately below and above the target spectral 

bin (78.125 Hz). Thus, noise was estimated based on the 
12 spectral bins from 48.83 to 107.42 Hz, excluding the 
78.125-Hz spectral bin. The SNR of each ASSR recording 
was calculated by comparing the response amplitude at the 
target frequency (78.125 Hz) to the amplitude of the aver-
aged noise estimate (20 ×  log[Amptarget /  Ampnoise]). ASSR 
recordings were required to have a dB SNR value ≥ 6 dB in 
order to be included in further analyses.

Fig. 1  Comparison of the toneburst repetition rate ASSR acquisition 
paradigm (a) to the toneburst sequence ASSR acquisition paradigm 
(b). The toneburst repetition rate illustration represents 60 tonebursts 
presented at a constant rate of 78.125  Hz. ASSR phase and ampli-
tude measures are acquired at the repetition rate of all 60 tonebursts. 
The toneburst sequence acquisition illustration represents 4 toneburst 
sequences containing 15 tonebursts in each sequence. The tonebursts 
in each sequence are presented at a rate of 78.125 Hz with an inter-
stimulus interval (ISI; 12.8 ms) between each sequence. ASSR phase 
and amplitude are measured at the 78.125-Hz toneburst repetition rate 
for each toneburst sequence, and the responses from each sequence 
are averaged together. Representation of the ASSR elicited by the 
toneburst sequence paradigm analyzed in the temporal domain (c) 
and spectral domain (d) is shown for 1 representative participant 
(ME_Phase x0HOaA). Blue arrow heads in c highlight the 15 distinct 
peaks in the temporal waveform elicited by the 15 tonebursts in the 
toneburst sequence
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Aim I: Middle‑ear Stiffness and ASSR Recordings

In this study, contralaterally elicited MEMR was used to 
increase middle-ear stiffness in the test ear. Changes in 
acoustic absorbance and power transmittance were measured 
using WAI to quantify the effects of middle-ear stiffness. 
Fast-rate ASSRs quantified the neural encoding of phase pri-
marily through the level of the auditory brainstem (Kuwada 
et al. [28]), though higher-order cortical structures may 
also have contributed to the ASSR (e.g., [29]). ASSRs were 
compared with and without contralateral elicitation of the 
MEMR in order to quantify the effects of increased middle-
ear stiffness on the auditory brainstem neural encoding of 
phase. ASSRs were elicited using a toneburst sequence para-
digm (Fig. 1b) at stimulus levels of 75, 80, and 85-dB pSPL 
in the right ear of all participants. Increased middle-ear stiff-
ness in the ASSR test ear (right) was elicited by presenting 
an MEMR elicitor to the contralateral ear (left) for every 
participant. To elicit the MEMR, 100-μs click stimuli with a 
presentation rate of 20/s were presented to the left ear at lev-
els from 60 to 90-dB pSPL in 5-db steps [30]. ASSRs were 
acquired with and without the MEMR elicitor at each level 
for a total of 8 ASSR recordings for each of the 3 ASSR 
stimulus levels. The order in which ASSR stimulus levels 
were acquired and MEMR elicitor levels were presented was 
randomized among participants.

The click MEMR elicitor used in this study was selected 
in order to minimize elicitation of the MOCR as much as 
possible. Johnsen and Terkildsen [30] showed that click 
stimuli presented contralaterally at rates from 8 to 128/s 
elicited the MEMR in human adults with normal hearing. 
Additionally, contralateral click rates ≤ 20/s did not elicit a 
measurable MOCR [31, 32]. Thus, the findings of Johnsen 
and Terkildsen [30], Veuillet et al. [32], and Boothalingam 
and Purcell [31] support the use of contralateral click stimuli 
at 20/s to elicit the MEMR [30] while minimizing elicitation 
of the MOCR [31, 32] in adults with normal hearing.

Aim II: Correlations Between WAI Measures 
and ASSR Phase

All WAI data acquisition was completed using the Mimosa 
Acoustics HearID hardware and software platforms cou-
pled to an ER-10C probe with a foam ear tip. WAI record-
ings were acquired in the right ear using 70-dB SPL chirp 
stimuli with and without 100-μs click stimuli presented at 
a rate of 20/s in the left ear from 60 to 90-dB pSPL in 5-dB 
steps. Acoustic absorbance and power transmittance meas-
ures were acquired from 0.21 to 6 kHz. Stiffness-induced 
changes in acoustic absorbance and power transmittance 
were calculated for a half-octave band with a 0.5-kHz center 
frequency (range of 421.88 to 585.94 Hz). Furthermore, a 
0.5-kHz half-octave band was selected for WAI analyses in 

order to provide overlap with the spectral composition of the 
0.5-kHz ASSR toneburst used in Aim I.

All stimuli used for testing in this study were calibrated 
using a Bruel & Kjaer Pulse calibration system Type 3560C 
with Type 4157 coupler to increase study accuracy and 
reproducibility. Biologic listening checks and calibrations 
of all equipment were completed before each test session. 
All physiologic data were analyzed and reviewed by 2 indi-
viduals experienced in the analysis of auditory physiologic 
responses to increase the validity of acquired data. Based on 
the objective nature of ASSRs, the expert review focused on 
the quality of the ASSR data rather than on determining the 
presence of the ASSR.

Statistical Analyses

For Aim I analyses, ASSR phase and amplitude were quan-
tified for each recording and were plotted as a function of 
MEMR elicitor level separately for each of the 3 ASSR stim-
ulus levels. A linear regression model was generated for each 
condition for each participant using the “lm” function from 
the R base package (version 3.6.0). For each ASSR stimulus 
level, participants were required to have ASSR data with an 
amplitude of ≥ 0.4 μV and an SNR of ≥ 6 dB for at least 3 out 
of the 7 conditions with presentation of the MEMR elicitor 
in order to be included in analyses.

Potential outlier data points in the linear regression mod-
els for each participant were evaluated by plotting (i) resid-
ual vs. fitted plots, (ii) normal Q-Q plots, (iii) scale location 
plots, and (iv) residual vs. leverage plots for each condition. 
There are many methods for determining statistical outliers 
in a dataset. Using 4 different outlier analyses provided a 
more thorough identification of potential outliers.

All potential outlier data points were reviewed to ensure 
accurate data input and to ensure that they met the ASSR 
amplitude and SNR criteria. There was no justification for 
removing potential outlier data points. Thus, a robust linear 
regression model was generated for each participant using 
the “rlm” function from the “MASS” package in R. Robust 
linear regression adjusts the fit of the linear regression line 
for potential outliers by weighting the residuals. Using 
robust linear regression, data points with a larger residual 
are assigned a lower weight in the calculation of the linear 
regression line. The slopes of the robust linear regression 
lines for each participant were obtained from the models 
and used as the dependent variable for statistical analyses. 
A negative phase slope value indicated decreased ASSR 
phase with increased MEMR elicitor level (consistent with 
increased middle-ear stiffness).

We observed a high degree of between-participant vari-
ability in baseline ASSR phase values recorded without 
presentation of the MEMR elicitor. To be able to reference 
differences among test conditions to individual participants, 
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ASSR phase shifts and amplitude shifts were calculated by 
subtracting ASSR phase or amplitude with contralateral 
presentation of the MEMR elicitor from ASSR phase or 
amplitude without contralateral presentation of the MEMR 
elicitor in the same subject. The ASSR phase shift measures 
quantified middle-ear stiffness-induced changes in ASSR 
phase normalized for each individual participant to the 
condition without the MEMR elicitor. To aid in the inter-
pretation of findings, we also calculated the corresponding 
stiffness-induced temporal delays based on the measured 
ASSR phase shifts using the following formula:

where Td indicates the temporal delay, ps indicates the 
ASSR phase shift in degrees, and p indicates the period of 
the 0.5-kHz ASSR stimulus frequency in ms.

The primary goal of the first aim was to determine 
whether middle-ear stiffness affected the auditory brain-
stem neural encoding of phase. Four dependent variables 
were available for statistical analyses: (i) ASSR phase slope, 
(ii) ASSR amplitude slope, (iii) ASSR phase shift, and (iv) 
ASSR amplitude shift. One-sample t tests were calculated 
using the “t.test” function from the base R package to deter-
mine whether the group mean of each dependent variable 
differed significantly from zero. A slope or shift value that 
differed significantly from zero indicated statistically sig-
nificant effects of middle-ear stiffness on the auditory brain-
stem neural encoding of phase. p values were corrected for 
multiple comparisons using the false discovery rate when 
multiple comparisons were employed.

Additionally, Pearson correlation coefficients were calcu-
lated to examine the effects of participant age on stiffness-
induced changes on ASSR phase slope for each ASSR stim-
ulus level using the “cor.test” function in R. The effects of 
ASSR stimulus level on stiffness-induced changes in ASSR 
phase slope also were investigated for the cohort of partici-
pants with ASSR data for all 3 stimulus levels (n = 19). A 
one-way repeated measures ANOVA with post hoc pairwise 
t tests with pooled standard deviation corrected for multiple 
comparisons using the Bonferroni correction was calculated 
using the “aov” and “pairwise.t.test” function in R to assess 
for differences in ASSR phase slopes among stimulus levels.

For Aim II, acoustic absorbance and power transmittance 
were plotted as a function of MEMR elicitor level and a 
linear regression model was generated using the “lm” func-
tion from the base R package. Potential outliers were identi-
fied and reviewed using the same procedures described for 
Aim I. A robust linear regression model was generated using 
the “rlm” function from the “MASS” R package in order 
to adjust the fit of the linear regression line for potential 
outlier data points. The slopes of the robust linear regres-
sion lines were obtained for each participant and used as 

Td = ps∕360∗p

the dependent variable for correlational analyses described 
below. A negative acoustic absorbance and power transmit-
tance slope indicated decreased absorbance and transmit-
tance with increased MEMR elicitor level consistent with 
contralateral activation of the MEMR increasing middle-ear 
stiffness.

The primary goal of the second aim was to investigate 
correlations between middle-ear stiffness-induced changes 
in WAI measures and ASSR phase. Correlations between the 
following variable pairs were investigated: (i) ASSR phase 
slope and acoustic absorbance slope and (ii) ASSR phase 
slope and power transmittance slope. Pearson correlation 
coefficients for these variable pairs were calculated using 
the “cor.test” function from the base R package.

Participant Cohorts and Power Analyses

Of the 31 participants meeting the overall inclusion criteria 
for this study, 3 cohorts were derived based on ASSR data 
meeting amplitude and SNR criteria. For each of the 3 ASSR 
stimulus levels (75-, 80-, and 85-dB pSPL), each participant 
completed 7 ASSR recordings with contralateral presentation 
of the MEMR elicitor at levels ranging from 60 to 90-dB 
pSPL in 5-dB steps. Participants were required to have ASSR 
data meeting amplitude and SNR criteria described above 
for ≥ 3 ASSR recordings with presentation of the MEMR 
elicitor. These requirements were implemented in order for 
a linear regression line to be fit based on at least 3 ASSR data 
points. The composition of each cohort included 28 partici-
pants meeting inclusion criteria for the 85-dB ASSR stimulus 
level, 24 participants meeting inclusion criteria for the 80-dB 
ASSR stimulus level, and 20 participants meeting inclusion 
criteria for the 75-dB ASSR stimulus level.

Post hoc power analyses were calculated for the Aim I 
ASSR phase slope analyses outlined above related to the 
investigation of middle-ear stiffness effects on the audi-
tory brainstem neural encoding of phase. Power analyses 
were calculated for one-sample t tests using the “pwr.t.test” 
function from the “pwr” package in R. Power (95 %) was 
achieved for the 75-dB ASSR stimulus level cohort; 54 % 
power was achieved for the 80-dB ASSR stimulus level 
cohort, and 64 % power was achieved for the 85-dB stimulus 
level cohort. Based on the magnitude of the effect size and 
between-participant variability observed in this study, future 
sample sizes of 41 and 43 participants would be required for 
the 85-dB and 80-dB ASSR stimulus level cohorts, respec-
tively, in order to achieve 80 % statistical power. Recruiting 
additional participants to increase statistical power for the 
80- and 85-dB ASSR stimulus level cohorts was not feasible 
given the limitations associated with the COVID-19 global 
pandemic during data collection for this study.
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Results

Baseline Auditory Function

Data are presented for each ASSR stimulus level cohort 
(75, 80, and 85 dB) individually in this section and the 
sections to follow. Group mean pure-tone thresholds 
were within the normal range (≤ 20-dB HL) from 0.25 to 
8 kHz and were within the near-normal range (≤ 25-dB 
HL) from 9 to 16 kHz for both ears of all ASSR stimulus 
level cohorts. Differences in group mean pure-tone thresh-
olds between ears and among cohorts did not exceed 5 dB, 
which is widely accepted as within test–retest repeatabil-
ity. These behavioral pure-tone thresholds indicate normal 
pure-tone threshold sensitivity for both ears among all par-
ticipants for the investigation of middle-ear stiffness and 
the auditory brainstem neural encoding of phase.

Ipsilateral and contralateral MEMR thresholds were 
elicited by 0.5, 1, 2, and 4-kHz pure tones and BBN in 
order to assess baseline MEMR function. Group mean 
ipsilateral MEMR thresholds were within the expected 
normal range (≤ 95-dB HL; e.g., [33]) across all elicitor 
conditions for both ears. Contralateral MEMR thresholds 
were elevated (i.e., poorer) compared to ipsilateral thresh-
olds for all conditions. Compared to pure-tone elicitors, 
BBN elicited lower (i.e., better) ipsilateral and contralat-
eral MEMR thresholds for both ears.

WAI‑MEMR: Quantifying Middle‑ear Stiffness

Acoustic absorbance and power transmittance were meas-
ured in the right ear of all participants with and without an 
MEMR elicitor (20/s click stimuli) presented contralater-
ally in the left ear. This was then used as an indication 
that the contralateral stimulus used during ASSR testing 
increased middle-ear stiffness in the test ear. A decrease 
in low-frequency acoustic absorbance and power transmit-
tance with presentation of the MEMR elicitor indicated 
increased middle-ear stiffness. Figure 2 shows acoustic 
absorbance for a half-octave band centered at 0.5 kHz as a 
function of MEMR elicitor level for the 3 ASSR stimulus 
level cohorts. Note that the number of participants included 
for each ASSR stimulus level differs (see “Methods and 
Materials” section and Fig. 2 legend for details). Data for 
power transmittance are not shown in the figure as the 
results were similar to acoustic absorbance.

Acoustic absorbance and power transmittance for the 
half-octave band centered at 0.5 kHz decreased with increas-
ing MEMR elicitor level for all 3 cohorts. The slopes of 
the robust linear regression lines demonstrated a statisti-
cally significant 0.8 % decrease in acoustic absorbance 
for every 10-dB pSPL increase in MEMR elicitor level 

for the 85-dB ASSR stimulus level cohort (slope =  − 0.08, 
R2(26) = 0.60, t(27) =  − 8.88, P = 5.1 ×  10−9) and statistically 
significant 0.9 % decreases in acoustic absorbance for every 
10-dB pSPL increase in MEMR elicitor level for the 80-dB 
and 75-dB ASSR stimulus level cohorts (80-dB cohort: 
slope =  − 0.09, R2(22) = 0.62, t(23) =  − 8.58, P = 2 ×  10−8; 
75-dB cohort: slope =  − 0.09, R2(18) = 0.61, t(19) =  − 7.43, 
P = 4.9 ×  10×7). There were no differences in the slopes 
of the acoustic absorbance functions among the 3 ASSR 
stimulus level cohorts (one-factor ANOVA: F(2) = 0.017, 
P = 0.983). Additionally, the slope analyses showed a statis-
tically significant 0.2-dB decrease in power transmittance for 
every 10-dB pSPL increase in MEMR elicitor level for all 3 
ASSR stimulus level cohorts (85-dB cohort: slope =  − 0.02, 
R2(26) = 0.60, t(27) =  − 6.49, P = 1.7 ×  10−6; 80-dB cohort: 
slope =  − 0.02, R2(22) = 0.62, t(23) =  − 6.08, P = 5.1 ×  10−6; 
75-dB cohort: slope =  − 0.02, R2(18) = 0.61, t(19) =  − 5.43, 
P = 3 ×  10−5).

Differentiating MEMR and MOCR Contributions 
to Middle‑ear Stiffness

The contralateral MOCR pathway was activated separately 
by 2 elicitors, continuous BBN and 20/s click stimuli, 

Fig. 2  Line plots with linear regression lines showing group mean 
(± 1 standard error, SE) acoustic absorbance as a function of MEMR 
elicitor levels. The slope of the robust linear regression line for each 
individual participant was the dependent variable used for one-sample 
t test statistical analyses. Twenty-eight participants were included in 
the 85-dB ASSR stimulus level cohort (red circles); 24 participants 
were included in the 80-dB ASSR stimulus level cohort (blue circles); 
and 20 participants were included in the 75-dB ASSR stimulus level 
cohort (black circles)
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presented at 2 levels (60 and 65-dB SPL for BBN and 60 
and 65-dB pSPL for clicks) to assess whether the contralat-
eral stimulus used to elicit middle-ear stiffness in this study 
also elicited the MOCR. MOCR strength across elicitor con-
ditions for the 3 ASSR stimulus level cohorts is shown in 
Fig. 3a–c.

The contralateral presentation of the BBN elicitor at 60 
and 65-dB SPL resulted in statistically significant reductions 
in TEOAE amplitude for all cohorts, consistent with the 
presence of MOCR activation in these participant samples 
(orange bars in Fig. 3; 85-dB cohort with 60-dB SPL BBN: 
t(27) = 4.87, P = 1.3 ×  10−4; 80-dB cohort with 60-dB SPL 
BBN: t(23) = 4.09, P = 4.5 ×  10−4; 75-dB cohort with 60-dB 
SPL BBN: t(19) = 4.69, P = 2.4 ×  10−4; 85-dB cohort with 
65-dB SPL BBN: t(27) = 7.04, P = 4.2 ×  10−7; 80-dB cohort 
with 65-dB SPL BBN: t(23) = 6.70, P = 1.2 ×  10−6; 75-dB 
cohort with 65-dB SPL BBN: t(19) = 5.78, P = 1.4 ×  10−5). 
In contrast, no significant reductions in TEOAE amplitude 
were observed with contralateral presentation of the click 
elicitor for any condition (blue bars in Fig. 3; 85-dB cohort 
with 60-dB pSPL clicks: t(27) = 0.57, P = 0.57; 80-dB cohort 
with 60-dB pSPL clicks: t(23) = 0.67, P = 0.51; 75-dB cohort 
with 60-dB pSPL clicks: t(19) =  − 0.12, P = 0.90; 85-dB 
cohort with 65-dB pSPL clicks: t(27) = 0.60, P = 0.55; 
80-dB cohort with 65-dB pSPL clicks: t(23) =  − 0.32, 
P = 0.75; 75-dB cohort with 65-dB pSPL clicks: t(19) = 0.60, 
P = 0.56). The minimal impact of contralateral click stim-
uli on TEOAE amplitude is consistent with minimal to no 
co-activation of the MOCR by the stimulus used to elicit 
middle-ear stiffness in these participant samples.

Middle‑ear Stiffness and ASSR Phase

Group mean ASSR SNRs remained constant across MEMR 
elicitor levels, and no differences were observed among 
participant cohorts. Additionally, the group mean SNR 
values across conditions and participant cohorts were well 
above the 6-dB SNR inclusion criterion used in this study, 
providing evidence of robust physiologic responses for the 
analysis of the effects of middle-ear stiffness on the auditory 
brainstem neural encoding of phase (additional details are 
provided in Fig. 4).

ASSR phase was measured at the toneburst presentation 
rate of 78.125 Hz with and without contralateral presenta-
tion of the MEMR elicitor to assess the impact of middle-ear 
stiffness on the auditory brainstem neural encoding of phase. 
ASSR phase as a function of MEMR elicitor level is shown 
in Fig. 5a. Group mean ASSR phase decreased with increas-
ing MEMR elicitor level for all ASSR stimulus level cohorts. 
Robust linear regression slope analyses demonstrated that 
for every 10-dB pSPL increase in MEMR elicitor level, 
ASSR phase decreased by 2.8° for the 85-dB ASSR stimulus 
level cohort (slope =  − 0.28, R2(26) = 0.24, t(27) =  − 2.36, 
P = 0.039), ASSR phase decreased by 3.7° for the 80-dB 
ASSR stimulus level cohort (slope =  − 0.37, R2(22) = 0.34, 
t(23) =  − 2.16, P = 0.04), and ASSR phase decreased by 6.5° 
for the 75-dB ASSR stimulus level cohort (slope =  − 0.65, 
R2(18) = 0.27, t(19) =  − 3.75, P = 0.0042).

Due to observed between-participant variability in base-
line ASSR phase values, phase data were normalized to 
each participant’s ASSR phase value obtained without the 

Fig. 3  Bar plots showing group mean (error bars show SE) contralat-
eral MOCR strength elicited by BBN (orange bars) and 20/s click 
stimuli (blue bars). One-sample t tests were used to determine whether 
TEOAE amplitude reduction differed from zero indicating an MOCR. 

Twenty-eight participants were included in the 85-dB ASSR stimu-
lus level cohort (a), 24 participants were included in the 80-dB ASSR 
stimulus level cohort (b), and 20 participants were included in the 
75-dB ASSR stimulus level cohort (c)
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MEMR elicitor. Thus, ASSR phase shifts were calculated 
by subtracting phase with presentation of the MEMR elici-
tor from phase without presentation of the MEMR elicitor. 

Figure 5b shows ASSR phase shift, and Fig. 5c shows the 
corresponding temporal delay as a function of MEMR elici-
tor level for the 3 ASSR stimulus level cohorts. Statistically 
significant ASSR phase shifts and temporal delays occurred 
at the 2 highest MEMR elicitor levels for the 75-dB ASSR 
stimulus level cohort (85-dB pSPL MEMR elicitor level: 
t(16) = 3.52, P = 0.010; 90-dB pSPL MEMR elicitor level: 
t(13) = 4.08, P = 0.010). The data indicate a maximum 21° 
ASSR phase shift, consistent with a 0.12-ms temporal delay, 
for the 75-dB ASSR stimulus level with 85-dB contralateral 
MEMR elicitor.

Nineteen participants had ASSR data available for all 3 
ASSR stimulus levels allowing for within-participant investi-
gation of the effects of ASSR stimulus level on ASSR phase 
slope. ASSR phase as a function of MEMR elicitor level for 
the 19 participants is shown in Fig. 6. A one-way repeated 
measures ANOVA (dependent variable: ASSR phase slope; 
independent variable: ASSR stimulus level) demonstrated 
no statistically significant differences among ASSR phase 
slopes for the 3 ASSR stimulus levels (f(1) = 2.34, P = 0.14). 
Although no statistically significant differences were noted, 
lower ASSR stimulus levels tended to have steeper ASSR 
phase slopes suggestive of a potentially greater effect of 
middle-ear stiffness on the auditory brainstem neural encod-
ing of phase for lower stimulus levels.

Pearson correlation coefficients were calculated to exam-
ine the effects of participant age on ASSR phase slope for 
the 3 ASSR stimulus level cohorts. No statistically signifi-
cant correlations were observed between participant age 
and ASSR phase slope (85-dB ASSR stimulus level cohort: 

Fig. 4  Line plots showing group mean (± 1 SE) ASSR SNR across 
ASSR stimulus levels and MEMR elicitor levels. Data plotted at 55 dB 
represent the no contralateral MEMR elicitor condition. Twenty-eight 
participants were included in the 85-dB ASSR stimulus level cohort 
(red circles), 24 participants were included in the 80-dB ASSR stimu-
lus level cohort (blue squares), and 20 participants were included in the 
75-dB ASSR stimulus level cohort (black diamonds)

Fig. 5  (a) Scatter plots with linear regression lines showing group 
mean (± 1 SE) ASSR phase across MEMR elicitor levels. The slope 
of the robust linear regression lines for each individual participant was 
the dependent variable used for one-sample t test statistical analyses. 
Twenty-eight participants were included in the 85-dB ASSR stimulus 
level cohort (red circles); 24 participants were included in the 80-dB 
ASSR stimulus level cohort (blue circles); and 20 participants were 
included in the 75-dB ASSR stimulus level cohort (black circles). 

Group mean data (± 1 SE) for ASSR phase without contralateral acti-
vation of the MEMR are shown by the square data points to the left of 
the plot. (b) Group mean (± 1 SE) ASSR phase shifts across MEMR 
elicitor levels for the 3 ASSR stimulus level cohorts. One-sample t 
tests were used to determine whether ASSR phase shifts differed sig-
nificantly from zero. (c) Corresponding group mean (± 1 SE) temporal 
delays across MEMR elicitor levels for all cohorts calculated based on 
ASSR phase shifts
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r = 0.14, t(26) = 0.73, P = 0.47; 80-dB ASSR stimulus level 
cohort: r = 0.16, t(22) = 0.75, P = 0.47; 75-dB ASSR stimu-
lus level cohort: r =  − 0.02, t(18) =  − 0.07, P = 0.94). Fig-
ure 7a–c shows scatter plots representing ASSR phase slope 
as a function of participant age for all cohorts. Note the 

fewer number of participants in the older age range, espe-
cially for the 75-dB ASSR stimulus level cohort. Addition-
ally, between-participant variability in ASSR phase slope 
occurred across all ages.

Middle‑ear Stiffness and ASSR Amplitude

ASSR amplitude as a function of MEMR elicitor level is 
shown for the 3 ASSR stimulus level cohorts in Fig. 8a. 
The robust slope analyses confirmed that ASSR amplitude 
did not change as a function of MEMR elicitor level for 
any of the 3 ASSR stimulus level cohorts (85-dB ASSR 
stimulus level cohort: slope =  − 0.0001, R2(26) = 0.35, 
t(27) =  − 0.52, P = 0.61; 80-dB ASSR stimulus level cohort: 
slope =  − 0.0001, R2(22) = 0.23, t(23) =  − 0.43, P = 0.67; 
75-dB ASSR stimulus level cohort: slope =  − 0.0001, 
R2(18) = 0.34, t(19) =  − 0.61, P = 0.55).

ASSR amplitude shifts were calculated for each MEMR 
elicitor level, normalizing each participant’s ASSR ampli-
tude to their baseline amplitude without the MEMR elici-
tor. Figure 8b shows ASSR amplitude shift across MEMR 
elicitor levels for each of the 3 ASSR stimulus level cohorts. 
Group mean amplitude shifts did not exceed 0.02 μV and 
remained constant across MEMR elicitor levels. Slightly 
greater shifts occurred for the higher ASSR stimulus lev-
els. One-sample t tests showed statistically significant 
amplitude shifts with MEMR elicitor presentation for 
the 2 highest ASSR stimulus level cohorts only (85-dB 
ASSR stimulus level with 90-dB pSPL MEMR elicitor: 
t(24) =  − 2.77, P = 0.013; 85-dB ASSR stimulus level with 
85-dB pSPL MEMR elicitor: t(22) =  − 3.45, P = 0.0068; 
85-dB ASSR stimulus level with 75-dB pSPL MEMR 
elicitor: t(24) =  − 2.91, P = 0.013; 85-dB ASSR stimulus 

Fig. 6  Scatter plots showing within-participant comparison (group 
mean ± 1 SE) of ASSR phase across MEMR elicitor levels for the 
group of 19 participants with ASSR phase data at all 3 ASSR stimu-
lus levels (85-dB ASSR stimulus level shown by blue circles, 80-dB 
ASSR stimulus level shown by orange squares, and 75-dB ASSR 
stimulus level shown by black diamonds). Linear regression lines 
are fit to the data for each ASSR stimulus level. A one-way repeated 
measures ANOVA was used to determine differences in ASSR phase 
slope among ASSR stimulus levels

Fig. 7  Scatter plots with linear regression lines showing the effects of 
age on ASSR phase slope across ASSR stimulus level cohorts (a–c). 
Pearson correlation coefficients were used to investigate the linear 
relationship between variables for each cohort. Twenty-eight partici-

pants were included in the 85-dB ASSR stimulus level cohort (a), 24 
participants were included in the 80-dB ASSR stimulus level cohort 
(b), and 20 participants were included in the 75-dB ASSR stimulus 
level cohort (c)
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level with 70-dB pSPL MEMR elicitor: t(23) =  − 3.36, 
P = 0.0068; 85-dB ASSR stimulus level with 65-dB pSPL 
MEMR elicitor: t(22) =  − 2.48, P = 0.02; 80-dB ASSR 
stimulus level with 85-dB pSPL MEMR elicitor level: 
t(21) =  − 3.12, P = 0.0052; 80-dB ASSR stimulus level with 
70-dB pSPL MEMR elicitor: t(18) =  − 3.85, P = 0.0032; 
80-dB ASSR stimulus level with 65-dB pSPL MEMR elici-
tor: t(16) =  − 3.66, P = 0.0032). No statistically significant 
amplitude shifts occurred for the 75-dB ASSR stimulus level 
cohort.

Correlations Between WAI and ASSR Measures

The relationship between ASSR phase slope and 0.5-kHz-
centered acoustic absorbance slope is shown in Fig. 9a–c, 
and the relationship between ASSR phase slope and 
0.5-kHz-centered power transmittance slope is shown in 
Fig. 10a–c for the 3 ASSR stimulus level cohorts. Pearson 
correlation coefficients demonstrated no statistically sig-
nificant correlations between acoustic absorbance slope 
and ASSR phase slope for any of the ASSR stimulus level 

Fig. 8  (a) Scatter plots with linear regression lines showing group 
mean (± 1 SE) ASSR amplitude as a function of MEMR elicitor lev-
els. The slope of the robust linear regression lines for each individual 
participant was the dependent variable used for one-sample t-test 
statistical analyses. Twenty-eight participants were included in the 
85-dB ASSR stimulus level cohort (red circles); 24 participants were 

included in the 80-dB ASSR stimulus level cohort (blue circles); 
and 20 participants were included in the 75-dB ASSR stimulus level 
cohort (black circles). (b) Group mean (± 1 SE) ASSR amplitude 
shifts vs. MEMR elicitor levels for the 3 ASSR stimulus level cohorts. 
One-sample t tests were used to determine whether ASSR amplitude 
shifts differed significantly from zero

Fig. 9  Scatter plots with linear regression lines showing the relation-
ship between ASSR phase slope and acoustic absorbance slope for 
the 3 ASSR stimulus level cohorts (a–c). Pearson correlation coeffi-
cients were used to investigate the linear relationship between vari-

ables for each cohort. Twenty-eight participants were included in the 
85-dB ASSR stimulus level cohort (a), 24 participants were included 
in the 80-dB ASSR stimulus level cohort (b), and 20 participants 
were included in the 75-dB ASSR stimulus level cohort (c)
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cohorts (85-dB ASSR stimulus level cohort: r = 0.33, 
t(26) = 1.77, P = 0.09; 80-dB ASSR stimulus level cohort: 
r =  − 0.14, t(22) = 0.68, P = 0.51; 75-dB ASSR stimulus 
level cohort: r = 0.03, t(18) = 0.14, P = 0.89). Note the trend 
towards a positive correlation between acoustic absorbance 
slope and ASSR phase slope for the 85-dB ASSR stimulus 
level cohort. Additionally, no statistically significant cor-
relations were observed between power transmittance slope 
and ASSR phase slope for any of the 3 ASSR stimulus 
level cohorts (85-dB ASSR stimulus level cohort: r = 0.15, 
t(26) = 0.78, P = 0.45; 80-dB ASSR stimulus level cohort: 
r =  − 0.06, t(22) =  − 0.29, P = 0.77; 75-dB ASSR stimulus 
level cohort: r =  − 0.15, t(18) =  − 0.65, P = 0.53).

Discussion

This study investigated whether middle-ear stiffness elic-
ited via MEMR activation changed the auditory brainstem 
neural encoding of phase as measured by ASSR phase and 
amplitude. As MEMR elicitor level increased, low-frequency 
acoustic absorbance and ASSR phase decreased. The find-
ings of this study are consistent with the elicitation of middle-
ear stiffness via activation of the MEMR which changed the 
encoding of phase at the auditory brainstem up to a maximum 
21° ASSR phase shift consistent with a 0.12-ms temporal 
delay. Brughera et al. [34] showed human listener ITD thresh-
olds for a 0.5-kHz pure tone ranging from 0.02 to 0.05 ms, 
indicating that the maximum temporal delay observed in the 
current study is sufficient to impact behavioral performance 
on a sound localization task. Furthermore, there was very lit-
tle to no change in ASSR amplitude as a function of MEMR 
elicitor level, indicating that middle-ear stiffness appears to 

change the auditory brainstem neural encoding of phase with 
minimal impact on neural recruitment and synchrony. This 
study did not measure the test–retest repeatability of ASSR 
phase without contralateral activation of the MEMR due to 
time constraints, and findings should be considered in the 
context of this potential limitation.

The findings of this study are consistent with other stud-
ies that investigated the effects of middle-ear stiffness on the 
cochlear encoding of phase [3–5]. Avan et al. [3] identified 
an ~ 20° stiffness-induced DPOAE phase shift at 0.6 kHz. 
Similarly, the present study identified a 21° ASSR phase 
shift using 0.5-kHz ASSR stimuli presented at 75-dB pSPL. 
These findings suggest shifts in both the cochlear and neural 
encoding of phase that occur with comparable magnitude for 
a similar spectral region. Further within-participant inves-
tigations are required in order to make valid comparisons 
between stiffness-induced effects on phase encoding at the 
cochlear and neural levels. The stiffness-induced ASSR 
phase shifts and temporal delays observed in the current 
study are also consistent with the finite element modeling of 
O’Connor et al. [2] showing decreased middle-ear transmis-
sion group delay with increased TM stiffness.

The following hypothesis related to physiologic mecha-
nisms contributing to stiffness-induced phase changes is 
proposed. A sinusoidal signal (i.e., phase) is transmitted by 
the middle-ear system via movements of the ossicular chain. 
Activation of the MEMR results in contraction of the sta-
pedius muscle and a stiffening of the ossicular chain, which 
impedes its mobility. A stiffer and less mobile ossicular 
chain is consistent with reduced transmission of the sinusoid 
and decreased value of the phase lag coded by the measure-
ment of the ASSR as observed in this study.

Fig. 10  Scatter plots with linear regression lines showing the relation-
ship between ASSR phase slope and power transmittance slope for 
the 3 ASSR stimulus level cohorts (a–c). Pearson correlation coeffi-
cients were used to investigate the linear relationship between vari-

ables for each cohort. Twenty-eight participants were included in the 
85-dB ASSR stimulus level cohort (a), 24 participants were included 
in the 80-dB ASSR stimulus level cohort (b), and 20 participants 
were included in the 75-dB ASSR stimulus level cohort (c)
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This study provides several insights related to physiologic 
mechanisms that may or may not contribute to middle-ear 
stiffness-induced phase shifts. First, baseline MOCR and 
WAI-MEMR testing completed during this study confirmed 
that the MEMR elicitor activated the MEMR pathway with 
little to no evidence supporting co-activation of the MOCR 
pathway (Fig. 3). This supports middle-ear stiffness-induced 
changes in ASSR phase with minimal to no contribution 
from activation of the MOCR pathway. The use of con-
tralateral acoustic stimulation to activate the MEMR elimi-
nated the confound of stimulus interactions in the ear canal. 
Contralateral acoustic stimulation also did not affect ASSR 
amplitude, which suggests little to no acoustic crossover of 
the contralateral click stimuli to the cochlea of the test ear. 
Thus, stimulus interactions in the ear canal and acoustic 
crossover do not appear to have contributed to the observed 
effects on ASSR phase demonstrated by this study.

One potential limitation of the linear regression analy-
ses is the between-participant variability in ASSR phase for 
the 80- and 85-dB ASSR stimulus levels that contributed 
to functions at the group level that may not have been most 
accurately fit using a linear model. The between-participant 
variability in ASSR phase observed in this study is consist-
ent with that observed by Herdman and Stapells [35]. Future 
studies should investigate other modeling techniques, such 
as sigmoid curve fitting, that may be a more appropriate fit 
to group level data for the investigation of middle-ear stiff-
ness effects on brainstem neural phase encoding.

No Effect of Age on Middle‑ear Stiffness‑induced 
ASSR Phase Lag

This study did not identify any statistically significant 
effects of participant age on middle-ear stiffness-induced 
changes in ASSR phase, potentially indicating consistent 
effects of middle-ear stiffness on auditory brainstem neural 
phase encoding across the lifespan from 18 to 50 years. This 
particular finding should be considered with regard for the 
limited age range investigated in this study spanning only 
younger and middle adulthood. Additionally, fewer older 
participants had available ASSR data meeting inclusion cri-
teria, especially for the 75-dB ASSR stimulus level cohort, 
and between-participant variability in ASSR phase slope 
occurred across the lifespan. The fewer number of older 
participants and variability among participants may have 
prevented the identification of statistically significant age 
effects for this study sample.

Correlations Between Measures

Correlation analyses did not demonstrate statistically sig-
nificant relationships between acoustic absorbance slope and 
ASSR phase slope or between power transmittance slope and 

ASSR phase slope, though a trend towards a positive cor-
relation between acoustic absorbance and ASSR phase slope 
was observed for the 85-dB ASSR stimulus level cohort. 
The lack of significant correlation between these measures 
may indicate differential effects of middle-ear stiffness on 
middle-ear versus auditory brainstem structures.

Additionally, acoustic absorbance and power transmit-
tance slopes may indicate the amount of middle-ear stiffness 
elicited by the MEMR elicitor. For example, a steeper acous-
tic absorbance and power transmittance slope is consistent 
with a greater amount of middle-ear stiffness. A positive 
correlation between WAI slopes and ASSR phase slope 
would indicate that greater amounts of middle-ear stiff-
ness partially contribute to greater stiffness-induced ASSR 
phase shifts. Thus, the lack of correlations may suggest that 
middle-ear stiffness does not result in additional changes 
to phase encoding once a threshold amount of middle-ear 
stiffness is reached.

The use of Pearson correlation coefficients is one poten-
tial limitation of these analyses. Acoustic absorbance slope, 
power transmittance slope, and ASSR phase slope are 
dependent variables. Correlational analyses comparing mul-
tiple dependent variables would be more accurately analyzed 
using multivariate multiple regression modeling the effects 
of 1 predictor variable on multiple dependent variables. This 
study did not have a sufficient number of participants to 
complete multivariate multiple regression analyses. Thus, 
the correlational analyses should be considered in the con-
text of the limitations associated with the type of correlation 
employed.

Impact

The findings of this study have meaningful potential impacts 
on audiologic practice. Yost [9] demonstrated in adults 
with normal hearing that an IPD of as little as 5° (~ 28 μs) 
impacted behavioral IPD discrimination (i.e., minimum 
audible angle) of a 0.5-kHz pure tone. The current study 
showed middle-ear stiffness-induced changes in the auditory 
brainstem encoding of phase consistent with up to a 6.5° 
decrease in ASSR phase for every 10-dB pSPL increase in 
MEMR elicitor level and a maximum 21° stiffness-induced 
ASSR phase shift. These findings emphasize that middle-
ear stiffness can result in changes in the auditory brainstem 
encoding of phase at a magnitude that may alter behavioral 
sound localization performance.

Recent work suggests increased middle-ear stiffness after 
placement of a cochlear implant that persists through at least 
6 months post-activation [13–16]. Middle-ear stiffness that 
differs between ears, whether in unilateral or bilateral CI 
EAS patients, may result in changes in the brainstem neu-
ral encoding of phase that may contribute to larger post-
operative IPDs. This may contribute understanding to the 
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variability in binaural cue sensitivity in CI EAS patients who 
utilize low-frequency acoustic hearing in conjunction with 
electric hearing [12, 17–20].

Post-operative middle-ear stiffness in CI recipients is 
likely due to a combination of factors including changes in 
middle-ear volume via introduction of the facial recess, seal-
ing of the electrode array at the round window, the presence 
of the electrode array in the cochlea, and surgical packing 
around the fenestra with fascia or other grafting material. 
Middle-ear stiffness in the current study was elicited via 
activation of the MEMR, which is not likely to be present in 
the majority of CI recipients due to their degree of sensori-
neural hearing loss. The application of the findings of this 
study may have limited generalizability to CI EAS listeners 
due to differences in mechanisms contributing to middle-
ear stiffness. However, the identification of middle-ear 
stiffness-induced changes in brainstem neural phase encod-
ing provides rationale for the investigation of middle-ear 
stiffness-induced effects on neural phase encoding in CI 
EAS listeners.

Additionally, otosclerosis is an audiologic disorder that 
is characterized by a stiffening of the ossicular chain [21] 
that can result in differences in middle-ear stiffness between 
ears. Redfors et al. [22] showed that individuals with oto-
sclerosis self-reported difficulties localizing sounds based 
on the speech, spatial, and qualities of hearing scale (SSQ) 
that persisted even in individuals treated with hearing aids. 
Middle-ear stiffness-induced changes in auditory phase 
encoding may contribute to difficulties in sound localiza-
tion in otosclerosis patients.

Conclusion

This study identified a change in the auditory brainstem 
neural encoding of phase secondary to middle-ear stiffness 
elicited by activation of the MEMR. ASSR phase decreased 
by up to 6.5°, and acoustic absorbance decreased by approxi-
mately 1 % for every 10-dB pSPL increase in MEMR elicitor 
level with a maximum 21° stiffness-induced ASSR phase 
shift. This magnitude of phase shift may be sufficient to 
alter behavioral performance on a sound localization task. 
The findings of this study may help to understand the poor 
spatial hearing abilities of CI EAS listeners and patients with 
otosclerosis.
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