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ABSTRACT

This review outlines the current status and proposes future
directions for using auditory brainstem responses (ABRs)
to continuous speech as a tool in hearing aid assessment.
In current clinical practice, ABRs measured via electroen-
cephalography (EEG) in response to short stimuli, av-
eraged across repetitions, are a cornerstone of objective
hearing screening and evaluation. Recent advancements
have demonstrated that ABRs can be estimated from EEG
recorded during continuous speech listening by using lin-
ear models which map the auditory speech features, ex-
tracted using auditory models, to continuous EEG activ-
ity. This approach enables the simultaneous investigation
of multiple auditory pathway stages using complex, eco-
logically valid sounds; advancing potential future hearing
assessments that can be seamlessly integrated into daily
life. Current findings indicate that responses similar to
click-ABRs, with a salient wave V peak, can be esti-
mated from natural continuous speech. These responses
are sensitive to speech level, can be captured using in-
sert earphones or in a sound-field environment, and can
be obtained from aided older listeners with hearing im-
pairment. While these advancements bring us closer to
ecologically valid objective hearing device and fitting as-
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sessments, there are remaining hurdles to overcome, such
as assessing ABRs to continuous natural speech during
standard hearing device use.
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1. INTRODUCTION

Estimating brainstem responses to natural speech could
potentially provide essential information on how a given
hearing device processing scheme fits individual periph-
eral hearing abilities, offering the potential to improve
hearing aid algorithms and fitting. Such assessments
would require a method that can quantify early responses
to continuous natural speech in a reliable way, is sensitive
to changes in the incoming speech stimulus, and can be
applied in hearing aid users while they are using standard
hearing devices.

Current objective assessments of early sound process-
ing do not fulfill all these requirements. The auditory
brainstem response (ABR) is often employed for captur-
ing early neural responses to sounds. Traditionally, meth-
ods to estimate ABRs measure the electroencephalogram
(EEG) while the listener is exposed to many repetitions of
the same sound. The EEG responses to each sound are
averaged across a reasonably high number of sound repe-
titions (typically thousands) to estimate a transient neural
response. This limits the stimuli to short duration sounds
such as clicks [e.g. 1], chirps [e.g. 2—4], tones [e.g. 5, 6],
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or syllables [e.g. 7,8]. The transient stimuli are poorly
suited for assessing the speech-specific hearing device
signal processing algorithms [9], and the isolated speech
units fail to capture the complexity of natural continuous
speech [10]. However, in the past decade, approaches to
estimate brainstem responses to continuous natural speech
have been developed, refined, and extended [11-17].
These methodological advances enable the estimation
of ABRs to continuous natural sounds, capturing the re-
sponse of the brainstem to natural speech (NS-ABR). Be-
yond its potential in hearing aid assessment, NS-ABR also
holds promising applications in research and clinical di-
agnostics. NS-ABR offers the potential for simultane-
ous estimation of speech processing in higher stages of
the auditory pathway, as well as pairing with behavioral
measures of speech comprehension. Initial results show
intriguing patterns of brainstem and cortical processing
in the presence of hearing loss and amplification [13]
that could deepen our understanding of speech processing
along the auditory pathway. In clinical diagnostics, NS-
ABRSs could add ecological relevance by providing an ob-
jective measure of peripheral auditory encoding of speech
rather than click or chirp stimuli, supporting the identifi-
cation of potential barriers to speech perception. Further-
more, presenting familiar sounds may increase measure-
ment comfort for listeners, potentially lowering agitation
which could lead to reduced movement and muscle ten-
sion artifacts and thus improve data quality [12, 13].
Here, we focus on perspectives for using NS-ABR in
hearing aid assessment, where it could help evaluate the
effects of device software on brainstem speech process-
ing under different real-life conditions, offering essential
feedback on algorithms and personalized fits in varied lis-
tening environments. We review current knowledge about
the NS-ABR in terms of optimized response computation,
understanding the response, its reliability, sensitivity to
sound changes, and investigate hurdles still to overcome
towards its application in hearing aid assessment.

2. COMPUTING THE ABR TO CONTINOUS
SPEECH: TRFS MEET AUDITORY MODELS

NS-ABRs are typically estimated using forward linear
models that map broadband speech features onto the time-
lagged EEG response, estimating a temporal response
function (TRF), in analogy to previous cortical analyses
of continuous speech responses [e.g. 18-20]. This TRF
can be interpreted as the evoked response to a unit change
in the speech feature, often yielding a prominent peak at
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latencies similar to wave V of the click-ABR [11,12,16].
As linear models are unable to capture nonlinearities in the
auditory periphery, this approach has recently been refined
by non-linearly transforming the speech waveform into a
signal simulating neural activity at the brainstem level us-
ing auditory nerve models (ANMs) [14—16]. Employing
ANMs before neural response estimation via the TRF has
considerably improved model performance and response
signal-to-noise ratio (SNR) [15]. These improvements
have led to shorter acquisition times [15] and allow for
response estimation not only to continuous speech pre-
sented via insert earphones, but also to music [14], or
speech presented in the sound-field [16]. While adding
an ANM increases response SNR, other optimizations of
the computation method, or improvements in EEG acqui-
sition SNR for these specific signals could further reduce
measurement time.

Although continuous speech and music are often en-
countered in daily life, a considerable share of real-life
sound environments also include mixed and overlapping
signals, and pauses. In conversations for example, speech
often overlaps, and longer silent pauses occur [21]. In ad-
dition, sounds with very different spectrotemporal charac-
teristics than speech or music, such as for example traffic
noise, contribute to shaping real-life soundscapes. Further
research could shed light on whether the current NS-ABR
approach needs extension for application throughout those
different and complex sound environments.

3. RESPONSE ORIGIN, SENSITIVITY, AND
RELIABILITY OF THE ABR TO CONTINUOUS
SPEECH

As a foundation for NS-ABR applications, it is crucial to
understand the origin, sensitivity, and reliability of the re-
sponse. Response analogies can facilitate interpretation
and knowledge transfer from the extensive body of re-
search on traditional brainstem measures. The estimated
TRF mapping continuous broadband speech features to
neural signals has been interpreted as an ABR [11, 12].
Its prominent response peak has a latency similar to ABR
wave V measured to clicks [11, 12]. This short latency of
less than 15 ms suggest a brainstem origin [22], as trans-
mitting the neural signal to higher stages along the audi-
tory pathway requires more time. The prominent peak of
the NS-ABR is also positively correlated with the click-
ABR wave V in both amplitude and latency [11, 12, 16],
with the inferior colliculi and auditory midbrain areas
thought to be the main sources of click-ABR wave V
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[23-25].

When computed using a suitable auditory model,
NS-ABR showed sound level sensitivity similar to click-
ABRs [17]. Both showed larger amplitudes and shorter
latencies at higher sound levels, and these level-dependent
latency changes were consistent across the speech and
click measures on an individual level [17]. This fur-
ther underlines the analogies between NS-ABR and click-
ABR, and suggests level sensitivity of the NS-ABR cru-
cial for potential applications. In analogy to effects previ-
ously observed for click-ABRs [26], first results with pro-
cessed 'peaky’ speech stimuli show effects of energetic
masking [27]. The target speech stream was presented in
an increasing number of competing speech streams, lead-
ing to decreased SNR with increasing competing streams.
In tact with decreasing SNR, ABR peaks to continuous
’peaky’ speech occurred at longer latencies and lower am-
plitudes [27] - potentially indicating a similar sensitivity
to masking for NS-ABR.

Another important consideration for applications is
the test-retest reliability. In older aided participants with
hearing-impairment, initial results indicate high test-retest
reliability for identical speech stimuli, but differences for
different speech material produced by the same speaker,
potentially suggesting a high dependency of the response
on the frequency content of the used speech signals [12].
While more work is needed for a comprehensive overview
of NS-ABR test-retest reliability and its sensitivity to dif-
ferent abilities and sound environments, first findings on
both are promising.

4. TOWARDS APPLICATION IN HEARING AID
ASSESSMENT

Beyond understanding the response origin, its sensitiv-
ity, and reliability, further research is needed to lay the
groundwork for use of NS-ABR as a tool in hearing aid
assessment. Crucially, there is a need to understand the
NS-ABR in the target group for hearing aids: people with
hearing impairment - including those using their devices
at the time of measurement. As the prevalence of hearing
impairment shows a steep increase with age, particularly
above the age of 50 [28,29], older adults are the primary
target population that could benefit from this tool. Initial
findings in older adults with hearing impairment indicate
that clear NS-ABRs could not be identified when present-
ing speech at 65 dB without any amplification [13]. Given
that ABRs to clicks presented at low sensation levels rel-
ative to individual’s hearing impairment are drastically

3283

reduced in amplitude [30], this suggests that the chosen
65 dB speech presentation level was too low for the par-
ticipants’ hearing loss and the sensitivity of the applied
simpler NS-ABR method, which did not yet incorporate
an auditory model [13].

The next step towards applying NS-ABR in hearing
aid assessment is investigating the response in hearing
impaired listeners with amplification. The same work
that presented unamplified speech discussed above [13]
also presented amplified speech to the older listeners with
hearing loss, applying a linear amplification algorithm
to the speech and directly presenting it via insert ear-
phones. Findings for NS-ABR are consistent with those
for click-ABR wave V, showing longer latencies and re-
duced amplitudes in older individuals with hearing im-
pairment receiving amplification compared to younger
normal-hearing listeners [12, 13]. More research on the
NS-ABR in listeners with hearing impairment across all
age groups is needed for a comprehensive understanding
of the response in this diverse population.

Although these first findings are promising, evaluat-
ing hearing aid performance in real-life soundscapes re-
quires estimating NS-ABR in listeners with hearing im-
pairment while providing amplification through an actual
hearing aid. This necessitates sound-field speech pre-
sentation. As a first step, we demonstrated that measur-
ing NS-ABR in the sound-field was feasible in normal-
hearing adults [16]. Slightly longer EEG recording time
was required due to room acoustics, but this effect was
migitated by pairing the TRF approach with a powerful
auditory model, improving response SNR and resulting in
clear NS-ABRs in all participants [16]. The next step is to
integrate these elements by quantifying NS-ABRs in older
individuals with hearing impairment while providing am-
plification through a standard hearing aid receiving sound
in the sound-field.

5. OUTLOOK

ABRs measured to continuous natural speech (NS-ABR)
instead of clicks and chirps is an emerging method with
promise for applications. Initial research indicates that
NS-ABR is reliable [13], sensitive to both speech level
[17] and likely masking [27], can be quantified in older
listeners with hearing impairment when presenting ampli-
fied speech [13], and when presenting speech via head-
phones [11-14, 17] as well as in the sound-field [16].
These findings suggest its potential for hearing aid assess-
ment.
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However, further research is needed to assess the fea-

sibility of NS-ABR in individuals with hearing impair-
ment while using standard hearing aids. By providing ob-
jective feedback from neural brainstem auditory process-
ing of natural speech, the NS-ABR could help assess hear-
ing aid software, such as noise suppression algorithms,
and their adaptation to the individual listening needs in
auditory scenes close to real life. This could contribute
to improved hearing aid designs and better outcomes for
hearing aid users.
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