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Abstract: Background: Despite hearing aids adequately compensate for hearing loss, a substantial
proportion of the population leave their hearing difficulties untreated. Even though this is a well-
known clinical issue, the optimal approach to address this issue during the hearing rehabilitation
process is still unclear. Purpose: The present study aims to characterise behavioural and
neurophysiological auditory and cognitive processing skills in experienced hearing aid users versus
those with normal hearing, aimed at providing clinicians with the evidence required to adequately
manage the expectations of their clients, thus indirectly reinforcing hearing-aid adoption within the
adult population with hearing loss. Research design: Behavioural tests included auditory, cognitive,
and speech-in-noise tasks; and neurophysiological testing included cortical auditory evoked
potentials evoked by a /da/ stimulus presented at 65 dB SPL. The tests were selected based on previous
literature supporting specific speech-understanding skills. Study sample: Ten participants (7 female,
21—68 years) with bilateral, mild-moderate to moderately-severe sensorineural hearing loss (HL), and
10 with clinically normal hearing (NH, 8 female, 19—62 years) participated in the study. Data
collection and analysis: Behavioural data was analysed using multivariate analysis of variance
(MANOVA) and neurophysiological analysis used measurements such as independent ¢-test, time-
frequency analysis and inter-trial phase coherence. Results: The NH and HL groups presented similar
scores in all the behavioural tasks. Time-frequency analysis revealed a statistically significantly
reduction in alpha (8-12 Hz) synchronisation at the centro-frontal electrodes in the HL group —a brain
activity pattern that has been associated with listening effort, inhibition and selective attention.
Conclusions and significance: Results support the conclusion that hearing aids are effective in
compensating for the audibility of their users, enabling them to perform at similar levels than their
normal-hearing peers. However, the reduced alpha synchronisation observed in the HL population
indicates that adequate audibility does not extend to improved neural responses. Future studies need
to investigate the induced activity in speech understanding paradigms to explore the auditory
processing differences at cortical level. The results are only from a small sample size but the findings
have the potential to support clinicians in managing adequately the expectations of their clients in
regards the benefits of hearing aid technologies.
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1. Introduction

Hearing thresholds in the mid-to-high frequencies (i.e., between 1 and 4 kHz) contribute the most
to understanding speech [1]. Despite hearing aids adequately compensate for the hearing loss at these
frequencies [2], a substantial proportion of the population leave their hearing difficulties untreated. It
is estimated that 63% of the people with hearing loss have never used a hearing aid [3]; and from those
fitted with hearing aids, approximately 20% do not use them at all, and 30% use them some of the time
[4]. Some reasons for refusal to wear hearing aids include denial or inadequate perception of their
hearing difficulties [5], stigma [6], hearing-aid value and comfort [7].

A growing body of research supports that restoring audibility does not remove all the hearing
difficulties associated with hearing loss, and that hearing-aid users often complaint of experiencing
high levels of listening effort and fatigue in everyday life [8]. Consequently, the mismatch between the
hearing experience of hearing aid users and their expectations imposes important levels of frustration
[4], which puts them at risk of discontinuing their use of hearing aids.

The present research aims to characterise the behavioural and neurophysiological benefits of
hearing aids technologies, in an attempt to provide clinicians and audiologists with the evidence
required to adequately manage the expectations of their clients, thus indirectly reinforcing hearing-aid
adoption within the adult population with hearing loss.

To achieve this goal, a comprehensive test battery including both behavioural and
neurophysiological assessment was administered to an adult population with and without hearing loss.
This test battery considered the sensitivity of methodologies reported in previous literature to speech
comprehension, as well as factors associated with hearing aids outcomes [9].

Behavioural measures consisted of both auditory, speech comprehension and cognitive
performance. Auditory testing was evaluated via modulation detection thresholds (MDT) [10], and the
spectral-temporally modulated ripple test (SMRT) [11]. These two metrics were selected for being
representative of the temporal and spectral characteristics of speech comprehension which relies on
the accurate hearing detection of both the envelope and the fine structure of rapidly fluctuating acoustic
information [12]. Speech comprehension was assessed in terms of the National Acoustic Laboratories
Dynamic Comprehension Test (NAL-DCT) [13] — a validated test for speech-in-noise comprehension.

Cognitive measures included three metrics: (i) working memory which refers to the neural
processes in which information is encoded and processed into meaningful units [14]; (ii) cognitive spare
capacity — refers to the residual capacity existing when all the cognitive resources have been utilized
for processing a signal, most often when the signal is degraded in the presence of noise [15]; and (iii)
selective and switching attention particularly relevant in complex listening situations such as those
with competing noise sources or with different speakers [13,16].

Neurophysiological testing consisted of a passive listening task in which the brain response was
evaluated. This was an important inclusion to ensure that the non-auditory aspects such as motivation
and attention do not influence the results, often a consideration during behavioural assessments. The
evaluation of evoked and induced activity was considered, as the evoked (or phase locked) activity is
associated with the hearing detection of the auditory stimulus this being a cortical auditory evoked
potential (CAEP); and the induced (or non-phase locked) response, particularly enhanced alpha
oscillations (measured as the energy in the 8-12 Hz frequency band). Alpha oscillations are a metric of
selective attention to speech, inhibition of distractions and/or listening effort [17].

Consistent with previous literature, we anticipated that hearing aids would restore the audibility
of individuals with hearing loss, and consequently, we hypothesized that the two groups would
present a similar performance in the auditory tests, provided that the cognitive performance in the two
groups was equivalent. Naturally, should any group present a cognitive advantage over the other, the
auditory tests would be difficult to compare. In regards the neurophysiological test, we hypothesized
that the normal hearing (NH) and hearing loss (HL) groups would present cortical responses of similar
amplitude; and that the induced response would provide useful insights on the neurophysiological
processes associated with the cognitive processing of the auditory stimulus.
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2. Methods

2.1. Ethics

This study was conducted at the Australian Hearing Hub (Sydney, Australia) with ethics approval
from the Macquarie University Human Research Ethics Committee (Ref: 5201600438).

2.2. Participants

Ten individuals with acquired bilateral symmetric mild-moderate to moderately-severe
sensorineural hearing loss (HL: 7 females, 21 —68 years, mean + std = 40.6 £19.6 years) and ten normal
hearing individuals with no concerns about listening in noise (NH: 8 females, 19—62 years, mean + std
=35.7 £ 14.0 years) participated in the study. The difference between the age distributions from the two
groups was not statistically significant (p=0.53). All HL participants were regular bilateral hearing aid
users for at least five years and wore digital hearing aids fitted with NAL-NL2 prescription targets.

Participant selection criteria included: (i) an “A” type tympanogram, (ii) an acoustic reflex
thresholds within 70—100 dB hearing level range, (iii) bilateral and symmetrical hearing loss defined
as <20 dB between the four-frequency average hearing loss (i.e. the average of the hearing thresholds
at 0.5, 1, 2 and 4 kHz frequencies), and (iv) a Montreal Cognitive Assessment (MoCA) [18] score >26.

2.3. Procedure

Pure-tone audiometry was carried out using Interacoustics audiometer AC 40 (Interacoustics,
Denmark) for octave frequencies between 0.25 to 8 kHz. All the participants in the NH group had their
hearing thresholds within 20 dB hearing level.

For all tests conducted under headphones and earphones, the acoustic signal of the auditory
stimulus was modified according to the NAL-RP (NAL-Revised Profound) prescription formula via
Matlab (The Mathworks Inc., Natick, MA) to ensure adequate audibility [19]. In order to test individuals
with normal hearing, the same filter with zero gain was applied.

For tests that required verbal presentation of the stimuli and stimuli presentation through
loudspeaker, a standard hearing aid (GN Resound’s Linx quattro 9) with NAL-RP gain was used to
ensure uniformity across all participants The NAL-RP prescription formula was chosen for the current
study for the following reasons: (i) It is a standard approach that has been widely used in other research
studies [20]; (ii) the formula has been systematically assessed to ensure adequate performance [21]; and
(iii) it has similar gain at moderate inputs similar to other hearing aid prescriptions such as NAL-NL1
or NAL-NL2 [22]. For the HL participants, the gain was determined based on the hearing loss. The
following steps were taken: (i) measurement of the real-ear aided response; (ii) measurement of the
unaided response; and (iii) calculation of the real ear insertion gain, i.e., the difference between real ear
aided and unaided response.

The CAEP for a speech detection task was measured in quiet. Figure 1 presents the auditory
stimulus used in the neurophysiological test. This stimulus consists of a 79 ms duration /da/ naturally
spoken by an Australian female speaker. The stimulus was presented diotically by ER-3A insert
transducers compatible with the Neuroscan system (Compumedics limited, Abbotsford, Australia).
The number of stimulus repetitions was 150 to ensure a robust evoked response and the inter-stimulus
interval was jittered between 950 and 1100 ms. The stimulus was presented at 65 dB SPL in quiet. The
task of the individual consisted of staying alert and attend to the stimuli and to avoid head movements.
Calibration of the /da/ stimulus was done using a Briiel and Kjeer (B & K) type 2250 G4 (Briiel and Kjeer
Sound and Vibration Measurement A/S, Neerum, Denmark) sound level meter connected to an artificial
ear Type 4152, using a 1l-inch pressure microphone Type 4144, a 2cc coupler BD 1038 and an
oscilloscope. The NAL-RP filters were applied to provide necessary amplification while testing
individuals with hearing loss.
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Figure 1. Signal waveform (top) and spectrogram (bottom) of the /da/ stimulus used in the physiological
test.

The EEG recording was carried out in an acoustically and electromagnetically shielded room at
the Australian Hearing Hub facilities of Macquarie University (Sydney, Australia). All participants
were seated on a comfortable chair and were requested to remain still during the testing. Sixty-four
channel electroencephalography (EEG) recording was carried out using Neuroscan® Acquire 4.5
(Compumedics, Germany) using the International 10/20 EEG system. The left mastoid electrode was
used as the reference electrode (M1). Online filtering of 0.01-100 Hz was used. The horizontal and
vertical movements of the eye were also measured using electrodes placed on outer canthus of the eye
for horizontal movements, above and below the eye for vertical movements.

Table 1 provides a brief description of the auditory tests included in this study, i.e, MDT and
SMRT. Speech-in-noise comprehension was assessed using the NAL-DCT [13]. Before starting the
NAL-DCT task, an adaptive sentence in noise test was carried out using the Beautifully Efficient Speech
Test (BEST) [23] in the presence of simulated cafeteria noise comprising seven two-talker conversations
at 65 dB sound pressure level (SPL) [24] to obtain the SRT for each participant. Cognitive processing
tests included digit-span test which is a subtest of Wechsler Adult Intelligence Scale IV [25], elevator
task with distraction and reversal subtest of Test of Everyday Attention [26], and Cognitive Spare
Capacity Test (CSCT) [13]. The auditory stimuli of these tests were created using custom made scripts
in Matlab and presented through a Focusrite 219 sound card (Focusrite, England) to HDA 300
Sennheiser headphones (Senheiser, Germany) using a sampling rate of 44100 Hz. For all the auditory
tests three alternative-forced-choice (AFC) adaptive tracking was used. The threshold was calculated
by taking the average of the last six reversals. Each test had three runs of each condition to ensure that
they had a good test-retest reliability.
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Table 1. Detailed test description of the auditory tests.

Test Stimuli Description
Three alternative-forced-choice (AFC)
adaptive tracking was used. Two of the
stimuli presented were the reference stimuli
having zero modulation and third one was
the variable stimulus having the modulated
signal. The threshold was calculated by
taking the average of the last six reversals.
Each test had three runs of the same to
ensure that we had a good test-retest
reliability. The task was to identify the

MDT: Conducted
using The Maximum
Likelihood Gaussian noise of 500 ms,
Procedure (MLP; amplitude modulated at 60 Hz
Grassi and Soranzo,
2009) toolbox

variable stimulus.

Three alternative-forced-choice (AFC)

Stimuli was created using anon-  adaptive tracking was used. Two stimuli
harmonic complex that consisted of presented were reference stimuli having 20

202 equal amplitude pure-tone ripples per octave and third one was the
SMRT (Aronoff and frequency components that spaced variable stimuli having 2 ripples per octave.
Landsberger, 2013) every 1/33.3 of an octave between The threshold was calculated by taking the

100 to 6400 Hz. The duration of ~ average of the last six reversals. Each test

each stimulus was 500 ms with 10- had three runs of the same to ensure that

ms linear onset and offset ramps ~ we had a good test-retest reliability. The

task was to identify the variable stimuli.

Data Analysis

The analysis of the behavioural data obtained comprised a multivariate analysis of variance
(MANOVA) using age as a co-variate. The behavioural data of the 10 individuals in the HL group was
compared to the 10 individuals from NH group.

The CAEP recordings were analysed offline using custom made scripts using the Fieldtrip toolbox
in Matlab. The continuous EEG signal was first re-referenced to the common average reference after
excluding noisy electrode channels which were visually identified. The re-referenced data were then
epoched between -100 to 500 ms range relative to the onset of the stimulus, and baseline corrected
considering the time range -100 to 0 ms. Artefacts originating from eye movements were removed using
independent component analysis which uses a blind source separation approach a mathematic
processing that identifies the components with maximal temporal statistical independency. The EEG
signals were then subjected to digital band-pass filter between 0.1 to 30 Hz. A variance rejection
criterion was applied to identify noisy trials. All trials with variances above 80 uV [2] were excluded
from the averaging process. The accepted trials were used to obtain a CAEP waveform and for time
frequency analysis.

The global field power (GFP) was calculated for the two groups. GFP helps to quantify the
variability of the neural activity across the scalp as a function of time, thus constituting a single
reference-independent measure of the response strength [27].

The P1-N1-P2 complex from the NH and HL groups were compared via a non-parametric
randomization procedure to overcome multiple electrode comparison effects. An independent #-test
was used as the statistical test to evaluate the differences between the NH and HL groups. The output
from the statistical test consisted of a cluster of electrodes, and the p-values were estimated according
to Monte Carlo simulations. Only the clusters that comprised of cluster values greater than 95% among
all the clusters derived from random permutation of data were considered. The Inter-trial phase
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coherence (ITPC) measures the consistencies of the phase responses in the time-frequency region. The
ITPC was used to explain which time-frequency regions are associated with the evoked responses.

Time frequency analysis, a wavelet transform function was used to convert the accepted trials to
the time-frequency domain. The wavelet transform function utilizes the Mortlet wavelet with a filter
tap of five cycles in-order to ensure a good time-frequency resolution. Following this, these time-
frequency spectra were then converted to a relative power measure known as event related spectral
perturbation (ERSP) [28]. The ERSP represents the change in brain oscillatory activities. Monte-Carlo
cluster permutation analysis slope f-test was performed across and within the groups to determine if
there were any differences.

3. Results

Figure 2 presents the audiometric thresholds for the NH and HL groups. This figure shows that
the participants from the HL group (bottom plots) had a bilateral mild-moderate to moderately severe
sensorineural hearing loss. All participants in the NH group (top plots) had audiometric thresholds
below 20 dB hearing level in all tested frequencies except for one participant with an audiometric
threshold of 25 dB HL at 8 kHz.
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Figure 2. Pure-tone audiometric thresholds (in dB hearing level) for octave frequencies between 250 Hz
to 8 kHz for hearing-loss and normal-hearing participants.

Table 2 shows the mean, median and standard deviation for the HL and NH group respectively to
the auditory (rows 1 and 2), cognitive (rows 3 to 7) and speech-comprehension (row 8) tests. A
MANOVA analysis with Bonferroni correction applied showed similar performance between the NH
and HL groups in all the behavioural tests.
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Table 2. Mean, median and standard deviations (in brackets) of auditory and cognitive tasks for the
normal hearing (NH) and hearing loss (HL) groups. The MANOVA analysis, Bonferroni corrections
applied, show no statistically significant differences in performance between the two groups.
NH HL
MEAN; MEAN;
Test STDEV MEDIAN STDEV MEDIAN MANOVA
. -13.6 -13.6 -16.1; -159 [F(1, 17) =84, p=0.01 partial
MDT 60Hz (in dB) 16 18 2=03]
SRN (ripples per octave) 71(;, 75 71(;, 7.8 [F(1,17)= ?)20; 5310.9, partial
Digit span forward (raw 10.6; 105 12.0; 115 [F(1,17)=2.6, p=0.1, partial
score) 1.4 ’ 2.1 ’ n2=0.1]
Digit span backward 9.3; 9.0 8.7; 8.0 [E(1,17)=0.4, p= 0.4, partial
(raw score) 1.8 ' 2.2 ' n2=0.02],
TEA: distractor (scaled 11.7; 125 9.9; 10.2  [F(1, 17)=3.3, p=0.08, partial
score) 1.7 ' 2.2 n2=0.1]
TEA: reversal (scaled 9.9; 105 11.1; 115 [F(1,17)=0.8, p=0.3, partial
score) 3.7 ’ 2.6 ' n2=0.04]
8.3; 8.6; [E(1,17)=0.2, p= 0.6, partial
CSCT (raw score) 17 8.5 15 9.0 2=0.01]
21.6; 17.0; [F(1,17)=2.3, p=0.1, partial
DCT (raw score) 5.4 22.7 83 18.25 2=0.1]

Note: NH: Normal hearing group; HL: Hearing loss group; MDT: Modulation Detection Thresholds; SRN:
Spectral Rippled Noise; TEA: test of everyday attention; CSCT: cognitive spare capacity test; DCT: dynamic
conversation test.

Figure 3 shows the grand average waveforms obtained for the NH and HL groups for the fronto-
central electrodes (15 electrodes including F3, F1, Fz, F2, F4, FC3, FC1, FCz, FC2, FC4, C3, C1, Cz, C2,
C4) comparing /da/-evoked P1-N1-P2 responses. An Independent samples t-test carried out on CAEP

amplitudes showed no significant differences between the NH and HL groups (t (17) =1.0, p-value =
0.3).
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Figure 3. Grand-average CAEP waveforms at fronto-central electrodes (15 electrodes including F3, F1,
Fz, F2, F4, FC3, FC1, FCz, FC2, FC4, C3, C1, Cz, C2, C4) from the NH and HL groups obtained at 65 dB

SPL. Shadows represent standard deviation of the measures.

Subplots B and D in Figure 4 present the ITPC obtained in the NH (control) and HL groups,
respectively, which was used to map the evoked responses in the time-frequency plane across subjects.
Consistent with the CAEP (Figure 3), cluster permutation statistics showed that the specified timing
and frequency ITPC measure is significantly different to that of the baseline for the two groups (p-value
=(0.002). ITPC showed that the timing and frequencies of the phase-locked brain responses were located
between 80 to 220 ms and 4 to 7 Hz.
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Figure 4. [A and C] Grand-average event-related spectral perturbation (ERSP) across subjects for centro-
frontal electrodes (15 electrodes including F3, F1, Fz, F2, F4, FC3, FC1, FCz, FC2, FC4, C3, C1, Cz, C2,
C4) for the normal hearing (NH) and hearing loss (HL) groups. The dotted squares highlight a
statistically significant difference in alpha (8-12 Hz) power synchronization between the NH and HL
groups. [B and D] Grand-average inter-trial phase coherence (ITPC) across subjects for all electrodes in
quiet for the NH and HL groups. The dotted squares highlight the time and frequency range in which
the evoked response is present; and the topographic plots show the power distribution of that section
of the ITPC across electrodes.

Subplots A and C in Figure 4 present the time-frequency analysis conducted in the two groups
aimed at investigating their induced response. These subplots show that the NH group presented a
statistically significant increase in synchronised alpha oscillations (8-12 Hz) relative to the HL group
(p=0.039) at the time interval 25-125 ms in centro-frontal electrodes.

4. Discussion

The current study aimed at providing a comprehensive characterisation of hearing aids benefits,
including both behavioural and neurophysiological testing. We hypothesized that should the two
groups presented similar cognitive capacities, hearing aids would effectively compensate for the
audibility of individuals with hearing loss, and they would present a similar performance than the
normal hearing group in the auditory and speech comprehension tasks. Due to the compensated
audibility in the HL group, we also hypothesized that the evoked cortical responses of the two groups
would have a similar amplitude, and that the alpha power analysis in the induced response would
inform on higher processing levels of the auditory stimulus.
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The present study showed no differences in performance between the two groups on any of the
cognitive tests, which ensured compatible cognitive capacities between the two groups thus enabling
their comparison in terms of auditory and speech-in-noise comprehension. This finding is also
consistent with previous literature investigating cognitive performance in hearing aid users [29].

Consistent with our prediction, results showed no statistically significant differences between the
NH and HL groups in any of the auditory or speech-in-noise comprehension tests. This finding
supports that when the auditory stimulus is presented at the required level, experienced hearing aid
users are able to perform like the NH group on auditory-related tasks, including speech-in-noise
comprehension.

This study showed that the CAEP signals obtained with the NH and HL groups presented similar
amplitudes, consistent with the literature [30]. This result is consistent with our expected outcomes in
which hearing aids would restore audibility in individuals with hearing loss; and supports the benefits
of the long-term use of hearing aid technologies.

Results also revealed a statistically significant difference between the NH and HL groups in the
induced response at the alpha frequency band (8-12 Hz), being higher in the NH group in the centro-
frontal electrodes. Previous literature has suggested that presence of increased synchronised alpha
oscillations is indicative of increased selective attention and inhibition [31]. Synchronised alpha
oscillations were reported to be observed during the tasks that requires one to pay attention to the given
stimuli, while not responding to them [32]. In addition, alpha synchronization has also been observed
as an inhibitory response by the different areas of the cortical regions that are not relevant to a task [33].
For instance, large alpha power was observed over the visual cortical areas while the task required one
to pay attention to the auditory stimuli [34]. Although the EEG test did not require participants to
remember or to react to the stimuli, participants were instructed to listen and focus on the stimuli.

Based on the previous literature, the enhanced alpha synchronisations found in the NH group is
consistent with the hypothesis that this group is better at paying attention to the stimuli and inhibit the
irrelevant distractors, irrelevant distractors in this situation could be the generic state of staying alert
while not paying attention to any of the things placed in the test room compared to the HL group
[32,34]. The differences observed in alpha oscillations between the groups requires further investigation
especially in view of the fact that the HL group’s performance on all behavioural tasks and evoked
activity showed similar performance to the NH group.

5. Conclusion

This is one of the first studies to include both behavioural (cognitive and auditory processing and
speech-in-noise comprehension) and neurophysiological tests (including both induced and evoked
responses) to evaluate the benefits of hearing aid technologies in experienced users. Results show that
when audibility is compensated via hearing aids in individuals with hearing loss, (i) their behavioural
performance in a wide range auditory and speech-in-noise comprehension tasks is like a NH group
with equivalent cognitive skills; and (ii) the amplitude of their cortical evoked responses is similar to
the NH group. Importantly, these findings provide audiologists and hearing clinicians with evidence
that supports the use of hearing aids.

Results also revealed that the HL group presented a reduced alpha synchronisation compared to
the NH group, which could be associated with decreased inhibition, or selective attention. The
difference in induced activity exhibit variances that persist possibly indicating difficulties in terms of
active listening despite appropriate audibility but require further investigation. The characterisation of
this dimension of their hearing is essential to provide clinicians a complete picture of the hearing
experience as hearing-aid users. This evidence may support clinicians when counselling their clients
not only about the benefits of hearing aids, but also about the many challenges, thus adequately
managing their expectations by helping them build realistic goals which could be measured and
tracked via the Client Oriented Scale of Improvement (COSI). Ultimately, this improved counselling is
expected to reduce frustration of new hearing-aid users and increase the uptake of this technology.
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