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ARTICLE INFO ABSTRACT
Keywords: The slowing and reduction of auditory responses in the brain are recognized side effects of increased pure tone
EEG recording thresholds, impaired speech recognition, and aging. However, it remains controversial whether central slowing is

Speech recognition
Cochlear synaptopathy
Aging

Hearing aid

primarily linked to brain processes as atrophy, or is also associated with the slowing of temporal neural pro-
cessing from the periphery. Here we analyzed electroencephalogram (EEG) responses that most likely reflect
medial geniculate body (MGB) responses to passive listening of phonemes in 80 subjects ranging in age from 18
to 76 years, in whom the peripheral auditory responses had been analyzed in detail (Schirmer et al., 2024). We
observed that passive listening to vowels and phonemes, specifically designed to rely on either temporal fine
structure (TFS) for frequencies below the phase locking limit (<1500 Hz), or on the temporal envelope (TENV)
for frequencies above phase locking limit, entrained lower or higher neural EEG responses. While previous views
predict speech content, particular in noise to be encoded through TENV, here a decreasing phoneme-induced
EEG amplitude over age in response to phonemes relying on TENV coding could also be linked to poorer
speech-recognition thresholds in quiet. In addition, increased phoneme-evoked EEG delay could be correlated
with elevated extended high-frequency threshold (EHF) for phoneme changes that relied on TFS and TENV
coding. This may suggest a role of pure-tone threshold averages (PTA) of EHF for TENV and TFS beyond sound
localization that is reflected in likely MGB delays. When speech recognition thresholds were normalized for pure-
tone thresholds, however, the EEG amplitudes remained insignificant, and thereby became independent of age.
Under these conditions, poor speech recognition in quiet was found together with a delay in EEG response for
phonemes that relied on TFS coding, while poor speech recognition in ipsilateral noise was observed as a trend of
shortened EEG delays for phonemes that relied on TENV coding. Based on previous analyses performed in these
same subjects, elevated thresholds in extended high-frequency regions were linked to cochlear synaptopathy and
auditory brainstem delays. Also, independent of hearing loss, poor speech-performing groups in quiet or with
ipsilateral noise during TFS or TENV coding could be linked to lower or better outer hair cell performance and

Abbreviations: ABR, auditory brainstem responses; ANOVA, one-way analysis of variance; ASSR, auditory steady-state responses; CWT, continuous wavelet
transform; DPOAE, distortion-product otoacoustic emission; EHF, extended high frequencies; ERF, event-related fields; OLSA, German Oldenburger sentence test
(German version of the international matrix test); PCA, principal component analysis; PC, principle component; pDPOAE, short-pulsed DPOAE; PEA, phoneme-
evoked amplitude; PED, phoneme-evoked delay; PLL, phase-locking limit; PNOT, PT-normalized OLSA threshold; PT, pure-tone; PTA, pure-tone average; PTA4, pure-
tone average (clinical standard); PTA-HF, pure-tone average for high frequencies; PTA-EHF, pure-tone average for extended high frequencies; PTA-LF, pure-tone
average for low frequencies; PTT, PT thresholds; SR, spontaneous rate; TENV, temporal envelope; TFS, temporal fine-structure.
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delayed or steeper auditory nerve responses at stimulus onset. The amplitude and latency of MGB responses to
phonemes requiring TFS or TENV coding, dependent or independent of hearing loss, may thus be a new predictor
of poor speech recognition in quiet and ipsilateral noise that links deficits in synchronicity at stimulus onset to
neocortical activity. Amplitudes and delays of speech EEG responses to syllables should be reconsidered for

future hearing-aid studies.

1. Introduction

Age-related hearing loss (presbycusis) is a growing problem in aging
societies (Peelle and Wingfield, 2016), particularly as it is associated
with cognitive decline (Golub et al., 2020; Gregory et al., 2020; Liv-
ingston et al., 2017). It has devastating effects on the everyday life of
subjects, they being handicapped in speech recognition, thus risking
social isolation (Keithley, 2020). A reduction of amplitudes and delay of
auditory evoked responses with increasing age that correlates with
speech recognition difficulties and cognitive decline has been described
in numerous studies: Up to the cortex, auditory evoked potentials are
found to be reduced and delayed in those components responding within
~200 ms of stimulus onset (Allison et al., 1984; Bertoli et al., 2002;
Peelle and Wingfield, 2016; Zhao et al., 2024). Latency shifts in aging
subjects have been suggested to influence neural processing, e.g., induce
brain atrophy and demyelination (Humes et al., 2013; Peelle and
Wingfield, 2016), both independently of peripheral hearing loss (Profant
etal., 2014), or without a corresponding increase in latency in the early
components (Price et al., 2017). On the other hand, temporal precision
deficits and latency shifts during aging have been described in auditory
steady state responses (ASSR) (Korczak et al., 2012; Lu et al., 2022;
Plourde et al., 2008), frequency following responses, and auditory
brainstem responses (Anderson et al., 2021; Bidelman and Carter, 202.3;
Presacco et al., 2016a, 2016b). These all include contributions of syn-
chronized responses phase locked to the stimulus in rather early
subcortical generators (Korczak et al., 2012; Lu et al., 2022; Plourde
et al., 2008). In addition, speech discrimination deficits occur even in
subjects with nearly normal audiograms, as based on pure tone
threshold (PTT) (Apoux and Bacon, 2004; Bajin et al., 2022; Carcagno
and Plack, 2022; Frisina, 2009; Fullgrabe et al., 2014; Guest et al., 2018;
Hunter et al., 2020; Le Prell et al., 2013; Levy et al., 2015; Moore et al.,
2017; Motlagh Zadeh et al., 2019; Pichora-Fuller et al., 2007; Song et al.,
2022; Vitela et al., 2015). Here, particularly speech-intelligibility defi-
cits in noise are suggested to be associated with cochlear synaptopathy,
the so-called “hidden hearing loss; that is a form of primary neural
degeneration characterized by damaged synaptic connections between
the inner hair cells and auditory-nerve fibers, and is found in animals
(Kujawa and Liberman, 2009; Sergeyenko et al., 2013) as well as in
humans (Bidelman and Carter, 2023; Harris et al., 2021; Lai and
Bidelman, 2022; Wu et al., 2019). Psychophysical experiments with
vocoded speech reduced to its temporal envelope demonstrated that
speech content, particularly in noise (Carney, 2018; Elhilali et al., 2009;
Garrett et al., 2024; Johannesen et al., 2016; Le Prell, 2019; Marrufo--
Perez and Lopez-Poveda, 2022; Parthasarathy et al., 2019; Shaheen
et al., 2015; Shannon et al., 1995; Snell and Frisina, 2000), is predom-
inantly encoded through temporal envelope modulation (TENV),
referring to information processing above the human phase-locking
limit (PLL). In contrast, it is the role of synchronized firing patterns
(phase locking) of neurons in the auditory nerve, that preserve the
temporal fine structure (TFS) in basilar-membrane vibrations at each
characteristic frequency after spectral decomposition in the cochlea,
mainly linked to phase locking for sound localization (Lorenzi et al.,
2006; Verschooten et al., 2019). Whether phase locking and place in-
formation display a role beyond sound localization and is possibly
relevant for the discrimination of speech in humans is however under
debate (Lorenzi et al., 2006; Verschooten et al., 2019). Here, we
examine contributors to speech-discrimination deficits that potentially
influence synchronized responses phase locked to the stimuli through

EEG recording.

1.1. Previous findings in the same subjects relevant for the study

On the assumption that phase locking is used for binaural processing
in humans up to about 1500 Hz (Oxenham, 2018; Verschooten et al.,
2019), we previously tested the role of speech stimuli contrasting below
and above phase locking in age-dependent speech discrimination using a
dual strategy: On the one hand we tested syllable discrimination of
phonemes that were designed to specifically rely on either TFS below the
human PLL (1500 Hz) or TENV above the human PLL (> 1500 Hz)
(Schirmer et al., 2024). On the other hand, these psychoacoustic tests of
phoneme stimulation were combined with German Oldenburger sen-
tence test (OLSA) using three speech-material filtering conditions of
either unfiltered broadband speech, low-pass filtered speech (compo-
nents above 1.5 kHz were deleted from the OLSA power spectrum) or
high-pass filtered speech (components below 1.5 kHz were deleted from
the OLSA power spectrum) (Schirmer et al., 2024). Young, middle-aged,
and older individuals with and without hearing-threshold loss were
analyzed for (i) PTT that effectively integrate signals over ~500 ms
(Smith and Zwislocki, 1975); for (ii) an unfiltered, low-pass or high-pass
filtered speech-comprehension test in quiet and noise and (iii) for
methods that enabled the diagnosis of signal transmission at stimulus
onset between 10 ms and 100 ms prior to auditory-nerve firing-rate
adaptations (Schirmer et al., 2024). The latter methods included
short-pulsed distortion-product otoacoustic emissions (pDPOAE),
suprathreshold auditory brainstem responses (ABR), and the analysis of
116 Hz modulated ASSR that specifically reflects subcortical activity
changes to periodic stimuli (Rance, 2008). An unexpected result of these
analysis was a noticeable delay and reduction in amplitude of
low-frequency induced ABR waves over age that could be linked to
elevated PTT, particularly in extended high-frequency regions
(PTA-EHF). This finding was interpreted as having the potential of
worsened PTA-EHF thresholds over age to negatively influence
lower-frequency coding, and thereby speech recognition (Schirmer
et al.,, 2024). In that paper, a principal component analysis and a
linear-mixed model to remove the effects of PTT at all measured fre-
quencies (0.25-16 kHz) on the speech-recognition thresholds was also
performed, called “pure-tone normalized OLSA threshold or PNOT
(Schirmer et al., 2024). We found in this study that poor speech recog-
nition in PNOT quiet correlated with lower performance in
vowel-phoneme discrimination below PLL and thus TFS coding, as well
as with reduced amplifier performance of outer hair cells, as detected by
lower pDPOAE, and smaller and delayed ABR (Schirmer et al., 2024). On
the other hand, listeners with poor speech recognition in noise inde-
pendent of PTT exhibited poorer performance in vowel-phoneme
discrimination above the PLL, and thus TENV coding, increased
pDPOAE, and higher uncomfortable loudness levels. These latter
response changes were interpreted in the context of steeper slopes of
basilar membrane compression that drive a smaller dynamic range
(Schirmer et al., 2024).

1.2. Methods applied in subjects who were already included in the
previous trial

In the present study, EEG response to phonemes were tested in the
same subjects as analyzed in (Schirmer et al., 2024) and using the same
stimuli as described above. Specifically, a fundamental frequency of 116
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Hz was used for phoneme-induced EEG recordings to (i) match the
fundamental frequency of OLSA sentences presented to these subjects
(Schirmer et al., 2024), and (ii) measure subcortical, likely medial
geniculate body (MGB) activity, rather than cortical components
(Kuwada et al., 2002; Lu et al., 2022; Rance, 2008). Also, as used in the
previous study (Schirmer et al., 2024), explicitly phonemes below the
PLL (/du/, /bu/, /0/) or above PLL (/di/, /bi/, /y/), that were designed
to mainly rely on either TFS or TENV coding (Gaudrain et al., 2024)
were presented as a passive listening task binaurally in a frozen,
pseudo-random order via insert earphones.

1.3. Conclusion

We found strong evidence that differences in amplitudes and delays
of likely MGB-based subcortical activity were linked to speech recog-
nition in quiet and in ipsilateral noise, dependent on and independently
of age and PTT. MGB amplitudes over age were linked to phonemes that
require TENV coding. MGB delays over age were highly correlated with
PTA-EHF for both TFS and TENV coding. Moreover, were delays of MGB
activity independent of age linked to TFS coding in quiet and shortened
MGB activity linked to TENV coding in ipsilateral noise, respectively.
The findings are discussed in the context that the changes in the am-
plitudes and delays of MGB activity have the potential to be a new
predictor to link deficits in synchronicity at stimulus onset to neocortical
processing deficits.

2. Methods
2.1. Ethics statement

“The study was conducted in the Department of Otolaryngology of
the University of Tiibingen, and approved by the ethics committee of
Tiibingen University (Faculty of Medicine; ethical approval number
392/2021B02). Written, informed consent was given by all participants.
All methods followed the Declaration of Helsinki by the World Medical
Association (WMA) for human research ethics.” (Schirmer et al., 2024).

2.2. Participant recruitment

112 participants (18 to 76 years) were recruited, based on the in-
clusion and exclusion criteria as described in (Schirmer et al., 2024).
Study exclusion included comorbidities, or hearing-related conditions
such as tinnitus or previous ear surgery, as well as systemic diseases
known to affect hearing (Schirmer et al., 2024). As a result, 80 partici-
pants (f/m/d 51/29/0) were finally included that were evenly distrib-
uted across three age groups, young (18-29 years, n=25), middle-aged
(30-55 years, n=27), and older (56-76 years, n=28). For the individual
experimental approaches and correlations, the number of subjects and
reasons for specific exclusions are provided in Supplementary
Table (Table S1). The age, sex, handedness, middle-ear function as
tested by tympanometry of participants included in the present study
was listed in detail in the previous study (Schirmer et al., 2024). Given
that the statistical analyses involved correlation analyses we estimated
the number of subjects using a G-power analysis (Erdfelder et al., 1996).
We designed the current study to be sensitive to small effect sizes (0.2).
With a standard error probability of 5% and aiming to limit the type II
error rate to 15%, a G-power analysis indicated that a minimum sample
size of 47 participants was necessary to detect significant correlations.

2.3. Pure-tone audiometry and speech-recognition thresholds

In all 80 subjects, PTTs from 0.125 to 10 kHz [0.125; 0.25; 0.5; 1.0;
1.5; 2.0; 3.0; 4.0; 6.0; 8.0; 10.0 kHz] and the uncomfortable loudness
levels from 0.25 to 6 kHz [0.25; 0.5; 1.0; 2.0; 4.0; 6.0 kHz] were
measured using Beyerdynamic AT1350A on-ear headphones (Beyerdy-
namic, Heilbronn, Germany). Additionally, extended high-frequency
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(EHF) thresholds from 11 to 16 kHz [11.2; 12.5; 14.0; 16.0 kHz]
using Sennheiser HDA300 (Sennheiser, Wedemark-Wennebostel, Ger-
many) on-ear headphones were measured as described (Schirmer et al.,
2024).

As described in Schirmer et al. (2024), four specific pure-tone
threshold averages (PTA) were calculated for different frequency
ranges: (i) low frequencies “PTA-LF” [0.125 - 1 kHz], (ii) “PTA4” [0.5 -
4 kHz], as mostly used to assess the hearing threshold in clinical
otolaryngology (den Besten et al., 2019; von Gablenz and Holube,
2017), (iii) high frequencies “PTA-HF” [6 — 10 kHz] to go beyond 6 kHz
that is typically deemed sufficient to intelligibly convey speech in
communication systems (Monson et al., 2014), and that still cover
conventional frequency ranges measured in many clinical studies
(Sliwinska-Kowalska, 2015; von Gablenz and Holube, 2017), and (iv)
extended high frequencies (EHF) “PTA-EHF” [11.2-16 kHz], which
have been assumed to play a decisive role in improved spatial hearing
(Hunter et al., 2020).

Moreover, as described in Schirmer et al. (2024), the differences in
speech-recognition thresholds in quiet, reflecting the state of audibility,
and speech-recognition thresholds under ipsilateral noise, challenging
the discrimination capacity under background noise, were tested using
the standard German Matrix test Oldenburger Satztest (OLSA) (Brand
and Kollmeier, 2002; Wagener et al., 1999) for either unfiltered
“broadband” speech, low-pass filtered speech (components above 1.5
kHz were deleted from the OLSA power spectrum), or high-pass filtered
speech (components below 1.5 kHz were deleted from the OLSA power
spectrum), as previously described (Garrett et al., 2024; Schirmer et al.,
2024). OLSA was performed in quiet and with speech-shaped noise at 70
dB SPL (ipsilateral, contralateral) and with insert earphones. For details:
(Schirmer et al., 2024).

2.4. Auditory brain stem responses, ASSR and pDPOAEs recordings

The ABR measurements were performed mono-aurally using three
electrodes (Neuroline 720, Ambu, Bad Nauheim, Germany) as described
in detail in Schirmer et al. (2024). In brief: Acoustic click stimuli were
presented at two different stimulus levels (70 dB SPL and 80 dB SPL)
with 3000 repetitions. The participants lay on their backs during the
measurements to minimize muscle effects. After band-pass filtering be-
tween 30 and 2000 Hz, ABR waveform components were averaged
(Schirmer et al., 2024). Their latency was determined from the leading
positive peak. Click-induced ABR wave peak amplitudes were analyzed
using in-ear loudspeakers with a frequency bandwidth limited to
approximately 8 kHz that allowed conclusions to be drawn about
changes caused by the frequency content within this bandwidth.

The Auditory Steady-State Response (ASSR) was measured using
the same recording setup as for ABR without changing the position of the
participants and as described in Schirmer et al. (2024). In brief: The
modulation frequency was set to 116 Hz (Vasilkov et al., 2021), and two
blocks of 800 epochs each were recorded at carrier frequencies of 4 and
6 kHz at 70 dB SPL rms. ASSR peak amplitudes (uV) were averaged for
the first three harmonics (Vasilkov et al., 2021) and analyzed as
described (Schirmer et al., 2024).

2.5. Distortion-product otoacoustic emissions

Input-output functions of short-pulsed distortion-product otoacous-
tic emissions (pDPOAE) were measured as decribed in detail in
(Schirmer et al., 2024; Zelle et al., 2016): In the present study, pDPOAE
input-output functions were measured with an in-ear-probe at 8 fre-
quencies (f>=0.8; 1.2; 1.5; 2; 3; 4; 6; 8 kHz) using an adaptive algorithm
comprising at least four pDPOAE values. For details of recording and
method see (Schirmer et al., 2024).
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2.6. Phoneme stimuli for EEG recordings

The phoneme stimuli used for the EEG measurements were computer
generated using analysis-resynthesis as implemented in the WORLD
vocoder (Morise et al., 2016). They had a fundamental frequency (fy) of
116 Hz, to match the OLSA sentences. As described above, the stimuli
were designed assuming an effective PLL of 1.5 kHz (Verschooten et al.,
2019; Weiss and Rose, 1988). Some speech stimuli —1 pair of syllables,
and 1 pair of vowels— were designed to differ only in the frequency
region below the PLL, and could thus rely both on TENV and TFS coding
(/du/-/bu/, /u/-/0/). Other stimuli —again 1 pair of syllables, and 1
pair of vowels— were designed to only differ in a frequency region
above the PLL, meaning that their discrimination could not rely on TFS,
but only on TENV coding (/di/-/bi/, /i/-/y/). The stimuli are available
on a public repository (Gaudrain et al., 2024). Time-frequency plotting
of the difference between phoneme pairs included a 1/f correction to
compensate for the logarithmic frequency scale (Schirmer et al., 2024).

TFS coding stimuli: The vowels /o/ (like in oder, “or”) and /u/ (like
in Du, “you” in German) were recorded by a male speaker. Using
WORLD, they were then decomposed into an f; contour, a time-
frequency aperiodicity map, and a spectro-temporal envelope. All ma-
nipulations were performed in this decomposed space. The spectral
envelope was then smoothed by fitting a Gaussian-mixture representing
formants. The center frequencies of the formants for /o/ and /u/ are
given in Table 1. The generated envelopes were such that /o/ and /u/
only differed below the 1.5 kHz PLL. After adjusting the fj, the vowels
then resynthesized with a 30-ms raised cosine ramp at the onset and
offset, and had a total duration of 414 ms (corresponding to 48 FO
cycles).

The syllables /du/ (like in Du, “you” in German) and /bu/ (like in
Budike, “little shop”) were recorded from the same speaker, and also
decomposed in WORLD. Differences between stimuli were restricted to a
spectro-temporal region comprising the first 100 ms of the stimuli, and
all frequencies below the PLL of 1.5 kHz. In this region, the de-
compositions of the original /du/ and /bu/ were preserved. Outside of
this region, the decompositions of the stimuli were averaged, therefore
restricting any difference to below 1.5 kHz. Furthermore, the steady-
state segment corresponding to the vowel was replaced with the
steady-state /u/ vowel described above. Alignment of the stimuli and
local corrections were performed to ensure that the syllables remained
discriminable. The stimuli were then resynthesized after normalizing
the f to 116 Hz, to have a total duration of 471 ms, with a 30-ms offset
ramp.

TENV coding stimuli: The same method was used to generate the
stimuli differing only above the PLL, hence only allowing TENV coding.
The vowels /i/ (like in die, "the") and /y/ (like in tiben, "practice") were
recorded from the same speaker. The spectral envelope was again rep-
resented as Gaussian mixture in such a way that only formants above the
PLL would differ between the two stimuli. The center frequencies of the
used formants are shown in Table 1. The stimuli were generated to the
same duration as the /o/-/u/ pair. For syllables, /di/ (like in die, “the”)
and /bi/ (like in Bier, “beer”) were, again, recorded from the same
speaker and decomposed with WORLD. This time, differences were
restricted to a spectro-temporal region comprising the first 100 ms, and

Table 1
The frequencies of the first four formants for each vowel contained in the pho-
nemes, in Hz.

Syllable /0/ /u/ /i/ /y/
F1 380 200 350 350
F2 750 750 1950 1780
F3 3500 3500 2800 2100
F4 10,000 10,000 4000 3000

The vowels /u/ and /i/ are identical to the vowel part in /du/-/bu/ and /di/-/bi/
, respectively.
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restricted to frequencies above the PLL of 1.5 kHz. Again, the signal
content outside of this region was identical for all stimuli. Furthermore,
like for /du/-/bu/, the steady-state vowel segment was replaced with the
vowel /i/ as described above.

All the stimuli were spectrally shaped to ensure equal signal-to-noise
ratio across frequencies when mixing with the OLSA speech-shaped
noise. The stimuli were equalized such that the average level of the
stimuli belonging to a given pair was the same for all pairs and provided
at 60 dB SPL (Leq). However, to ensure that the level of the formants that
remained identical within a pair were not affected, minor overall level
fluctuations within a pair were preserved. Calibration was performed
with an IEC 60318-4 ear simulator.

Finally, note that in order to keep the experimental time manageable
for the participants, the EEG recordings to the vowels already embedded
in the syllables were not obtained. Therefore, only /du/, /bu/, /o/ and
/di/, /bi/, /y/ were used in the EEG protocol.

2.7. EEG recording

EEG were recorded to study auditory mid- and long-latency re-
sponses to phoneme stimuli (see below). EEG recordings were accom-
plished using passive stick-on electrodes (Neuroline 720, Ambu,
SteinkopfstraBe 4, Bad Nauheim, Germany), one mounted on each of the
mastoids; the reference electrode was on the center of the forehead
below the participant’s hairline. The ground electrode was placed be-
tween the eyebrows. Signals were preamplified with a gain of 50
(EP50Amp) and digitized by actiCHamp Plus64 (Zeppelinstr.7, Gilching
(Munich), Germany). The analog-to-digital converter rate was set to
50,000 samples/s for each channel. To ensure that subjects remained
awake during the experiment, the experimenter continuously monitored
their brain activity. Here, sudden changes in the roughness of the signal,
and strong alpha oscillations served as indicators of sleep. If subjects fell
asleep, they were immediately woken up, and any epochs containing
sleep were discarded.

All six phonemes (/du/, /bu/, /di/, /bi/, /o/, /y/) were binaurally
presented in a frozen pseudo-random order. In total, we played 3456
presentations of alternating polarity per stimulus. In addition, to mini-
mize predictability we ensured that each transition between syllables
was equally likely. We presented 4 syllables per second, jittered in time
by +/- 5 ms to minimize powerline noise, via insert earphones
(ER1-14A) and mu-metal shielded ER2 Transducers (Etymotic
Research, Elk Grove Village, Illinois, USA). For the duration of the
passive listening task, subjects lay on their back inside a sound-
attenuating chamber (Industrial Acoustics, Niederkriichten, Germany),
while watching a silent movie (Metropolis, Fritz Lang, 1929) presented
on a Tablet (Samsung a3) placed 60 cm above the subject’s head. The
horizontal position was chosen to enable the subject to look straight
ahead without using their neck muscles. Subjects generally stayed
awake during measurements; if subjects fell asleep, they were immedi-
ately woken up by the experimenter. Those epochs were excluded from
the analysis.

2.8. Data analysis

Data analysis aimed at extracting amplitude and timing information
from stable, entrained neural responses to phonemes was carried out
using MatLab (2021b).

To reduce the amount of data and computational load, first, all EEG
data were downsampled to 5000 samples per second using an anti-
aliasing low-pass filter with a cutoff frequency of 2000 Hz and a tran-
sition bandwidth of 200 Hz (MATLAB 2021b). Then data were bandpass
filtered (60 to 2000 Hz) and segmented into 250 ms-long epochs (-15 to
235 ms), including a 15 ms baseline. The selection of the frequency
range of 60 to 2000 Hz was chosen on the lower end to remove motion
artifacts, alpha brain activity, and powerline noise. Segments were
selected to increase the signal-to-noise ratio by averaging, and chosen
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such that they had the maximal length without overlapping the pre-
ceding or the subsequent stimulus. The upper limit resulted from down
sampling that was implemented to speed up the analysis. We expected
signals in the frequency range below 400 Hz (which we confirmed to the
end). However, in order to enhance the temporal resolution, we
extended the highest limit to the downsized sample rate of 5000 Hz.

We used two stimulus polarities to minimize the influence of
cochlear microphonics on the observed responses. For further analyses,
we decided to average the brain responses to both stimulus polarities.
Averaging over polarities could in principle decrease amplitudes of the
neuroelectric response to phoneme stimuli that contained more energy
below the human PLL (<1.5 kHz), especially when analyzing responses
at frequencies in the formant region. However, since we were looking at
responses in frequency bands of the fundamental frequency of the
speaker (~116 Hz) rather than at direct responses to the formants, we
expected similar responses for both stimulus polarities and thus no
extinction when averaging.

Finally, all epoch pairs with variance outside a region of three
standard deviations around the mean epoch variance were rejected.
Discarding trials with strong activity is a robust way of cleaning the data
from artefacts, since head movements, eye movements, eye blinks, and
swallowing artifacts were much larger than the brain signals.

Subsequently, the evoked signal’s continuous wavelet transform
(CWT), performed to obtain time-frequency information of the neuro-
electric activity, was computed using the MatLab internal CWT function.

2.9. Phase coherence

Two types of neural activity contributed simultaneously to the
observable response: stimulus-evoked and stimulus-independent sig-
nals. We focus exclusively on stimulus-evoked responses. To maximize
the signal-to-noise ratio in the neural response, it was crucial to deter-
mine which time-frequency points were sufficiently dominated by the
stimulus-evoked response. A data-driven approach was used to identify
time-frequency points that had significantly larger phase coherences
than could be expected by chance. Delays and amplitudes of the phase-
locked brain activity were obtained. For identifying the evoked response
components of the EEG signal, we measured the phase coherence
compiled for signals across different subjects by averaging the phase
vector across all subjects. The averaged phase vector served as the
reference to which individual phase delays were compared. A time-
frequency point was regarded as coherent if the length of the observed
phase coherence was more than 3.5 times larger than the chance level.

2.10. Amplitude and delay of phoneme evoked responses

Based on the phase-coherent points, two measures were extracted
from the phoneme-evoked responses of each individual subject:
phoneme-evoked delay (PED) and phoneme-evoked amplitude (PEA).
PEA is the non-phase coherent average of all coherent time-frequency
points computed as the average of the absolute values of the CWT co-
efficients. PED was determined as the average individual delay of all
time-frequency points. Each individual time-frequency point delay is the
phase difference between a subject’s evoked phase and the phase of the
averaged recording across all subjects, divided by the angular frequency.

Data for the phoneme induced stimuli were analyzed according to
their formant information (Method 2.5) above or below the PLL as fol-
lows: Below PLL: (i) /du/-/bu/, or (ii) /du/-/bu/-/0/ (difference in F1,
F2; no difference in F3, F4); above PLL: (i) /di/-/bi/, or (ii) /di/-/bi/-/y/
(no difference in F1; difference in F2, F3, F4).

2.11. Pure-tone normalized OLSA threshold (PNOT)
To identify factors that affected the OLSA threshold independent of

PTT, OLSA thresholds were corrected by PTT, performing multivariate
regression (MatLab 2021b) between OLSA thresholds and the first five
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principle components (PCs) (singular value decomposition, MatLab
2021Db) of all PTTs, as previously described (Schirmer et al., 2024). In
brief: OLSA thresholds were quantitatively normalized for PTT of all
available frequencies [0.125 - 16 kHz] by performing multivariate
regression between all three OLSA thresholds (broadband, low-pass, and
high-pass) and the first five PCs (Matlab Version 2021b) of all audio-
metric thresholds; the number of components was limited to five to
avoid over-fitting. The principle component analyses (PCAs) were per-
formed by employing a singular-value decomposition algorithm that
enabled capturing 93% of the variations in audiometric thresholds, as
described in Schirmer et al. (2024). OLSA predictors of a single subject
were used to evaluate the regression model, resulting in a predicted
OLSA value for each subject, as described (Schirmer et al., 2024). To
evaluate the residual speech-comprehension performance, three OLSA
threshold predictions were performed from the three measured OLSA
thresholds that were averaged, and referred to three equally-sized PNOT
groups with either “good”, “standard”, or “poor” speech performance.
We verified that this data-driven approach resulted in groups with
matched average pure-tone audiometry thresholds within + 4.5 dB

2.12. Statistical evaluation

The differences between phoneme responses were assessed by z-
transformation, with a standard deviation derived by 30,000 permuta-
tions of random phoneme pairs, ensuring that all subjects were present
in both surrogate phoneme responses. This ensured that the reported
difference was caused by the different stimuli, and not by inter-
individual differences. To evaluate correlations, an F-statistic against a
constant model was used. The difference between the PNOT groups was
examined using a Kruskal Wallis test. Only after providing evidence for
group differences by these non-parametric tests, regression was per-
formed for parameters with significant group differences. Correlation
significance tests were conducted for both PEA and PED, and their re-
lationships to audiometric markers (OLSA in quiet, OLSA ipsi, PNOT in
quiet, PNOT ipsi, PTA4, PTA-EHF) and age were examined. To investi-
gate how much variance in speech recognition thresholds could be
explained by the speech-processing mechanisms TFS and TENV, we
applied the same post-hoc permutation analysis of variance used by
Schirmer et al. (2024), using 30,000 permutations and as described in
Erdfelder et al. (1996).

2.13. Posthoc analysis of OLSA variance based on a linear mixed model

Analysis of variance for speech perception beyond pure-tone
thresholds was performed in the same manner as in the companion
paper (Schirmer et al., 2024). The least-square multivariate linear fitting
of the five PCs derived from pure-tone thresholds and either PED or PEA
was tested for its contribution to total speech-comprehension variance.
To ensure uniqueness of the multivariate linear model, we first removed
all linear correlations between the five PCs, PEA, and PED. This can be
understood as removing the influence of PTT on PED and PEA. An
inherent risk of the increase of dimensions of the regression model is the
possibility of over-fitting. To eliminate this effect, we compared the
observed increase in total explainable variance in the observed 6-dimen-
sional model to the total explainable variance of 10,000 pseudo-models
in which we randomly shuffled the additional observable before fitting
the model. This gave us a reliable estimate of the gain in the explained
variance based on chance. The results are presented as bargraphs
showing the percentage of variance that could be attributed to each of
the observables. To better illustrate the magnitude of the effect, we
computed the standard deviation attributable to the new observable.
However, during this computation, we assumed a normal distribution of
the five PCs and the additional tested observable, an assumption that is
not required for the statistical evaluation based on permutation analysis.
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3. Results

We aimed to analyze the central-neural correlates of differences in
phoneme processing dependent and independent of age and hearing
threshold in quiet and in ipsilateral noise and compare the findings to
altered cochlear components previously observed in the same cohort
group (Schirmer et al., 2024). Towards this aim, in a total of 80 subjects
(see method 2.2 and Tab.S1), speech-EEG was performed by recording
the neuroelectric response during binaural passive listening to pho-
nemes that relied either on TFS or on TENV coding. In all of these
subjects, pure-tone audiometry spanning the frequency range between
0.5 and 16 kHz, ABR, pDPOAEs, ASSR, as well as speech audiometry in
the form of the German matrix language test (OLSA) had previously
been carried out (Schirmer et al, 2024). In a first approach
phase-coherent evoked neural responses to all six phonemes (two vowels
/0/, /y/, and four phonemes with fricatives /du/, /di/, /bu/, /bi/) were
extracted from the CWT of continuous EEG recordings (Fig. S1A-E). In a
second approach, to evaluate differences among pairs of phonemes, we
computed the z-transform of the evoked-response differences using a
permutation analysis for estimating the variance at each time-frequency
point (Fig. S1F-J).

To illustrate the time courses of the different responses, we averaged
z-scores across all frequencies above 60 Hz. By using permutation of
phoneme labels within each subject, the L2-norm differences between
the time-frequency-points of different phoneme pairs were statistically
evaluated against randomness. The differences were largest for the /o/-/
y/ contrast (Fig. S1A, p(/o/-/y/) < 0.001 (***)), slightly smaller for
phonemes with the same fricative, but different vowels (Fig. S1B, p
(/bu/-/bi/) < 0.001 (***), Fig. S1C, p(/du/-/di/) < 0.001 (***)), and
even smaller for phoneme pairs with different fricatives, but identical
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vowels (Fig. S1D, p(/bu/-/du/) = 0.0174 (*), Fig. S1E, p(/bi/-/di/) =
0.1628 (n.s.)). Notably, the response difference persisted beyond dif-
ferences in phoneme stimuli (Fig. S1D). Moreover, 1/f corrected time-
frequency amplitude plots of phoneme stimulus differences under-
scored the expected frequency power spectra of phoneme-induced peak
amplitudes, being either below PLL (< 1500 Hz, Fig. S1I), above PLL (>
1500 Hz, Fig. S1J), or both (Fig. S1F,G,H).

The time courses of the averaged z-scores of phoneme-evoked re-
sponses (Fig. SIA-E) were achieved by averaging z-scores for all fre-
quencies between 60 and 2000 Hz, for reasons explained under method
(2.7). Thus, the observations in the findings with CWTs that vowel dif-
ferences below the PLL (< 1500 Hz), caused more significant neural
responses than differences in fricatives could be confirmed (compare
Fig. S1A-C for only vowel differences and Fig. S1D, E for differences only
in fricatives). When comparing these neural response differences to
differences of the phoneme stimuli used, we observed that the response
difference for /du/-/bu/ persisted in time beyond the difference be-
tween the respective phoneme stimuli (compare Fig. S1D, I).

When averaged evoked EEG responses from both mastoids of all 80
participants during passive phoneme listening were presented in time-
frequency space, no difference between neural phoneme responses be-
tween left- and right-sided recordings from mastoids were observed (not
shown). Neural responses with more information below the PLL showed
transient responses with relatively short latency (< 100 ms, Fig. 1A-C).
The responses to phonemes above the PLL, however, tended to be more
sustained and, in the case of syllables with a fricative, tended to have
longer latencies (> 50 ms, Fig. 1E-G). All neuroelectric phoneme re-
sponses clustered around the fundamental of the speaker’s vocal fold
(116 Hz) and, to a lesser degree, around its first harmonic (232 Hz,
Fig. 1, arrows on y-axes of A and E). Since in these frequencies the effect
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Fig. 1. Evoked EEG response in time-frequency space based on continuous wavelet transform (CWT). Averaged evoked EEG responses of all 80 participants
from both mastoids during passive listening, presented in time-frequency space based on CWT. Black lines mark the cone of influence, indicating where edge effects
(outside the lines in left and right lower corners) might occur in the CWT. Each plot A-C and E-G represents the response to a single phoneme, which was presented in
pseudo-random order for a total of 3456 repetitions and two different electrical polarities (areas surrounded by red lines). The x-axis represents time for each stimulus
epoch in milliseconds; the y-axis shows frequency in Hz on a log scale; the z-axis represents response amplitude in pV as pseudo-color; see left color scale. The red
outline highlights all phase-coherent, time-frequency points (> 3.5 chance level). D, H, I, J, K: time-frequency plots of response differences for five different
phoneme combinations (see labels), x- and y-axis same conventions as in A-C/E-G, z-axis: z-values as pseudo-color based on permutation of phoneme identity within

each subject, see right color scale.
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of stimulus polarity is unimportant, averaging of the brain responses to
stimuli with different polarity is justified (see Fig. S2). Note that the
fricative /d/ evoked a significant transient response component at
slightly lower frequencies (~60-70 Hz, see Fig. 1C,G). Phonemes con-
taining the vowels /i/ and /y/, i. e. that have less information below PLL
(Fig. 1E-G), evoked more phase-locked time-frequency points/pixel
compared to phonemes containing the vowels /o/ or /u/, i. e. that have
more information below PLL (Fig. 1A-C).

As syllable discrimination is a prerequisite for speech recognition
(Guilleminot et al., 2023), we examined whether the electrical brain
signals carry information about differences in the tested phonemes
(Fig. 1D,H, I-K). The differences in neural phoneme responses were
larger when the vowels differed (Fig. 11-K; all p-values < 1/30,000),
while they were smaller when only fricatives differed and vowels
encoded below PLL (Fig. 1D, p(/bu/-/du/) = 0.0174). They were
non-significant when vowels exhibited less information below the PLL
(Fig. 1H, p(/bi/-/di/) = 0.1628).

As individual phoneme pairs with a fricative contrast and similar
vowels evoked weaker responses than those with vowel contrasts and
similar fricatives (as measured by the fewer coherent time-frequency-
points; compare, e.g., Fig. 1B,D or Fig. 1B,J), vowel contrasts may
either enhance, or fricative contrasts may reduce, entrained neural
responses.

To verify that the - on average - lower neural phoneme-response
amplitude with more information below the PLL is not merely the
result of averaging responses to different stimulus polarities, we aver-
aged the polarities (see methods) independently (Fig. S2 B,E and C,F)
and, for the vowels /o/ and /y/, found no difference (compare Fig. S2 B,
C and E,F). Furthermore, we observed no polarity effects for any of the
syllables (data not shown). This indicates that the increased number of
time-frequency-points between phonemes below and above PLL cannot
be explained by the averaging of the two different stimuli, and therefore
cannot be attributed to contributions of cochlear microphonics, which
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A OLSAquiet B
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were suppressed by the alternating-polarity paradigm used. Accord-
ingly, all subsequent analyses were performed using the average re-
sponses to both stimulus polarities.

In conclusion, the phoneme-evoked EEG responses during passive
listening to /y/, /bi/, /di/ that contain information above PLL, that
relies on TENV coding, are stronger than to /o/, /bu/, /du/ with more
information below PLL, that relies on TFS coding.

3.1. Phoneme-evoked EEG amplitude and delay correlate differentially
with age, speech recognition, and hearing thresholds

To investigate whether these two basic response parameters showed
significant correlation with either speech recognition thresholds as
identified in young, middle-aged, and older subjects by OLSA in quiet or
ipsilateral noise, with age, or thresholds within PTA4 or PTA-EHF fre-
quency ranges (see Schirmer et al. 2024 for details), we next decom-
posed phoneme-evoked EEG responses into distinct electrophysiological
components by quantifying PEA (Fig. 2A-E) and PED (Fig. 2F-J).

PEA correlated more significantly with OLSA in quiet (Fig. 2A, p =
0.0142), PTA4 (Fig. 2D, p = 0.004) and age (Fig. 2C, p = 0.009), than
with PTA-EHF (Fig. 2E, p = 0.02). There was no correlation with OLSA
in ipsilateral noise (Fig. 2B, p = 0.13). In contrast, there was a highly
significant correlation between PED and age (Fig. 2H, p < 0.001), as well
as between PED and PTA-EHF (Fig. 2J, p < 0.001). PED did not correlate
with OLSA in quiet (Fig. 2F, p = 0.067), nor with OLSA in ipsilateral
noise (Fig. 2G, p = 0.15) nor PTA4 (Fig. 2I, p = 0.18). See Table 2 for
statistical details.

Taken together, these observations show that PEA is most declined
over age and with elevated pure-tone thresholds and poor speech
recognition in quiet. In contrast, is PED most prolonged in older par-
ticipants (Fig. 2H, PED green triangles) that also exhibited the highest
PTA-EHF thresholds (Fig. 2J, green triangles). In line had younger lis-
teners shorter PED (Fig. 2H, gray circles) and lower PTA4 (Fig. 2E, gray
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Fig. 2. Correlation of decomposed phoneme-evoked EEG responses to phoneme-induced amplitude (uV) (A-E) and phoneme-induced delay (ms) (F-J). Corre-
lations were calculated between speech-recognition thresholds identified by OLSA in quiet (A,F), OLSA in ipsilateral noise (B,G), Age (C,H), pure-tone average PTA4
as clinical standard (D,I) and pure-tone average for extended high frequencies (PTA-EHF). Subjects are coded for their respective age groups: young (18-30y, open

circle), middle-aged (30-56y, open square), older (56-76y, open triangle).
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Table 2
Statistical test values for PEA and PED in the indicated categories.
PEA OLSA OLSA ipsilateral Age PTA4 PTA-EHF
quiet noise (Fig. 2C, (Fig. 2D, (Fig. 2E,
(Fig. 2A)  (Fig. 2B) H) n )
PEA-p 0.0142 0.13 (n.s.) 0.009 0.004 0.02
PEA-r  -0.2063 -0.2773 -0.2870 -0.3363 -0.2718
PEA-n 80 55 80 80 80
PED (Fig. 2A) (Fig. 2B) (Fig. 2C, (Fig. 2D, (Fig. 2E,
H) D J)
PED-p  0.067 (n. 0.15 (n.s) <0.001 0.18 (n <0.001
s.) s.)
PED-r  0.1954 0.2052 0.5755 0.1495 0.5623
PED-n 80 55 80 80 80
Test F-test against constant value
type

Table 2: p: probability value for the used statistical test; r: correlation coefficient;
n: number of subjects included in the test categories. Age groups: young
(18-30y, open circle), middle-aged (30-56y, open square), older (56-76y, open
triangle), statistically significant values (p < 0.05) in bold italics.

circles), and exhibited lower PTA-EHF thresholds (Fig. 2J, gray circles).
PED and PEA were linearly correlated, but are non-redundant, as the
linear regression model explained only 18% of each other’s variance.
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3.2. Phoneme evoked EEG amplitude over age correlate with TENV and
EEG delay over PTA-EHF with TFS and TENV coding

The dependency of PEA (Fig. 3A,B) and PED (Fig. 3C,D) was next
broken down into the frequency content of the phoneme stimuli (Fig. 3,
Table 3). PEA correlated with a negative slope restrictively for phoneme
contrast-containing vowels requiring TENV coding (Fig. 3A, /di/, /bi/;
Fig. 3B, F1). The correlation with PTA4 and PTA-EHF (Fig. 3 A,B, p <
0.05) as well as for OLSA in quiet (Fig. 3B, F1, p < 0.05) and OLSA in
ipsilateral noise (Fig. 3A, /di/-/bi/, p < 0.05) was significant. See for
statistic details Table 2.

In contrast, a highly significant correlation for PED was achieved
with PTA-EHF for phoneme contrasts and vowels requiring TFS coding
(Fig. 3C,D, F1/F2, /du/-/bu/, p < 0.0001), as well as with phoneme
contrasts and vowels requiring TENV (Fig. 3C,D, /di/-/bi/, F1, p <
0.0001). The slope for PED regression was only positively correlated
with a trend of significance (p < 0.1) with OLSA in quiet and ipsilateral
noise (Fig. 3C,D) or with PTA4 for phonemes relying on TFS (Fig. 3D).
See for statistic details Table 3.

Taken together, correlation of PEA decline over and with elevated
pure-tone thresholds is driven by phoneme pairs having vowels
requiring TENV coding, whereas the prolonged PED in older participants
that also exhibited the highest PTA-EHF thresholds is driven mainly by
phoneme pairs having vowels requiring TFS and TENV coding.

B OLSA
quiet ipsilateral PTA4 PTA-EHF
5| noise

'2" . . R ‘
o o) y 0 y o y
D OLSA
quiet ipsilateral PTA4 PTA-EHF
noise
0.1+
(%) (%) (%) ***I***

oo 4|2 50 @

Fig. 3. Slope of regression lines of EEG phoneme evoked amplitude (PEA, A,B) and phoneme-evoked delay (PED, C,D) with speech recognition thresholds
identified by OLSA in quiet, by OLSA in ipsilateral noise, pure-tone average PTA4, and pure-tone average for extended high frequencies (PTA-EHF). Correlations were
performed for phonemes exposed and designed as described in method 2.5, 2.9: Below PLL: (i) /du/-/bu/, or (ii) or /du/-/bu/-/0/ (F1/F2); Above PLL: (i) /di/-/bi/
or (ii) /di/-/bi/-/y/ (F1). Error bars label the distribution of fit errors of regression lines, for all subjects (n=80, open diamonds). The OLSA ipsilateral noise slope was
scaled down by a factor of 10 for better comparison. Significant correlations are indicated by * for p < 0.05 and (*) for p < 0.1. F-statistics against constant model.
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Table 3
Statistics for PEA and PED depicted in Fig. 3.

Neurolmage 305 (2025) 120958

OLSA quiet OLSA quiet OLSA ipsi noise OLSA ipsi noise
(Fig:3A) (Fig.3B) (Fig:3A) (Fig.3B)
TFS | TENV TFS | TENV TFS | TENV TFS | TENV
PEA du-bu | di-bi F1/F2 | F1 du-bu | di-bi F1/F2 | F1
PEA-p 0726 | 0.096 0549 0.022  0.656 | 0.043 0.581 | 0.053
PEA-F 0.124 | 2.839 0.362 | 5.462 0.362 | 5.462 0.308 | 3.917
PEA-n 80 80 55 55
PED (Fig.3C) (Fig.3D) (Fig.3C) (Fig.3D)
PED -p 0.063 ]0.407 0.088 | 0.106 0.064 | 0.564 0.062 | 0.367
PED -F 3.557 ]0.695 2.985 | 2.674 3.579 | 0.337 3.635 | 0.828
PED - n 80 80 55 55
PTA4 PTA4 PTA-EHF PTA-EHF
(Fig:3A) (Fig.3B) (Fig:3A) (Fig.3B)
TFS | TENV TFS | TENV TFS | TENV TFS | TENV
dubu| di-bi  F1/F2 | F1 du-bu | di-bi F1/F2 | F1
PEA-p 0.612 | 0.043  0.374 | 0.005  0.771 | 0.019 0.643 | 0.010
PEA-F 0.259 | 4.232 0.799 | 8.347 0.085 | 5.738 0.217 16.971
PEA -n 80 80 80 80
(Fig.30) (Fig.3D) (Fig.3C) (Fig.3D)
PED-p 0.106 | 0.981 0.077 ]0.327 <0.001|<0.0001 <0.0001 |<0.0001
PED -F 3.112 | 0.273 3.212 10973 >10 | >10 >10 | >10
PED-n 80 80 80 80
Test type F-test against constant model

Table 3: F-test statistics values for PEA and PED in the indicated categories p: probability value; F: F-test value; n: number of subjects included in the test categories.

statistically significant values (p < 0.05) in bold italics.

3.3. Poor speech comprehension in quiet or ipsilateral noise is linked to
delayed or advanced MGB activity and TFS or TENV coding, respectively

We analyzed the linear regression of amplitude (PEA) and delay
(PED) with pure-tone normalized OLSA thresholds (PNOT) for all par-
ticipants, as described in methods 2.10 and in previous studies
(Schirmer et al., 2024). To distinguish phoneme pairs below or above
PLL, linear regressions between PNOT and PEA (Fig. 4) or PNOT and
PED (Fig. 5) were calculated for grouped phonemes for PNOT in quiet
(Figs. 4A, 5A) and PNOT in ipsilateral noise (Figs. 4B, 5B) as a function
of the slope of PEA and PED, (Figs. 4C, 5C). The variance (%) to which
PEA or PED for all phonemes or distinct phoneme formants (below and
above PLL) contributed to the three different bandpass filtered OLSA in
quiet and ipsilateral noise conditions is shown in Figs. 4D, G and 5D, G
(red bar). To investigate the contribution of TFS and TENV coding for
speech recognition in PNOT, we analyzed the variance (%) of deficits in
broadband , lowpass and, highpass filtered OLSA performance that PEA
and PED may explain (Figs. 4E,F,H,I; 5E,F,H,I; red bar). We observed
that the phoneme-evoked EEG amplitude (PEA) did not correlate
significantly with PNOT for OLSA in quiet (Fig. 4A), ipsilateral noise
(Fig. 4B), or for distinct phoneme pairs requiring TENV or TFS coding
(Fig. 4C,E,F,H,I). Also, the variance of deficits observed upon OLSA
performance did not explain PEA for any phoneme, not for all averaged
phonemes (Fig. 4D,G) neither for phonemes relying on TENV or TFS
coding (Fig. 4E,F, H,I).

In contrast, PED was significantly positively correlated to PNOT in
quiet (Fig. 5A), and to phonemes with vowels containing one format
below PLL (Fig. 5C, F1, p < 0.1, /di/-/bi/, p < 0.05, against constant
model). The positive correlation of PED with speech recognition in-
dicates that speech recognition in quiet is linked to the delay in EEG
responses. For PNOT in ipsilateral noise, the slope of the regression line
falls (Fig. 5B,C), although non-significantly (p = 0.18, against constant
model). The slope of the regression for PED with PNOT in ipsilateral
noise was stronger for phonemes requiring TENV than TFS (Fig. 5C, F1,
/di/-/bi/), though not reaching significance. The variance explained by
PED for the three OLSA filter conditions encompasses (i) for OLSA in

quiet the unfiltered “broadband” speech condition (2% of variance or
1.5 dB in speech-recognition thresholds) and low-pass filtered speech
condition (3.6% of variance or 1.3 dB in speech-recognition thresholds),
when driven by phonemes below PLL accounting TFS coding (Fig. 5D,E,
F1/F2, low-pass). (ii) OLSA in ipsilateral noise, for which PED was
predictive for high-pass filtered speech performance (Fig. 5G, 5.8%; 1.6
dB), particular by phonemes above PLL accounting TENV coding
(Fig. 51, 6.4%; 1.7 dB).

In conclusion: We found that EEG (MGB) amplitudes over age
varied only with phonemes that rely on TENV coding in correlation with
worse speech-recognition thresholds in quiet and elevated pure-tone
thresholds (Graphical abstract A). In contrast, EEG (MGB delays) var-
ied for both, TFS and TENV coding, particular with thresholds in
extended high frequency regions (PTA-EHF) (Graphical abstract B).
Finally, was MGB activity delayed independent of age and hearing loss
for OLSA (low-pass filtered) in quiet and phonemes requiring TFS cod-
ing, while MGB activity was shortened (with a trend) for OLSA (high-
pass filtered) in ipsilateral noise for phonemes requiring TENV coding
(Graphical abstract C).

4. Discussion

We here demonstrate that the analysis of the entrained amplitudes
(PEA) and delays (PED) of EEG responses measured in young, middle-
aged, and older subjects to passive listening of phonemes, revealed a
differential contribution of phoneme-induced amplitudes and delays to
either TENV and TFS coding, respectively. Until now, speech deficits
have mainly been described for challenging listening conditions under
background noise that linked deficits to reduced TENV coding. We find
that TFS and TENV coding deficits for listening conditions in quiet and
ipsilateral noise dependent and independent of age can be reflected in
reduced amplitude or delays of subcortical activity that based on studies
performed in the same subject group allow an association to cochlear
synaptopathy. We propose that subcortical EEG activity is a predictor of
poor speech recognition, whether dependent or independent of age and
hearing loss that can link synchronicity changes at stimulus onset to
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Fig. 4. No correlation between phoneme evoked amplitude (PEA) and pure-tone threshold (PTT)-normalized speech recognition threshold (PNOT) in quiet (A),
ipsilateral noise (B), formant, or phoneme contrast (C): A,B: Individual speech recognition categorized into good (blue circles), standard (gray triangles), and poor
(orange squares). C: Slopes of regression lines of PEA with PNOT for OLSA in quiet (gray lines) and OLSA in ipsilateral noise (blue lines) displayed for all phonemes
(left), number of formants below PLL (F1/F2, F1), and phoneme (/du/-/bu/, /di/-/bi/). D-F: Variances for OLSA in quiet, G-I: variances for OLSA in ipsilateral
speech-shaped noise. PEA was compiled for the responses to all phonemes (D, G), to phonemes containing two formants and spectral contrasts below the PLL (TFS
coded, /du/, /bu/, /0/) (E, H), and to phonemes containing one formant below the PLL and containing spectral contrasts above the PLL (TENV coded, /di/, /bi/, /y/)
(F, I). Beyond the first five principal components (PC 1-5) derived from the PTT, only a non-significant small part of the variance of the speech recognition threshold
in the OLSA conditions (broadband, low-pass, high-pass) was explained by the phoneme-evoked EEG amplitude (PEA).

altered neocortical activity. EEG recordings that capture subcortical
auditory regions should thereby be discussed as a tool to adapt hearing
aids to individual speech recognition deficits.

4.1. MGB is the putative source of phoneme-induced amplitudes and
delays of EEG signals

In the present study a precise localization of the generators of speech
EEG signals was not feasible at the level of dipoles, as recordings were
restricted to only two channels (Picton et al., 1999) that were recorded
simultaneously at both mastoids. The argument for the MGB, as the relay
station between the inferior colliculus and auditory cortex, as the source
of EEG recordings is based on physiological and neuroanatomical

10

findings: (i) A fundamental frequency for phoneme stimuli of 116 Hz
was, however, chosen, that is predicted to generate auditory evoked
event-related potentials of subcortical origin, when modulated > 80 Hz
(Herdman et al., 2002; Lu et al., 2022). (ii) In accordance with this, the
recorded PEA-induced amplitudes decreased with age (see Fig. 2C),
which is, however, rather inconsistent with cortical sources (Ross et al.,
2020). (iii) Finally, the delay shifts of the neuroelectric responses were
too large across subjects to originate from areas below the thalamus.
Thus, we rather suggest that MGB is the subcortical source of the
entrained neural activity measured in the present study.
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Fig. 5. Significant positive correlation of phoneme-evoked delay (PED) with pure-tone normalized speech recognition threshold (PNOT) in quiet (A,C) but not
in ipsilateral noise (B,C), and not for phoneme stimuli with two formants below the PLL (C, F1/F2, /du/-/bu/). A,B: Individual speech recognition categorized into
good (blue circles), standard (gray triangles), and poor (orange squares). C: Slopes of regression lines of PEA with PNOT for OLSA in quiet (gray lines) and OLSA in
ipsilateral speech-shaped noise (blue lines) displayed for all phonemes (left), number of formants below PLL (F1/F2, F1), and phoneme (/du/-/bu/, /di/-/bi/). D-F,G-
I: Beyond the first five principle components (PC 1-5), a significant part of variance of the speech recognition threshold can be explained by the EEG delay (PED) for
the broadband and low-pass OLSA condition in quiet (D-F) mainly for phoneme stimuli with two formants and spectral contrasts below PLL (TFS coded, D,E) and the
OLSA condition in ipsilateral noise (G-I), mainly for phoneme stimuli with one formant below the PLL and spectral contrasts above the PLL (TENV coded, G, I). * for

p<0.05, (*) for p<0.1.

4.2. PEA decline related to speech in quiet, age and PTA4 rely on TENV
coding

We observed a PEA decline of up to ~50 pV in subjects with wors-
ened speech perception identified through OLSA quiet (Fig. 2A), for age
(Fig. 2C) or PTA4 threshold (Fig. 2D), and less for PTA-EHF and not for
OLSA in noise (Fig. 2B,C,E). Moreover, the decline of PEA only corre-
lated with TENV coding (Fig. 3A,B). Particularly, the finding of a PEA
decline correlating with TENV-based influences on OLSA quiet but not
OLSA in ipsilateral noise accomplishes previous findings that (i) sug-
gested particular monoaural processing of TENV speech information
hardly to be affected by hearing loss (Moore, 2016, 2021) and that (ii)

declined TENV coding is particularly relevant for speech content in noise
(Carney, 2018; Elhilali et al., 2009; Johannesen et al., 2016; Le Prell,
2019; Marrufo-Perez and Lopez-Poveda, 2022; Moore, 2016, 2021;
Shannon et al., 1995; Snell and Frisina, 2000). The finding suggests that
TENV coding deficits for listening conditions of speech in quiet could
theoretically be identified through reduced MGB EEG amplitudes. Pre-
vious findings link cochlear synaptopathy, specifically of
low-spontaneous-rate (SR), high-threshold auditory-nerve fibers, in
animals (Parthasarathy et al., 2019; Parthasarathy et al., 2014; Shaheen
et al.,, 2015) and humans (Bharadwaj et al., 2014; Marcher-Rorsted
etal., 2022; Mepani et al., 2021) with compromised TENV coding during
speech in noise (Asokan et al., 2018; Bakay et al., 2018; Chambers et al.,
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2016; Hesse et al., 2016; Liberman and Kujawa, 2017; Monaghan et al.,
2020; Moore, 2021; Plack et al., 2014; Wu et al., 2019).

In conclusion, the findings in the present study suggest that TENV
coding deficits over age are not only relevant for speech in noise but also
for speech in quiet, therefore, likely require high-SR auditory-nerve fi-
bers, as also previously suggested (Huet et al., 2022, 2018). This feature
is possibly reflected in declining MGB amplitudes over age (Graphical
abstract A).

4.3. PED delay related to age and PTA-EHF is linked to TFS and TENV
coding

We here observed a delay of PED that correlated best with age
(Fig. 2H) and PTA-EHF elevation (Fig. 2J). The delay of PED in older
subjects was correlated with an up to 1.3 ms shift during aging (Fig. 2H).
Particularly, the PED shifts correlating highly significantly to PTA-EHF
affected TFS- and TENV-requiring speech signals (Fig. 3C,D), and were
most prolonged in older participants with poor speech recognition.
These participants also exhibited the highest PTA-EHF thresholds
(Fig. 2, Schirmer et al., 2024). Various studies describe an influence of
PTA-EHF on speech comprehension (Hunter et al., 2020; Motlagh Zadeh
etal., 2019), although the mechanism remains obscure. The finding that
the MGB delay leads to highly significant deficits in speech intelligibility
of both TFS and TENV coding in subjects with increased PTA-EHF is
basically alarming, because these extended frequency ranges are typi-
cally not tested in the clinic to diagnose speech disorders. It is, however,
well established that, e.g., a deterioration of binaural TFS processing
with increasing age starts relatively early in life and thereby without
doubt starts with PTA-EHF threshold elevations (Hunter et al., 2020;
Moore, 2016, 2021). Also, beside the role of PTTs and TENV coding for
speech recognition, particularly in noise (see above), the predicted role
of TFS for localization of competing sound sources (Smith et al., 2002;
Verschooten et al., 2019) was shown to decrease with age (Meister et al.,
2020; Moore, 2021).

How can TENV and TFS coding deficits, here reflected in MGB de-
lays, possibly be linked to threshold elevation, in particular PTA-EHF?
We should first refer to the audiometric data carried out in the same
subjects as in this study. Thus, reduced peak amplitudes of supra-
threshold ABR wave I of about 0.100 uV was described in the same
middle-age and old subjects (Fig. 3; Schirmer et al., 2024) as used here
(Figs. 2, 3). The middle-aged subjects could centrally restore ABR wave
IV/VI amplitudes (Schirmer et al., 2024). However, the same group of
elderly, here described to exhibit a PED of ~1.3 ms (Fig. 2H) and pro-
found PTA-EHF elevation (Fig. 2J), was previously shown to exhibit
persistently reduced low-frequency evoked ABR wave IV/VI amplitudes
of ~0.050 uV and a significant delay of ABR wave III-IV of up to ~200
ms (Schirmer et al., 2024). As suprathreshold ABR waves in (Schirmer
et al., 2024) were induced by acoustic signals below 8 kHz, the elevated
PTA-EHF was suggested to particularly impact the amplitude of syn-
chronous activity at lower frequencies (Schirmer et al., 2024). In line
with this, elevated PTA-EHF have only previously been suggested to
impact synchronized auditory responses in lower frequency ranges
(Marcher-Rorsted et al., 2022). In this context, it is important to note
that the low-frequency regions are those frequency components that are
most crucial for high speech-sound quality (Moore, 2008). This means
that the delayed PED observed here to be correlated strongly with age
and PTA-EHF for TFS-dependent stimuli (Figs. 2H,J; 3C,D), may have
influenced the synchronized auditory responses to lower frequencies,
and possibly thereby the PED amplitude and TENV coding. In other
words, we suggest that the correlation of PEA to OLSA quiet (Fig. 2A),
age (Fig. 2C) and PTA-4 (Fig. 2D) for TENV-dependent stimuli, and the
correlation of PED to PTA-EHF for TFS- and TENV-dependent stimuli
may possibly be dependent events. Note in this context that synchro-
nized responses required for phase locking and peak amplitudes are
critically dependent on high-SR auditory-nerve fibers: Thus, peak am-
plitudes of ABR waves along the ascending pathway are defined through
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the discharge rate and synchronicity of summed auditory nerve re-
sponses (Johnson et al., 2008; Lu et al., 2022). High-SR auditory-nerve
fibers are critical for the precision of phase locking (Bourien et al., 2014;
Huet et al.,, 2022; Huet et al., 2018), they are prevalent in both
high-frequency (Marcher-Rorsted et al., 2022), and low-frequency re-
gions (Bourien et al., 2014; Gleich et al., 2016; Harris et al., 2008; He
et al., 2007; Huet et al., 2022; Huet et al., 2018), and they define
perception thresholds (Heil et al., 2008; Meddis, 2006; Rhode and
Smith, 1986; Zohar et al., 2011). In contrast, low-SR high threshold
auditory-nerve fibers hardly contribute to the synchronicity of
auditory-nerve fibers (Huet et al., 2019).

We conclusively postulate that the influence of PTA-EHF on MGB
delay and its correlation to TFS and TENV coding, is due less to the loss
of outer hair cells than to the loss of high-SR auditory-nerve fibers. High-
SR auditory-nerve fibers could, via a transformation process to low-
firing auditory fibers (Suthakar and Liberman, 2021), impair the pre-
cision of synchronous response behavior and thus TFS coding in quiet
(Graphical summary B). For the same reason, the reduction of the
amplitude in lower frequency regions with increased PTA-EHF and
likely TENV coding deficits in noise (Schirmer et al., 2024) could be
explained (Graphical summary B). In line with this, recent studies,
carried out in young and old subjects with near-normal thresholds,
evidenced phase locking deficits and delays in subcortical regions at the
level of ABR wave V to be somewhat independent of outer hair cell
function (Anderson et al., 2021). The previously observed link between
EHF thresholds and putative cochlear synaptopathy in subjects with
poorer speech discrimination scores (Lai and Bidelman, 2022; Liberman
and Dodds, 1984; Liberman et al., 2016) should be reconsidered in this
context.

4.4. Poor speech comprehension in quiet or ipsilateral noise is linked to
delayed or a trend of shortened MGB activity and TFS or TENV coding,
respectively

We found that the PEA amplitude mainly remained unaffected when
poor speech-comprehension capabilities independent of PTT in so called
"poor performers" were examined in PNOT quiet or PNOT ipsilateral
noise groups (Fig. 4). Neither the slope of PEA (Fig. 4C) nor the variance
of OLSA speech-recognition threshold in quiet or ipsilateral noise could
be linked to any change in PEA in pure-tone normalized OLSA speech-
recognition threshold differences (Fig. 4D-I). Interestingly, in the iden-
tical groups neither early nor late supra-threshold ABR wave differences
in poor or good speech-recognition thresholds beyond PTT were
observed (Schirmer et al., 2024).

In contrast, the latency shift in the MGB observed here, as reflected
through PED in groups with poor PNOT, was significantly prolonged in
quiet (~1ms), and shortened in ipsilateral noise (~0.5 ms, Fig. 5). In
these subjects, the prolonged PED in PNOT quiet appeared to mainly
explain the speech-recognition threshold variance for low-pass filtered
speech conditions (Fig. 5D), where frequencies above PLL are filtered
out. Thus, this mainly reflected TFS coding, confirmed through signifi-
cant speech-recognition thresholds variance for F1/F2 phoneme coding
(Fig. 5F) (Graphical summary C). On the other hand, the shortened delay
in PNOT in ipsilateral noise explained the speech-recognition threshold
variances for performance in high-pass filtered speech conditions, where
frequencies below PLL were filtered out, thus here mainly reflecting
TENV (Fig. 5G) and speech-recognition threshold variance for F1
phoneme coding (Fig. 5H), respectively (Graphical summary C). Here
again, in the same group in a previous study, the relationship to con-
tributions of neural-processing differences at stimulus onset are obvious:
In the poor PNOT quiet groups (Schirmer et al., 2024), where in the
present study a significant PED delay (~1 ms) was noticed, previous
findings observed poorer cochlear amplifier performance and delayed
ABR, reaching ~0.2 ms (Schirmer et al., 2024;Graphical summary C).

Additionally, in the same poor PNOT ipsilateral noise group
(Schirmer et al., 2024), in which in the present study a PED shortening of
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(~0.5 ms) was observed, previous findings indicated a stronger cochlear
amplifier performance, larger ASSR response, and higher uncomfortable
loudness levels (Schirmer et al., 2024). The greater cochlear amplifier
performance was suggested to result from altered basilar-membrane
compression that would lead to a start of the growth behavior of the
basilar membrane amplitude at lower levels (Schirmer et al., 2024).
Under these conditions, when noise has masked high-SR auditory-nerve
fibers, uncompromised modulation contrast of the speech signal would
result (Johannesen et al., 2016), a phenomenon known also as recruit-
ment (Denes and Naunton, 1950; Kubota et al., 2019). Recruitment
phenomena are not only known to be reflected in DPOAE input-output
functions (Rasetshwane et al., 2013), but also loudness scaling
(Abdala et al., 2021), thus providing a rational for the observed elevated
uncomfortable loudness levels in these poorly-performing PNOT ipsi-
lateral noise groups (Schirmer et al., 2024). Also, the larger ASSR re-
sponses could contribute to larger uncomfortable loudness levels, and
possibly thereby to compromised TENV coding (Schirmer et al., 2024).
These features could, in total, contribute to the observed variance of
speech-recognition thresholds that in the present study explained PED
for ipsilateral noise for OLSA (high-pass filtered) and F1 (Fig. 5G,H)
(Graphical summary C). For the same reasons as discussed above (4.3),
the delay or shortening of the PED shift linked to PNOT quiet or ipsi-
lateral groups, and TFS or TENV coding, respectively, indicates an as-
sociation to a high-SR auditory-nerve fiber processing deficiency: Here,
cochlear amplifier performance and high-SR auditory-nerve fiber pro-
cessing could influence proper pre- and postsynaptic sound transmission
towards fast auditory processing as suggested (Schirmer et al., 2024),
and thereby influence neural timing up to MGB regions (Graphical
summary C).

4.5. Possible sources of PEA or PED changes that were observed to be
dependent or independent of PTT

We observed a maximal delay prolongation with age of about 1.3 ms
(Fig. 2). This magnitude is consistent with delay shifts described on the
level of the brainstem in children (Johnson et al., 2008), but may not be
directly explained by the 400 ps age-induced ABR wave V shift in the
inferior colliculus (Konrad-Martin et al., 2012), or the longest ABR wave
V latency difference in participants with elevated PTA-EHF, reaching
~200 ps (Schirmer et al., 2024). The time delay of ~1.3 ms over age
(Fig. 2 C) and ~1 ms in subjects with poor speech recognition inde-
pendent of PTT (PNOT) (Fig. 5), may, however, result from a cumulative
delay of auditory evoked responses. These start as early auditory
response delays identified in neural responses generated as ABR wave I
around ~1 ms, to ABR wave V/VI at ~6-8 ms, that were prolonged due
to age by ~0.1 ms to 0.2 ms, respectively (Schirmer et al., 2024). Delay
increases of that size could, in general, be caused by impairments of
short-latency, high-frequency cochlear generators, but after normalizing
for PTT shifts by using PNOT, the causes have to be sought further
upstream.

It is thereby conceivable that a constant delay of the entire phoneme-
evoked response up to auditory subcortical MGB regions is the result of a
slowing of the response by a delay that accumulates between early
(typically 0-10 ms), middle (10-50 ms) and late (50-400 ms) compo-
nents up to the auditory cortex (Gilmore, 1995; Pfefferbaum et al.,
1980). The observed delay in the present study could also theoretically
contribute to the observed cortical delay of up to 50 ms — previously
reported to occur in aging subjects (Price et al., 2017). This would
complement previous findings that suggest that presbycusis at the level
of the auditory cortex is a combination of central aging and an altered
periphery (Profant et al., 2014). In further support of a specific form of
cochlear synaptopathy to influence TFS based speech coding, came from
observations of reduced and delayed compound auditory-nerve activity
to diminish phase-locked phoneme activity during compressed speech in
older subjects (Harris et al., 2021). This peripheral auditory nerve deficit
was related to a decline in the density of cranial nerve VIII, as measured
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through high-resolution T2-weighted structural imaging (Harris et al.,
2021). Both reduced and delayed compound auditory-nerve activity,
and the decline in the density of the eighth nerve were discussed in the
context of poorer synchrony and predicted poorer speech recognition in
noise in younger and older adults (Harris et al., 2021). That study argued
for a contribution of diminished low-SR auditory-nerve fiber processing
to the fiber-diameter change that was linked to speech-processing defi-
cits (Harris et al., 2021). The results discussed above (Section 4.3 and
Schirmer et al., 2024), may rather speak for a contribution of high-SR
low-threshold auditory-nerve fibers. Accordingly, particularly the
high-SR auditory fibers, through their larger amount of myelination
(Liberman, 1980; Merchan-Perez and Liberman, 1996), and higher
levels of neurofilaments (Flder et al., 1998; Hoffman et al., 1987;
Marszalek et al., 1996; Sun et al., 2018; Xu et al., 1996) contribute
predominantly to larger fiber diameter. Furthermore, previous findings
that analyzed peripheral contributors to phase-locking strength in young
and old subjects with near normal thresholds using syllable induced
frequency-following responses found strong evidence of phase-locking
deficits evident upon ABR wave V delays that were somewhat inde-
pendent of outer hair cell function (Anderson et al., 2021). The reduced
phase-locking value, linked to reduced compound auditory-nerve ac-
tivity peak amplitude (Anderson et al., 2021; Harris et al., 2021), and
reduced auditory-nerve fiber thickness in aging subjects with speech
recognition deficits in noise (Harris et al., 2021), may thus be part of
similar observations of the reduced and delayed ABR wave (Schirmer
etal., 2024) and PEA and PED changes (present study) both over age and
independent of age.

This view may contradict previous findings of delays of auditory
evoked responses in auditory cortical fields over age, and that were
assumed to be mainly based on white-and grey matter deficits in cortical
regions (Price et al., 2017). In those latter studies, contributions of
auditory processing deficits from the periphery could, however, not be
entirely excluded (Price et al., 2017).

In conclusion, our findings describe deficits in synchronous
neuronal activity from the cochlear periphery to the auditory cortex. In
view of this, the PEA and PED changes could also be part of the reduced
amplitudes and delayed cortical responses observed over age in
numerous studies, mostly described as changes in evoked potentials,
that reflect likely intracortical network activity over age (Bertoli et al.,
2002; Blackwood and Muir, 1990; Puttabasappa et al., 2017; Shukla
et al., 2000; Zhao et al., 2024). We suggest reconsidering this previous
information on age-dependent evoked potential changes in the context
of a possibly subcortical source, as suggested in the current study. We
cannot exclude corticothalamic feedback (see for a review: Antunes and
Malmierca, 2021) to have influenced MGB activity, as corticofugal
feedback can shape speech representations up to the brainstem level (Lai
and Bidelman, 2022). We however here suggest that altered
phoneme-induced auditory fine-structure responses (Schirmer et al.,
2024), and phoneme-induced subcortical, likely MGB activity changes,
here analyzed through EEG recording, may be related events. A relation
of a predicted inner hair cell synapse weakness (Schirmer et al., 2024)
that through cumulative changes in the ascending circuits leads to the
observed amplitude reduction and delay in the MGB (present study)
could be further strengthened through analyzing cortical (e.g. MEG)
responses in the same subject, a process that is ongoing.

Outlook for future research: The findings urgently emphasize the
need for improved routine clinical techniques to diagnose sound pro-
cessing at the stimulus onset, in combination with, e.g., EEG recording
and measurements of PTA-EHF. Here, specific TFS- and TENV-based
stimuli using combined techniques that include speech comprehension
analysis and stimulus onset detection techniques (Schirmer et al., 2024)
with subcortical (EEG, present study) or cortical imaging analysis (e.g.
MEG, in process) could provide new challenges for improved hearing
aid/CI adaptation. This is particularly valuable as, e.g., the amplitude of
speech EEG responses to syllables, appearing as neural responses at
middle and longer latencies (> 6 ms), are a good predictor of speech
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comprehension in hearing-aid users (Shetty and Puttabasappa, 2017).
On the basis of the present findings, in addition delays of speech EEG
responses to syllables should be urgently reconsidered for hearing-aid
studies.
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